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ABSTRACT 

Extensive studies of various families of conjugated molecule in metal | molecule | metal 

junctions suggest that the mechanism of conductance is usually tunnelling for molecular 

lengths < ca. 4 nm, and that for longer molecules, coherence is lost as a hopping element 

becomes more significant.1-4 In this work we present evidence that, for a family of 

conjugated, redox-active metal complexes, hopping may be a significant factor for even the 

shortest molecule studied (ca. 1 nm between contact atoms). The length dependence of 

conductance for two series of such complexes which differ essentially in the number of 

conjugated 1,4–C6H4– rings in the structures has been studied, and it is found that the junction 

conductances vary linearly with molecular length, consistent with a hopping mechanism, 

whereas there is significant deviation from linearity in plots of log(conductance) vs. length 

that would be characteristic of tunnelling, and the slopes of the log(conductance)–length plots 

are much smaller than expected for an oligophenyl system. Moreover, the conductances of 

molecular junctions involving the redox–active molecules, [M(pyterpy)2]
2+/3+ (M = Co, Fe) 

have been studied as a function of electrochemical potential in ionic liquid electrolyte, and the 

conductance–overpotential relationship is found to fit well the Kuznetsov–Ulstrup 

relationship, which is essentially a hopping description. 

 

INTRODUCTION 

The development of techniques that allow the electrical properties of molecules to be 

investigated in metal | molecule | metal 2-terminal junctions down to the single–molecule 

level has stimulated renewed interest in truly ‘molecular’ electronics in the last decade.1-3 

Early work focused mainly on testing different molecular backbones and metal–molecule 

contact groups to maximise molecular junction conductance.4 For molecules that conduct by a 

tunnelling mechanism, the tunnelling current IT decays exponentially with molecular length 

according to the equation IT = Ae
–
β
n where the factor A is largely governed by the nature of the 

contact, β is called the decay constant and is mainly determined by the nature of the 



molecular backbone, and n can be expressed either as the number of repeat units in oligomers 

of varying length, or simply as the length of the molecule (in which case the units of β are 

(length)–1). Since the Fermi energy of the metal contacts must lie between the HOMO and 

LUMO levels of the molecule, it follows that in general, the lower the HOMO-LUMO 

separation, the more slowly does molecular conductance fall with length (the smaller is β). 

The lowest values of β found for purely organic, non-redox-active molecules so far have been 

with oligo-carbynes (β = 0.6 ± 0.3 nm–1).5 For some conjugated redox-active molecules, such 

as ‘fused-tape’ oligoporphyrins (0.19 ± 0.01 nm–1)6 and oligoviologens (0.06 ± 0.004 nm–1),7 

even lower values have been found, but in some of these cases, it is difficult to distinguish 

between an exponential decay of conductance with length involving a very low β (tunnelling), 

and a linear decay with length expected for a ‘hopping’ mechanism. 

 There is considerable interest in molecules with electrical properties that may be modulated 

by an external influence, for instance by electrostatic ‘gating’ from a third electrode,8, 9 by 

irradiation with light,10, 11 or by a chemical binding event.12, 13 In the longer term, this will be 

important for molecular-scale devices or sensors. We have had a long-standing interest in the 

control of single molecule junction conductance using electrochemical gating.14, 15 The use of 

a bipotentiostat and an electrolyte medium offers a way of overcoming the technical 

challenges inherent in fabricating a 3–terminal nanoscale device in which a molecule is in 

close enough proximity to the electrostatic gate to be switched by its electric field.16 In strong 

electrolytes the Debye screening length can be extremely short, so although the counter and 

reference electrodes are physically far from the molecular bridge, any charge on the 

molecular bridge is screened by charge in solution at a distance much shorter than can usually 

be achieved in a solid state device. The result is a good and, significantly, a reproducible gate 

field. Using this approach, the junction conductances involving a structurally-diverse range of 

organic redox molecules (e.g. bis(thiaalkyl)viologens,14, 17, 18  

bis(thiahexyl)pyrrolotetrathiafulvalene (6PTTF6),15, 17 oligoanilines19, 20 and 

perylenetetracarboxylicdiimides21, 22) have been studied as a function of electrochemical 



potential. Two distinct forms of behaviour were observed. In one case, the conductance 

changed monotonically as the redox process was traversed over a rather broad voltage range 

