
	   1	  

Synthesis, electrochemistry and single-molecule conductance 

of bi-metallic 2,3,5,6-tetra(pyridine-2-yl)pyrazine based 

complexes 

 

Ross Davidson,a Jing-Hong Liang,b,c David Costa Milan,b Bing-Wei Mao,c Richard J. Nichols,b 

Simon J. Higgins,b Dmitry S. Yufit,a Andrew Beeby,a Paul J. Lowd*.  

 

a) Department of Chemistry, Durham University, South Rd, Durham, DH1 3LE, UK 

b) Department of Chemistry, University of Liverpool, Crown St, Liverpool, L69 7ZD, UK 

c) State Key Laboratory of Physical Chemistry of Solid Surfaces and College of Chemistry and 

Chemical Engineering, Xiamen University, Xiamen 361005, Fujian, China. 

d) School of Chemistry and Biochemistry, University of Western Australia, Stirling Highway, 

Perth, WA 6009, Australia 

 

 

 

 

 

KEYWORDS 

bis(terpyridyl), molecular electronics, metal complexes, single molecule conductance 



	   2	  

ABSTRACT: The ligands 4-((methyl)sulfane)phenyl)-2,2′:6′,2″-terpyridine (L1) , 4-((4’-

(methyl)sulfane)phenylethynyl)-2,2′:6′,2″-terpyridine (L2) and bis(tridentate) bridging ligand 

2,3,5,6-tetra(pyridine-2-yl)pyrazine (tpp) have been used to prepare the complexes 

[Ru(L1)2][PF6]2 ([1][PF6]2, [Ru(L2)2][PF6]2 ([2][PF6]2), [{(L1)Ru}(µ-tpp){Ru(L1)}][PF6]4 

([3][PF6]4) and [{(L2)Ru}(µ-tpp){Ru(L2)}][PF6]4 ([4][PF6]4). Crystallographically determined 

structures give S…S distances of up to 32.0 Å in [4]4+. On the basis of electrochemical estimates, 

the HOMOs of these complexes fall between −5.55 and −5.85 eV, close to the work function of 

clean gold (5.1 - 5.3 eV). The decay of conductance with molecular length across this series of 

molecules is approximately exponentially, giving rise to a decay constant (pseudo β-value) of 1.5 

nm-1, falling between decay factors oligoynes and oligophenylenes. The results are consistent 

with a tunnelling mechanism for the single molecule conductance behavior. 

 

INTRODUCTION 

With the increased availability of STM and break-junction technology great strides have 

been made in the understanding of single molecule conductance,1 particularly with regards to 

pure organic compounds such as polyynes,2, 3 oligophenylenes,4 and oligoaryleneethynylenes.5 

More recently, attention has been turned to the role that metal centers and complexes may play 

when incorporated into the backbone of a wire-like molecule.6-10 These metal complexes are of a 

special interest in the realm of molecular electronics, as they hold the potential for finer tuning of 

the molecular orbitals to match the Fermi levels of the electrodes, and also the possibilities to 

augment electronic characteristics through accessing available redox levels,11 electrochemical 

gating,12, 13 redox or optical switching,14 and magnetic effects,15 as well as high thermoelectric 

efficiency.16  
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Metal complexes based on 2,2′:6′,2″-terpyridine (tpy) ligands have proven to be valuable for 

evaluation of many of these features of metal complexes in molecular electronics, and to-date 

these are some of the most studied metal complexes to be incorporated into a 

metal|molecule|metal junction and related molecule|metal assemblies.11, 12, 17-25 The {M(tpy)2}n+ 

structural element has proven particularly popular being easily accessed synthetically and 

functionalised to give linear molecular geometries,26 featuring a wide range of metal ions, 

allowing a selection of physical and chemical properties relating the charge, size, redox and 

magnetic properties of the complex to be readily examined. The 2,3,5,6-tetra(pyridine-2-

yl)pyrazine (tpp) ligand, which may be regarded as a ‘back-to-back’ fused bis-tpy ligand, is a 

valuable structural element when seeking to figuratively and literally extend these studies. The 

tpp ligand, used in conjugation with tpy co-ligands, provides a convenient entry point to linear, 

multi-metallic assemblies in which the metal centres can be strongly coupled,27-31 and is well-

suited to use in the construction of molecular arrays both in solution and from ‘on-surface’ 

coordination chemistry approaches.20, 21 

We now report the synthesis, electrochemical and single molecule conductance behaviour of 

mono and bimetallic ruthenium complexes based on [Ru(tpy)2]2+ and [{(tpy)Ru}(µ-

tpp){Ru(tpy)}]4+ structural motifs. The multi-metallic complexes are shown to be capable of 

serving as wire-like assemblies of up to 3 nm long.  
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EXPERIMENTAL SECTION 