(denoted ‘off-on’ behaviour).14, 21, 22 More rarely, the conductance rose to a peak value as the 

half-wave potential was approached, then fell again beyond it (‘off-on-off’ behaviour).15, 17, 19 

Attempts were made to model this theoretically, but it was not clear what factors were at 

work in determining the form of behaviour observed for a particular molecule or medium 

employed.23, 24 

 We, and others, have previously shown that ionic liquids (e.g. 1–butyl–3–

methylimidazolium triflate orbis(trifluoromethyl-sulfonyl)imide salts, BMIM-OTf and 

BMIM-TFSI respectively) are useful media for single molecule conductance studies under 

potential control.15 Their negligible vapour pressure makes them ideally suited for use with 

STM instrumentation and they have significantly wider potential windows than aqueous 

electrolytes. We have recently demonstrated that the conductance-potential behaviour 

observed for a small family of viologen redox molecules depends not upon the molecular 

structure, but rather, upon the degree of gate coupling mediated by the electrolyte, denoted in 

the well-known Kuznetsov-Ulstrup model by the gate coupling parameter ξ.25 In aqueous 

electrolytes, the viologens displayed ‘off-on’ behaviour (as observed in earlier work14, 17) and 

ξ was 0.2, whereas in ionic liquids, they displayed ‘off-on-off’ behaviour and ξ was 1. 



 

Scheme 1. Ligands discussed in this work. 

 Although the great majority of single molecule junction studies has to date involved 

organic molecules, the incorporation of metal centres into ‘molecular wires’ could offer 

significant potential advantages, for example in providing additional frontier orbital energies 

better-matched to the metal contact Fermi energies (in concert with reversible redox 

activity),26, 27 or stable paramagnetic centres with a potential role in molecular spintronics.28. 

Two families of metal complexes in particular have often been put forward as candidates for 

molecular electronics (although actual metal | molecule | metal device studies on these 

systems remain sparse). The first is metal-alkynyl organometallic complexes, including 

multimetallic examples with bridging oligophenyleneethynylene (OPE) or oligocarbyne 

ligands.29, 30 These could provide very long, rigid-rod molecules, readily functionalised with 

terminal contact groups and straightforward to characterise by NMR spectroscopy since they 

are diamagnetic.31-33 Foci of interest with these molecules include comparison of their 

electrical properties with non-metal-containing OPE molecules to probe the influence of the 

metal(s),34, 35 and the transition between tunnelling and hopping conductance mechanisms as a 

function of length.36 The second family is derivatives of the ligand 2,2':6',2''-terpyridine 

(terpy), which have an extensive coordination chemistry; the ligand structure is amenable to 
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modification (for example to incorporate potential contact groups for junction formation), 

their metal complexes often have reversible redox activity and they can form relatively inert 

paramagnetic metal complexes amenable to junction formation experiments. For instance, 

oligomeric complexes of ‘back-to-back’ binucleating derivatives of terpy such as ligands B 

and C (Scheme 1) have been built up as monolayers on electrode surfaces by alternating 

reactions with excess ligand followed by excess metal ion (typically Co(II) or Fe(II)), and 

their redox behaviour has been characterised.37-39 The electrical properties of some of these 

monolayers have been determined as a function of molecular length by using a macroscopic 

mercury electrode to make contact with the top of the monolayer. Remarkably low β values 

were claimed in this work, and these were metal–dependent (for Fe(II), 0.28 nm–1 and for 

Co(II), 0.01 nm–1). This was ascribed to the operation of an intramolecular hopping 

mechanism.37 Single–molecule conductance studies involving metal–terpy complexes are a 

very recent development,27 although thiolated [Co(terpy)2]
n+ derivatives were early subjects of 

a low–temperature Coulomb blockade and Kondo effect study using break junctions made by 

electromigration.8 Using pre-synthesised mono- and dimetallic complexes of ruthenium(II), 

with combinations of ligands such as A (Scheme 1) and the back-to-back terpy derivative 

ligand B to afford thiomethyl-terminated complexes for junction formation, Davidson et al. 

found a β value of 1.5 nm–1 for this system, although unfortunately, synthetic limitations 

(ligand scrambling) precluded the selective syntheses of trimetallic or longer examples.27  

 Complexes of the ligand 4'-(pyridin-4-yl)-2,2':6',2''-terpyridine (pyterpy)40 have been 

extensively used in supramolecular chemistry, for instance in polyheterometallic complexes 

in which octahedral [M(pyterpy)2]
n+ complexes are coupled through subsequently-induced 

metal-pyridin-4-yl coordination,41 in ‘metalloviologen’ compounds in which the pendant 

pyridine-4-yls are quaternised,42 and in self-assembled monolayers where they are used to 

bind to a metal surface.39 In this contribution, we report single molecule conductance studies 

on complexes [M(pyterpy)2]
n+ (n = 2; M = Co, Fe, Ru: n = 3; M = Cr) and of some derivatives 

of pyterpy with varying molecular length, using the pendant pyridine-4-yl units as binding 



sites for gold | terpyridyl complex | gold junctions. For [M(pyterpy)2]
2+ (M = Co and Fe), we 

have examined the potential–dependent conductance of these complexes over their MII/MIII 

redox waves in an ionic liquid medium. To test the effect of changing the binding group, we 

have also examined the length dependence of conductance for a related family of 

methylthioether-contacted terpy derivatives. 

 

Results and Discussion 

Synthesis and characterisation of the complexes 

The ligand pyterpy43 and its complexes [M(pyterpy)2](PF6)2 (M = Co,44 Fe40 or Ru45)  were 

synthesised by literature methods, or adaptations thereof. In addition, [Co(pyterpy)2](PF6)3 

was prepared by Br2 oxidation of the Co(II) complex to allow characterisation by NMR 

spectroscopy. The complex [Cr(pyterpy)2](PF6)3 was prepared from CrCl2 and pyterpy, 

followed by metathesis with NH4PF6 and oxidation with AgPF6, a method previously used to 

prepare [Cr(terpy)2](PF6)3.
46 However, attempts to obtain a mass spectrum of this complex 

using the electrospray method failed, and we were unable to obtain microanalyses owing to 

the high percentage of fluorine in the complex. Characterisation was therefore restricted to a 

solution UV-visible spectrum, which showed similar charge transfer bands to those observed 

for [Cr(terpy)2]
3+, and cyclic voltammetry; the complex showed a reversible 3+/2+ redox 

wave at –0.54 V vs. Fc/Fc+ (CH3CN/0.1 M Bu4NBF4), slightly anodic of the corresponding 

process for [Cr(terpy)2]
2+/3+ at –0.63 V46 as expected for the somewhat more electron-deficient 

ligand. The ‘extended pyterpy’ ligand 4'-(4-(pyridin-4-yl)phenyl)-2,2':6',2''-terpyridine (py-

ph-terpy) was prepared by the route shown in Scheme 2; Suzuki coupling between 4-

formylphenylboronic acid and 4-bromopyridine hydrochloride yielded 4-(pyridin-4-

yl)benzaldehyde in 47 % yield. Subsequent reaction with two equivalents of 2-acetylpyridine 

followed in one pot by oxidative ring closure with ammonium acetate, afforded the target 

molecule in a yield of 34 %. This compound has previously been prepared in similar yield by 

Suzuki coupling of 4'-(4-bromophenyl)-2,2':6',2''-terpyridine with pyridin-4-ylboronic acid.47  



 

Scheme 2. Synthesis of py-ph-terpy 

 

 A shorter analogue of pyterpy, 2,6-di(pyridin-2-yl)pyrazine (dipy-pyraz; Scheme 1), was 

also prepared as described previously.48 Ruthenium(II) complexes of dipy-pyraz and of py-

ph-terpy, were prepared as hexafluorophosphate salts, from the ligand and ‘RuCl3·3H2O’ in 

hot ethylene glycol followed by metathesis with NH4PF6 (Experimental). Both the ligands and 

their Ru(II) complexes were characterized by 1H NMR spectroscopy, electronic spectroscopy, 

microanalyses and mass spectrometry before single molecule junction experiments. 