General details. Microwave reactions were performed in a Biotage Microwave 

Synthesizer (Model Initiator 2.5). NMR spectra were recorded in deuterated solvent solutions on 

Bruker DRX-400 and Varian Inova 300, 400, 500 spectrometers and referenced against solvent 

resonances (1H, 13C). Electrospray mass spectra (ESMS) were recorded on a TQD mass 

spectrometer (Waters Ltd, UK) in acetonitrile. Atmospheric Solids Analysis Probe mass spectra 

(ASAP-MS) were collected on a LCT Premier XE mass spectrometer (Waters Ltd, UK) in 

dichloromethane. Microanalyses were performed by Elemental Analysis Service, London 

Metropolitan University, UK. Electrochemical analyses of the complexes were carried out using 

a PalmSens EmStat2 potentiometer, with platinum working, platinum counter and platinum 

pseudo reference electrodes, from solutions in acetonitrile containing 0.1 M supporting 

electrolyte (tetrabutylammonium hexafluorophospate, NBu4PF6), scan rate = 100 mV s-1. The 

ferrocene/ferrocinium couple was used as the internal reference. 

 

Analytical grades of solvents were used. The compounds 4′-(((trifluoromethyl)sulfonyl)oxy)-

2,2′:6′,2″-terpyridine (tpyOTf)32, (4-ethynylphenyl)(methyl)sulfane (MeSC6H4C≡CH),33 4-

((methyl)sulfane)phenyl)-2,2′:6′,2″-terpyridine (L1),34 [Ru(L1)2][PF6]2 ([1][PF6]2)34 and 

{Cl3Ru}(µ-tpp){RuCl3}35 were synthesised according to literature methods. All other chemicals 

were sourced from standard suppliers. Hydrated ruthenium chloride, RuCl3·nH2O was assumed 

to be of approximate composition RuCl3·3H2O . 
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Synthesis.  

4'-((4-(methylthio)phenyl)ethynyl)-2,2':6',2''-terpyridine (L2). Triethylamine (NEt3, 7 mL) 

was added to a solution containing tpyOTf (250 mg, 0.65 mmol) and MeSC6H4C≡CH (96 mg, 

0.65 mmol) in THF (20 mL). The solution was freeze-pump-thawed three times before Pd(PPh3)4 

(75 mg, 0.065 mmol) was added. The solution was refluxed overnight in the dark after which 

time the solvent was removed. The solid residue was extracted in dichloromethane and filtered. 

The filtrate was passed down a silica column initially with neat CH2Cl2 then CH2Cl2:acetonitrile 

(1:1) to elute the product. The main fraction was collected, dried and washed with methanol to 

remove the remaining impurities, giving a white solid. Crystals were grown via the slow 

evaporation of a hexane/dichloromethane solution. Yield:  193 mg (78%). ASAP-MS: 380 m/z 

[MH]+. 1H NMR (CDCl3): δ 8.70 (d (J1
HH = 5 Hz), 2H), 8.60 (d (7), 2H), 8.53 (s, 2H), 7.85 (t (7), 

2H), 7.44 (d (7), 2H), 7.33 (t (7), 2H), 7.20 (d (7), 2H), 2.48 (s, 3H) ppm. 13C{1H} NMR 

(CDCl3): δ. 155.5, 155.3, 149.3, 140.5, 137.0, 133.5, 132.1, 125.7, 124.0, 122.7, 121.2, 118.5, 

93.8, 87.5, 15.2 ppm. Anal. Calc. for C24H17N3S: C, 75.96; H, 4.52; N, 11.07 %. Found: C, 75.86; 

H, 4.45; N, 11.02 %. 

 

 [Ru(L2)2][PF6]2 [2][PF6]2. The ligand L2 (100 mg, 0.26 mmol) and RuCl3·3H2O (34 mg, 

0.13 mmol) were added to ethylene glycol (4 mL). The resulting suspension was degassed by 

bubbling nitrogen through it before being heated by microwave to 160°C for 30 minutes. The red 

solution was poured into an aqueous, saturated KPF6 solution forming a red precipitate. The 

precipitate was collected by filtration and washed thoroughly with water and air dried. The red 

solid was exracted in acetone, filtered and the filtrate taken to dryness, leaving a red residue. 