 The ligands MeSterpy and MeS-ph-terpy (Scheme 1) were prepared using literature 

methods,49, 50 as were their Ru(II) complexes (as hexafluorophosphate salts). 50 The new 

extended analogue 4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2':6',2''-terpyridine (MeS-ph-ph-

terpy) was prepared (albeit in low yield) by Suzuki coupling of 4’-(4-bromophenyl)-

2,2’:6’,2’’-terpyridine51 with (4-(methylthio)phenyl)boronic acid. The corresponding Ru(II) 

complex [Ru(MeS-ph-ph-terpy)2](PF6)2 was then prepared using the same conditions as for 

the other thiomethyl-terpy derivatives. 

 

Single molecule junction conductance measurements in ambient conditions. 

To measure the molecular junction conductances, we used the I(s) technique developed by 

Haiss et al.4, 14 In this technique, contact between the Au STM tip and the surface is avoided. 

The tip is moved to a fixed distance above the Au substrate using the set point current, the 

feedback loop is disconnected and the tip is then retracted at constant speed while the 

tunnelling current Is is monitored. Sub-monolayer coverages of molecules were previously 
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deposited on the substrates by briefly dipping them in dilute solutions of the appropriate 

molecule (see Experimental for details). The formation of a metal | molecule | metal junction 

is indicated by the presence in the current-distance (Is – s) plot of a plateau. Pyridyl contact 

groups have been shown to result in multiple conductance values for the same molecule 

depending upon the precise experimental conditions used.5, 52 In this work, we chose to use 

the conditions that we previously found to result in the lowest of the three conductance values 

seen for 4,4’-bipyridyl.5 In brief preliminary experiments with 4,4’-bipyridyl as a model 

compound, the value found here (Table 1) was close to that found previously (1.34 ± 0.17 × 

10–4 
G0).

5 The ‘hit rate’ (the proportion of I-s retraction experiments resulting in a plateau) 

was approximately 10 % with the set point current I0 (40 nA) and bias V (0.6 V) used here. 

Compound Conductance (G0) Expt. break-off 

(theoretical) (nm) 

4,4’-Bipyridine (1.0 ± 0.3) × 10–4 1.34 ± 0.24 (1.1) 

[Fe(pyterpy)2](PF6)2 (4.4 ± 1.3) × 10–5 1.9 ± 0.3 (2.2) 

[Co(pyterpy)2](PF6)2 (4.5 ± 1.4) × 10–5 1.95 ± 0.25 (2.2) 

[Cr(pyterpy)2](PF6)2 (3.3 ± 0.6) × 10–5 1.92 ± 0.35 (2.2) 

[Ru(dipy-pyraz)2](PF6)2 (8.6 ± 1.9) × 10–5 2.1 ± 0.4 (1.4) 

[Ru(pyterpy)2](PF6)2 (4.8 ± 1.2) × 10–5 2.04 ± 0.27 (2.2) 

[Ru(py-ph-terpy)2](PF6)2 (1.4 ± 0.3) × 10–5 3.0 ± 0.4 (3.1) 

[Ru(MeSterpy)2](PF6)2 (9.6 ± 2.3) × 10–5 2.5 ± 0.5 (1.6) 

[Ru(MeS-ph-terpy)2](PF6)2 (5.2 ± 1.9) × 10–5 2.2 ± 0.4 (2.4) 

[Ru(MeS-ph-ph-terpy)2](PF6)2 (1.5 ± 0.5) × 10–5 3.2 ± 0.3 (3.3) 

Table 1. Conductance values for all molecules measured in ambient conditions. 