This residue was disolved in the minimum volume of CH2Cl2 and purified by elution through a 
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neutral alumina column with an acetonitrile: CH2Cl2 (1:1). The orange band was collected and 

the solvent removed leaving the title product. Crystals were grown by vapour diffusion of diethyl 

ether into an acetonitrile solution. Yield: 119 mg (80 %). ESMS: 430 m/z [M]2+. 1H 

NMR(CDCl3): δ 8.87 (s, 4H), 8.52 (d (J1
HH  = 8 Hz), 4H), 7.96 (t (8), 4H), 7.71 (d (8), 4H), 7.44-

7.42 (m, 8H), 7.20 (t (7), 4H), 2.59 (s, 6H)  ppm. 13C{1H} NMR (CDCl3): δ. 157.5, 155.1, 152.6, 

142.6, 138.2, 132.4, 130.5, 127.6, 125.7, 125.1, 124.5, 117.0, 97.11, 86.3, 14.0 ppm. Anal. Calc. 

for C48H34F12N6P2RuS2: C, 50.13; H, 2.98; N, 7.31 %. Found: C, 50.00; H, 3.00; N, 7.31 %. 

 [{(L1)Ru}(µ-tpp){Ru(L1)}][PF6]4 [3][PF6]4. The compounds L1 (128 mg, 0.36 mmol) and 

{Cl3Ru}(µ-tpp){RuCl3} (100 mg, 0.12 mmol) were added to ethylene glycol (4 mL). This 

suspension was degassed by bubbling nitrogen through it before being heated by microwave to 

160°C for 30 minutes. The purple solution was poured into an aqueous saturated KPF6 solution 

forming a purple precipitate. The precipitate was collected by filtration and washed thoroughly 

with water and air dried. The purple solid was washed off the frit with acetone, and the filtrate 

collected and solvent removed, leaving a purple residue. This was eluted down a neutral alumina 

column with acetonitrile:CH2Cl2 (1:1) collecting the purple band; the solvent was removed 

leaving the title product. Crystals were grown by vapour diffusion of diethyl ether into an 

acetonitrile solution. Yield: 97 mg (43 %). ESMS: 325 m/z [M]4+. 1H NMR(CDCl3): δ 9.15 (s, 

4H), 8.99 (d (J1
HH = 8 Hz), 4H), 8.79 (d (8), 4H), 8.26 (d (8), 4H), 8.10 (t (7), 4H), 7.95 (t (8), 

4H), 7.85 (d (6), 4H), 7.76 (d (6), 4H), 7.70 (d (7), 4H), 7.45 (t (7), 4H), 7.32 (t (7), 4H), 2.70 (s, 

6H)  ppm. 13C{1H} NMR (CDCl3): δ. 157.8, 155.0, 154.7, 154.0, 153.1, 149.8, 149.3, 143.3, 

139.0, 137.8, 132.3, 129.4, 129.2, 128.2, 127.6, 126.4, 125.0, 121.7, 14.2 ppm. Anal. Calc. for 

C68H50F24N12P4Ru2S2: C, 43.41; H, 2.68; N, 8.93 %. Found: C, 43.50; H, 2.84; N, 8.91 %. 

 



	   7	  

[{(L2)Ru}(µ-tpp){Ru(L2)}][PF6]4 [4][PF6]4. The compound was prepared using the same 

procedure as for described for [3][PF6]4 except L2 was used in place of L1. Yield: 106 mg (46 %). 

ESMS: 337 m/z [M]4+. 1H NMR(CDCl3): 9.03 (s, 4H), 9.00 (d (J1
HH = 8 Hz), 4H), 8.67 (d (8), 

4H), 8.11 (t (8), 4H), 7.97 (t (8), 4H), 7.83 (d (6), 4H), 7.78-7.76 (m, 8H), 7.48-7.45 (m, 8H), 

7.36 (t (6), 4H), 2.62 (s, 6H) ppm. 13C{1H} NMR (CDCl3): δ. 157.1, 154.8, 154.7, 154.0, 153.3, 

142.9, 139.1, 137.9, 132.6, 132.5, 129.5, 129.3, 127.9, 127.4, 125.7, 125.0, 116.8, 98.1, 86.2, 

14.0 ppm. Anal. Calc. for C72H50F24N12P4Ru2S2·4H2O:  C, 43.21; H, 2.92; N, 8.40 %. Found: C, 

43.21; H, 2.57; N, 8.72 %. 

 

Single molecule conductance measurements.  Gold on glass substrates (Arrandee, 

Schröer, Germany) were rinsed with acetone and then flame-annealed with a butane torch until 

the slide glowed with a very slight orange hue. The slide was retained in this state for about 

20 seconds during which time the torch was kept in motion across the sample to avoid 

deleterious overheating. This procedure was performed three times to generate extended Au 

(111) terraces, as seen by STM imaging. The freshly annealed substrates were immersed in a 10-4 

M acetonitrile (99.9% Chromasolv Plus for HPLC) solution of the complex under investigation 

for 1 minute, after which time the gold sample was removed and washed with ethanol and then 

dried in a flow of argon. The short immersion time and low concentration of solution were 

chosen to promote low molecular coverage of the gold surface, which favour the formation of 

single molecule over multi-molecular junctions.  

 

Conductance values of those compounds and the break off-distance were obtained with a STM 

(Agilent 5500 SPM microscope), using the I(s) technique.36, 37 In this method an 
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electrochemically etched gold tip is approached close to the substrate surface and then retracted 

with the tunnelling current (I) recorded against distance (s). In the case where molecular 

junctions are formed, significant deviations from the usual exponential decay of current are 

observed, with marked current plateaus and steps appearing as the tip was retracted. The step is 

seen as the tip is retracted beyond the maximal stretched length of the junction, with the 

molecular bridge breaking, which leads to the sharp decrease in current and the observed step-

like feature. The resulting I(s) curves are binned in current divisions (0.025 nS) and plotted to 

give a conductance histogram comprised of hundreds of scans which show plateaus synonymous  

with molecular junction formation.  

 

X-ray Crystallography. The single crystal X-ray data for all compounds were collected 

at 120.0(2) K on a Bruker D8Venture 3-circle diffractometer (Photon100 CMOS detector, IµS 

microsource, focusing mirrors, λMoKα, λ = 0.71073 Å) equipped with Cryostream (Oxford 

Cryosystems) open-flow nitrogen cryostat. Following multi-scan absorption corrections and 

solution by direct methods, the structures were refined against F2 with full-matrix least-squares 

using the SHELXTL38 and OLEX239 software. Anisotropic displacement parameters were 

employed for the non-disordered non-hydrogen atoms. Disordered atoms in the structure 

[2][PF6]2 were refined isotropically with fixed SOF = 0.5 for [PF6]–
 anion and 0.4:0.6 for 

terminal Me-group. All H-atoms were added at calculated positions and refined by use of riding 

models with isotropic displacement parameters based on those of the parent atom. The structures 

[2][PF6]2 and [4][PF6]4 alongside with well determined acetonitrile solvent molecules contain 

some severely disordered solvent molecules which could not be identified and refined. Their 

contribution to the structural factors was taken into account by applying MASK procedure of 
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OLEX2 program package (40 and 13 e for the structures [2][PF6]2 and [4][PF6]4 respectively). 

The crystallographic and refinement parameters are listed in supporting information. 

Crystallographic data for the structures have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication CCDC-1050880-1050882. 

 

Computational studies. All the calculations were performed with the Gaussian 09 program 

package,40 using the B3LYP functional.41, 42 A comparison was made between models using SDD 

basis set for all atoms or  LANL2DZ basis set for Ru and 6-31G(d) for all other atoms.43, 44 Based 

on agreement with the crystallographic data, the LANL2DZ/6-31G(d) basis set was chosen.   

 

 

RESULTS AND DISCUSSION 

 Synthesis. The elementary design of compounds for single molecule conductance studies 

within an STM-based metal|molecule|metal junction calls for a linear or pseudo linear molecular 

fragment terminated by suitable surface binding groups at each end of the molecule.37  Here, the 

thiomethyl (-SMe) moiety was chosen as the surface contacting or anchoring group,45, 46 

allowing for good contact to gold substrates and the STM tip and compatibility with subsequent 

synthetic steps, without the additional complications of the protecting group strategies involved 

in the use of thiolates.47 The parent ligand, 4-((methyl)sulfane)phenyl)-2,2′:6′,2″-terpyridine (L1) 

bearing the SMe moiety was synthesised by the previously reported route involving a Kröhnke 

condensation of 2-acetylpyridine with 4-(methylthio)benzaldehyde (Scheme 1).34  The new, 

extended ligand L2 was synthesised by cross-coupling of tpyOTf with the (4-
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ethynylphenyl)(methyl)sulfane (MeSC6H4C≡CH) in an analogous fashion to that described for 

other 4-ethynyl-substituted terpyridines previously reported (Scheme 2).48-50 
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Scheme 1. Synthetic scheme for L1, [1][PF6]2 and [3][PF6]4. i) EtOH and NH4Ac. ii) a) 

RuCl3·3H2O, methanol, ethyl morpholine b) NH4PF6. iii) a) {Cl3Ru}(µ-tpp){RuCl3}, ethylene 

glycol, 160°C, 30 min b) KPF6 

 

For reference purposes, the homoleptic mono-nuclear complexes [1][PF6]2 and [2][PF6]2 were 

prepared from reactions of RuCl3·3H2O with L1 (Scheme 1) and L2 (Scheme 2), respectively. 