 

Figure 1. I(s) data recorded for [Fe(pyterpy)2](PF6)2 in ambient conditions; I0 = 40 nA, Vbias 
0.6 V. (a) One-dimensional histogram of the 510 I-z traces collected that showed plateau(s), 

(b) two-dimensional representation of conductance vs corrected break-off distance for all 
plateau(s)-containing traces, (c) histogram of uncorrected break-off distances for all 
plateau(s)-containing traces, (d) some representative plateau(s)-containing I-s traces. 

 

We then measured the conductances of junctions with each of the metal-pyterpy complexes, 

again measured in ambient with the same bias and I0 as for 4,4’-bipyridine. Figure 1 shows a 

typical data set, that for [Fe(pyterpy)2](PF6)2 (similar plots for the other complexes are 

presented in the SI). The hit rate for the complexes was somewhat lower than for 4,4’-

bipyridine, approximately 5 %. The conductance values for [M(pyterpy)2](PF6)2 (M = Fe, Ru 

and Co) are the same within experimental uncertainty, whereas the value for 

[Cr(pyterpy)2](PF6)3 is somewhat lower (Table 1). Whereas both the Fe(II) and Ru(II) 

complexes are low–spin d6, [Co(pyterpy)2]
2+ is d7 and, like some other Co(II)–terpy 

derivatives, it exhibits spin-crossover behaviour.53 The Jahn-Teller-distorted, low-spin (2E) 

state predominates at low temperature (110 K).53, 54 The form of the temperature-dependent 

paramagnetism in the solid state is anion- and solvate-dependent; for the unsolvated PF6 salt, 

56 % of the complex is in the high-spin state at room temperature.53 The Co(II)/Co(III) redox 

potential for this complex is – 0.04 V vs. Fc/Fc+ (q.v.) and it is possible that on Au(111) in 

air, it becomes oxidised to Co(III); the Co(III) complex is also low–spin d6, which would 



mean that all three complexes in the conductance measurements are structurally– and 

electronically–similar, accounting for the similar conductance values. Attempts to determine 

the conductance of junctions starting with [Co(pyterpy)2](PF6)3 were unsuccessful; it appears 

that this complex does not significantly adsorb on gold from those solvents in which it is 

soluble. It is interesting in this respect that the d3 Cr(III) complex is the only example in this 

group with a significantly different junction conductance. 

 

Figure 2 Conductance vs. length (left) and log(conductance) vs. length (right), for the 
ruthenium(II) complexes with aromatic nitrogen contacts, and with MeS contacts. 

 

The conductances of the Ru(II) complexes with the pyterpy analogues, [Ru(dipy-pyraz)2]
2+ 

and [Ru(py-ph-terpy)2]
2+ were similarly determined in ambient (Table 1). The longest 

complex necessitated the use of a smaller I0, 20 nA. Plots of conductance vs. molecular length 

and of log(conductance) vs. molecular length, with experimental uncertainties denoted as 

error bars, are shown in Figure 2. It should be noted that the plot of conductance vs. length is 

clearly linear, while the plot of log(conductance) vs. length deviates significantly from 

linearity. This may be preliminary evidence that a hopping-type mechanism is operating with 

these molecules, as suggested earlier for oligomeric metal complexes with ‘back to back’ 

terpy ligands.37 A straight line of best fit for the log plot yields a β value of 1.06 nm–1. This 

low β value can be compared with that previously found in STM break junction experiments, 

of 4.3 nm–1 for both amine- and carbon-contacted oligophenyls.55 The fact that β is much 

smaller than that for the purely organic systems, in spite of the fact that in both cases the 

molecules are related by the successive extension of a polyphenylene-type chain, again 



suggests a hopping-type mechanism may be operative for this series of ruthenium complexes.  

 To obtain more data on this issue, we extended the work to encompass a related series of 

thioether-contacted terpy derivatives (Scheme 1; Table 1), conveniently available by 

straightforward synthetic routes. The Ru(II) complexes of these ligands all gave good results 

in I(s) experiments under ambient conditions, producing a slightly higher hit rate (10-15 %) 

than the terpy-contacted molecules with otherwise identical experimental parameters. The 

conductance values are given in Table 1, and Figure 2 shows both linear and semi-log plots of 

conductance vs. molecular length. Again, it is clear that the linear fit is appreciably better than 

the semilogarithmic one, consistent with the notion of a hopping mechanism in this system. 