The compound [1][PF6]2 was prepared by the literature method as described by Constable et al. 

from the reaction of L1 and RuCl3·3H2O in refluxing methanol with a promoting amine (e.g. 

ethyl morpholine),51 followed by filtration and precipitation with the addition of NH4PF6 (method 

i) (Scheme 1).34 For [2][PF6]2 both this approach (method i) and an alternative procedure 

involving microwave heating of a suspension of RuCl3·3H2O and L2 in ethylene glycol, followed 

by precipitation into aqueous KPF6 (method ii) were explored. In this instance both methods 

gave similar yields, method ii being favoured in this report for its greater convenience (Scheme 

2). 

The analogous bimetallic complexes [3][PF6]4 and [4][PF6]4 were targeted through combination 

of the terminal ligands L1 and L2 with the bis(tridentate) bridging ligand 2,3,5,6-tetra(pyridine-2-

yl)pyrazine (tpp) (Scheme 1, Scheme 2). Reaction of RuCl3(L1) 52 with tpp under either 

conventional or microwave heating gave only the polymeric complex of ruthenium and tpp. 

Similarly, conventional heating of an excess of either L1 or L2 with the bi-ruthenium trichloride 

complex {Cl3Ru}(µ-tpp){RuCl3}35 also gave ruthenium-tpp polymer, presumably as a result of 

competing decomplexation / coordination processes. However, under microwave heating, from 

{Cl3Ru}(µ-tpp){RuCl3} and either L1 or L2 a mixture consisting of the desired bimetallic 
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products with small amounts of the homoleptic tpy complexes was formed. These bi- and mono-

nuclear complexes were readily separated chromatographically, providing a convenient route to 

[3][PF6]4 (43 %) and [4][PF6]4 (46 %).  
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Scheme 2. Synthetic scheme for L2, [2][PF6]2 and [4][PF6]4. i) MeSC6H4C≡CH, Pd(PPh3)4, NEt3 

and THF. ii) a) RuCl3·3H2O, ethylene glycol, microwave, 160°C, 30 min. b) KPF6; iii) 

{Cl3Ru}(µ-tpp){RuCl3}, ethylene glycol, microwave, 160°C, 30 min. b) KPF6. 

 

Molecular Structures. 

 The structure L2 contains two virtually identical crystallographically independent 

molecules A and B (one of the molecules is shown in Figure 1), selected bond lengths and angles 

given in supporting information. The structure shows the (4-ethynylphenyl)(methyl)sulfane 

group attached to the terpyridine (tpy) motif at the 4-position, confirming the assignment by 

NMR spectroscopy and mass spectrometry. The three pyridine rings are almost co-planar. The 

nitrogen atoms on the external pyridine rings are directed toward the substituted group of the 

central pyridine, a common feature with tpy derivatives due largely to intramolecular hydrogen 

bonding. The phenylene ring (C18-C21) is rotated about the ethynyl bond relative to the tpy 

moiety by 21.6 ° (molecule A) and 24.3 ° (molecule B).  
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Figure 1. A plot of Molecule A in the structure L2, with hydrogen atoms omitted for clarity. 

Thermal ellispsoids are plotted at 50 %. 

 

The cation in the structure [2][PF6]2·CH3CN is shown in Figure 2, selected bond lengths and 

angles are given in the supporting information. The structure shows the two L2 ligands 

coordinated to the ruthenium centre via the tpy units giving an octahedral ‘N6’ coordination 

sphere, confirming the assignment of the structure made by NMR spectroscopy and mass 

spectrometry. The axial Ru-N bond lengths are 1.967(3) (Ru1-N2) and 1.966(3) Å (Ru1-N5) 

similar to those of [Ru(tpy)2][PF6]2·2CH3CN.53 The ethynyl-substituted phenylene groups are 

almost co-planar with the associated tpy fragments, although in the absence of any significant 

structural evidence for extensive delocalisation, the orientation of this group is likely governed 

by packing forces. The alkyne bond lengths show no significant difference when the structures of 

the free ligand and complex are compared (C16-C17 = 1.180(6) Å, [2]2+; 1.204(3) Å, L2). 

Overall, this gives a S…S distance of approximately 26.5 Å in [2]2+, 4.9 Å longer than that in 

[Ru(L1)2][PF6]2.34  
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Figure 2. A plot of the cation in the crystal structure of [2][PF6]2·CH3CN, with hydrogen atoms 

and anions have been omitted for clarity. Thermal ellispoids are plotted at 50 %. 

 

The bimetallic cation in the structure [4][PF6]4·3CH3CN is shown in Figure 3; selected bond 

lengths and angles are given in the supporting information. The structure shows two ruthenium 

atoms coordinating the phenazine ring of tpp and to its peripheral pyridines and the remaining 

“N6” coordination sphere of the metals was occupied via L2. The tpp ligand displays the typical 

bending of the phenazine ring, resulting in a gracefully curved shape to the molecular tetracation. 

As with [2][PF6]2 the alkyne bond lengths remain unchanged from that of the ligand with C41-

C40 = 1.198(12) and C64-C65 = 1.198(10) Å. The ruthenium-nitrogen bond lengths for [4][PF6]4 

Ru1-N8 = 1.994(5) and Ru1-N1 = 1.975(5) Å are also similar to the comaprable distances found 

in [{(tpy)Ru}(µ-tpp){Ru(tpy)}][PF6]4 (1.96(2), 1.98(2) and 1.96(2), 2.00(2) Å)54  and 

[2][PF6]2·CH3CN,suggesting that the electronic nature of the Ru-tpp-Ru remains unaffected by 

the addition of the ethynyl phenyl groups. Overall, this gives an S…S distance of 32.0 Å.   
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Figure 3. Cation in the crystal structure of [4][PF6]4·3CH3CN, with hydrogen atoms, solvent 

molecules and anions removed for clarity. Thermal ellispsoids are plotted at 50% 

 

Cyclic Voltammetry. Cyclic voltammograms were recorded for mononuclear [2][PF6]2 

in 0.1 M TBAPF6 in acetonitrile, and referenced against ferrocene (i.e. E½ FeCp2 / [FeCp2]+ = 

0.00 V). The response of [1][PF6]2 under the same conditions having been described earlier.34 

These complexes each exhibit a single oxidation wave at 0.87 ([1][PF6]2) and 1.06 V ([2][PF6]2), 

assumed to be primarily metal-based (Ru(II)/Ru(III)).51 A single broad reduction wave at −1.49 

V was also observed for [2][PF6]2 (Table 1), presumed to be two 1e- waves (resolved for 

[1][PF6]2) overlapping. The peak-to-peak separation (ΔEp) of the oxidation wave in [2][PF6]2 (93 

mV) compares with that of the internal ferrocene couple (82 mV). However, the significant 

increase in ΔEp associated with the reduction process (179 mV), suggests that this feature may be 

associated with two redox events in close succession, which is entirely consistent with the 

sequential reduction of the tpy ligands. A second chemically irreversible oxidation event was 

observed near 1.08 V for [1][PF6]2 and 1.22 V for [2][PF6]2. On the basis of irreversible 
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oxidations observed for L1 and L2 between 1.1 - 1.2 V these irreversible processes in the 

complexes can be attributed to the oxidation of the thiomethyl fragment. 

 

The electrochemical response of bimetallic {LnRuII}(µ-tpp){RuIILn} complexes have 

been studied extensively, giving rise to Robin–Day class III mixed-valence complexes, or radical 

cations with a non-innocent bridging phenazine ring, on one-electron oxidation.31, 55 As with 

similar complexes, the voltammogram of both [3][PF6]4 and [4][PF6]4 in acetonitrile (0.1 M 

NBu4PF6) display two one-electron oxidation waves attributed to the (formally) Ru(II,II) / 

Ru(II,III) and Ru(II,III) / Ru(III,III) redox couples (0.76 and 1.27 V for [3][PF6]4, and 0.90 and 

1.39 V for [4][PF6]4)56 (Figure 4, Table 1), although the tpp ligand is almost certainly redox non-

innocent. A third irreversible oxidation event at 1.88 V ([3][PF6]4) and 1.93 V ([4][PF6]4) is also 

observed and attributed to the oxidation of the thiomethyl groups. The potential for the first 

oxidation of [4][PF6]4 is 50 mV more positive than that of [3][PF6]4, a consequence of the 

presence of the electron-withdrawing alkyne moiety, as was observed for [1][PF6]2 and [2][PF6]2. 

An even larger shift (120 mV) is apparent when the second oxidation potentials are compared, 

suggesting that the redox properties are not solely localised to the Ru-tpp-Ru cores. The large 

separation of the two oxidation events points to the significant thermodynamic stability of the 

formally Ru(II,III) mixed valence state with respect to disproprotionation. Finally, [3][PF6]4 has 

a reduction at −1.13 V that is not chemically reversible, while [4][PF6]4 shows two reversible 

reductions at −0.90 and −1.20 V; based on similar complexes reported these are attributed to the 

reduction of tpp, since the tpy reductions not visible within the electrochemical window. 
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Table 1. Electrochemical data for compounds [1][PF6]2, [2][PF6]2, [3][PF6]4 and [4][PF6]4, 

recorded in acetonitrile 1.0 M TBAPF6. Peak-to-peak separation (ΔEp) is shown in brackets. 

nap = no anodic peak observed and br = broad. 

Compound 
E½ (VFc/Fc+) (ΔEp (mV)) 

SMe/ 
SMe+ 

Ru′II/ 
Ru′III 

RuII/ 
RuIII 

tpp/ 
tpp·-  

tpp·-

/tpp2- 
tpy/ 
tpy·- 

tpy·-

/tpy2- 
ΔE½ 
(ox) 

[1][PF6]2 
1.08 
(nap) 

 0.87 
(83) 

  -1.62 
(95) 

-1.92 
(100) 

 

[2][PF6]2 
1.22 
(nap) 

 1.06 
(93) 

  -1.49 
(179) 

  

[3][PF6]4 
1.88 
(204) 

1.27 
(84) 

0.76 
(93) 

-1.13 
(nap) 

   510 

[4][PF6]4 
1.93 
(155) 

1.39 
(106) 

0.90 
(85) 

-0.90 
(85) 

-1.20 
(80) 

  490 

[{(tpy)Ru}(µ-
tpp){Ru(tpy)}][PF6]4 31 

 1.35 
(85) 
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Figure 4. Plots of the CV of [3][PF6]4 and [4][PF6]4, showing the oxidation waves recorded in 

acetonitrile 1.0 M TBAPF6 at a scan rate of 100 mV s-1. 
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Based on the onset potentials of the first oxidation and reduction for the compounds 

[1][PF6]2–[4][PF6]4 the HOMO and LUMO energy levels were determined, using FeCp2 HOMO 

=  −4.8 eV (Table 2).57  Each of the complexes has a HOMO energy between −5.55 and −5.85 

eV, which is relatively close to the work function of clean gold (5.1 - 5.3 eV). The LUMO 

energy levels are −3.28 to −4.06 eV, which is significantly lower than the work function of clean 

gold. This could indicate that HOMO type conductance may be favoured for these molecules.  

 

Table 2. HOMO and LUMO energy levels for compounds [1][PF6]2–[4][PF6]4 calculated 

from the onset potentials of the first oxidation and reduction for the compounds. 

Compound HOMO (eV) LUMO (eV) 
[1][PF6]2 -5.67 -3.28 
[2][PF6]2 -5.85 -3.46 
[3][PF6]4 -5.55 -3.96 
[4][PF6]4 -5.68 -4.06 

 

Molecular Conductance. 

The single molecule conductance of compounds [1][PF6]2, [2][PF6]2, [3][PF6]4 and 

[4][PF6]4 was determined using the STM I(s) method,36 as described in the experimental section 

with gold substrates in 1,2,4 – trichlorobenzene solution and electrochemically-etched gold STM 

tips. A bias voltage of 0.6 V and set point current of 30 nA were employed for [1][PF6]2, 

[2][PF6]2 and [3][PF6]4 and 10 nA for [4][PF6]4. To record current-distance traces the STM tip 

was brought close to the Au surface with the applied set point parameters and then the tip was 

withdraw at a speed of 40 nm/s, and the current-distance (I(s)) relation was logged. This process 
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is repeated continuously, and 526, 375, 548 and 290 scans were collected showing characteristic 

plateaus for [1][PF6]2, [2][PF6]2 , [3][PF6]4 and [4][PF6]4 respectively. 

The conductance values, 95th percentile break-off distances and calculated molecular 

lengths are summarised in Table 3, with conductance histograms shown in Figure 5 while 

representative conductance traces showing current plateaus as well as 2D histograms are given in 

the supporting information.  Note that break-off distances are typically shorter than the length of 

a fully extended molecular junction. This is consistent with the molecules not being fully 

extended into a vertical configuration in the gold-molecule-gold junction due to the details of the 

molecule-surface contact, as well as the stochastic nature of the junction breaking process. In this 

respect, important points to note about the thiomethyl group are its weaker adsorption to gold 

than the thiol group and also a degree of steric hindrance provided by the terminal methyl groups 

which may prevent formation of fully upright configuration for many junction arrangements. It is 

therefore not surprising that the break-off length fall short of the fully extended junction 

configuration. 
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Table 3. Conductance and break-off-distance values for [1][PF6]2, [2][PF6]2, [3][PF6]4 and 

[4][PF6]4. Molecular length determined by X-ray analysis and DFT molecular modelling 

(B3LYP, LANL2DZ/6-31G(d)) are also shown. 

Molecule Conductance 
(nS) 

Measured break off distances and molecular lengths either obtained 
from X-ray structures or molecular modelling. All distances in nm. 

Measured 95th 
Percentile Maximum 
Break-off distancea 

X-ray Molecular model 

[1][PF6]2 2.1 1.9 2.15 2.17 

[2][PF6]2 1.3 1.8 2.65 2.68 

[3][PF6]4 0.78 2.4  2.84 

[4][PF6]4 0.43 2.1 3.20 3.35 

a 95th percentile break-off distance observed across the collected I(s) scans. 
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Figure 5.  Normalised conductance histograms for the molecular targets.   
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To appreciate the decay of conductance with molecular length across this series of 

molecules, Figure 6 plots ln (conductance) versus S…S distance. The conductance is seen to fall 

off approximately exponentially with molecule length, following the relationship G ∝ eβ 
L, where 

G is the conductance, L is the length of the molecular bridge and β the tunnelling decay factor. 

Although the slope of the plot informs about the conductance attenuation with length across this 

series, it is not strictly a “true β-factor” since this group of molecule does not represent a 

homologous series in which length is increased by adding repeating moieties (such as methylene 

groups in an alkanedithiol homologous series). Nevertheless, the length dependence of the 

conductance is an interesting factor in benchmarking conductance across this series of related 

molecules. The slope of the ln G versus length plot (“decay factor”, β) shown in Figure 6 is 1.5 

nm-1. It is instructive to compare this value with other β- values for conjugated aromatic rod-like 

molecular wires measured in the tunnelling charge transport regime. In the case of 

oligo(phenylene-ethynylene) molecular wires (OPEs) a β factor of 2.1 nm-1 was obtained by Liu 

et al. with thiol termini,58 while Kaliginedi et al. obtained β = 3.4 nm-1.5 Lu et al. obtained a β 

factor of 2.0 nm-1 for a series of amine-terminated OPE molecular wires up to 2.75 nm long.59 

Larger decay factors of 4.0 nm-1 have been obtained for oligophenylenes. On the other hand 

smaller decay factors have been recorded for oligo-ynes (0.6 nm-1),60 oligo-thiophenes (1 nm-1),61 

oligo-porphyrins (0.4 nm-1) and extended viologens (0.06 nm-1).62, 63 The decay factor across the 

series of molecules [1][PF6]2 to [4][PF6]4	  lies in between decay factors for oligoynes and 

oligophenylenes, which aligns with our chemical perception of these molecules being less 

conjugated than the former but more conjugated than the latter. The linear dependence of loge 

(molecular conductance) versus molecular length and the comparative magnitude of the slope 

points to consistency with a tunnelling mechanism.  
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Figure 6. Plot of loge(G) distance vs. S..S distance (nm). 

 

CONCLUSIONS 

The combination of the terpyridine ligands L1, L2
 and the bridging bis(terchelate) tpp 

gives  the wire-like complexes [1]2+ - [4]4+ with S…S distances spanning up to approximately 3 

nm. The pseudo-decay constant extracted from the single molecule conductance values against 

molecular length is comparable to related organic compounds bearing alkyne and phenylene 

moieties, with the linear dependence of loge (molecular conductance) versus molecular length 

and the magnitude of the slope consistent with a tunnelling mechanism.  
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TABLE OF CONTENTS SYNOPSIS 

A series of mono- and bi-metallic ruthenium(II) complexes based on combinations of 2,3,5,6-

tetra(pyridine-2-yl)pyrazine and methyl-sulfane substituted 2,2′:6′,2″-terpyridine  ligands with 

lengths of up to 3.2 nm were synthesised. The single molecule conductance behaviour of the 

series was examined and a pseudo β value for the series determined, lying between those of 

oligoynes and oligophenylenes. 
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