The linear best fit of the semilogarithmic plot gives a β value of 1.09 nm–1, very similar to the 

value for the pyridyl–contacted series. 

 In all of these experiments, we also determined the mean break-off distances (the height s at 

which the junction breaks down), using a published method56 (described in the supplementary 

information), and found that in most cases it was consistent with the full length of the 

molecules as calculated using molecular mechanics (Spartan14© version 1.1.8), implying that 

the conductance is characteristic of the fully extended molecules for this set of complexes. 

Very short molecules, such as 4,4’-bipyridine, [Ru(dipy-pyraz)2]
2+ and [Ru(MeSterpy)2]

2+ in 

this work, often give apparent break-off distances longer than the full molecular length with 

this method; this could be due to significant deviation from linearity in d(lnI)/d(s) at very 

short tip-sample separations in ambient.  

 

Single molecule junction conductance measurements on [M(pyterpy)2](PF6)2 (M = Co, Fe) 

under potential control. 

 We chose 1–(n-butyl)–3–methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIM-

TFSI) as the medium for studying the conductances of [M(pyterpy)2](PF6)2 (M = Co, Fe) 

under electrochemical potential control. First, we examined the M(II)/M(III) redox waves of 

the complexes in BMIM-TFSI as a function of scan rate (Figure 3).  



 

Figure 3 Cyclic voltammograms of (left) [Co(pyterpy)2](PF6)2 and (right) [Fe(pyterpy)2](PF6)2 

in BMIM-TFSI, scan rates 0.02, 0.05, 0.08, then 0.1-1.0 V s–1 in 100 mV intervals. 

 

The Fe(II)/Fe(III) process (E1/2 = +0.78 V vs. Fc/Fc+) is chemically reversible and the peak to 

peak separation increases only from 60 mV at 0.02 Vs–1 to 75 mV at 1.0 Vs–1. The 

Co(II)/Co(III) process (E1/2 = –0.04 V vs. Fc/Fc+) is also chemically reversible, although 

clearly with slower electron transfer kinetics since the peak-to-peak separation increases from 

80 mV at 0.02 Vs–1 to 240 mV at 1.0 Vs–1. This is as expected since related low spin d6/d5 

couples generally have small metal–ligand bond length differences and hence, low inner 

sphere reorganisation energies, while the d7/low–spin d6 process will involve a significant Co-

N bond length change irrespective of whether the Co(II) state is high– or low–spin.57 

 

 Given the long timescale for collection of sufficient I(s) data to compile meaningful 

conductance histograms at many different electrode potentials, the fact that both redox forms 

are chemically stable on the experimental timescale in the ionic liquid, as demonstrated here, 

is important. I(s) data and corresponding conductance histograms were therefore collected for 

both complexes as a function of electrochemical potential across the M(II)/M(III) redox 

waves. The results are summarised in Figure 4 (histograms for individual experiments at each 

potential are presented in the SI). It is clear from the results that in ionic liquid electrolyte, 

both the Fe and Co complexes show ‘off-on-off’ behaviour, as observed earlier for 6PTTF6 in 

BMIM-TFSI across both of its redox waves (neutral/radical cation, and radical 

cation/dication),15 and for viologens across the radical cation/dication redox wave.25 



 

Figure 4. Conductance–overpotential plots for (a) [Co(pyterpy)2]
2+/3+ and (b) 

[Fe(pyterpy)2]
2+/3+ in BMIM TFSI. Data at each potential shown as points; the line 

corresponds to the fitting to the Kuznetsov-Ulstrup model, q.v. 

 

 As part of an earlier study of the relationship between molecular conductances and 

electrochemical rate constants for structurally-varied redox-active molecules, Zhou et al. 

studied the conductance of junctions of the complex [Os(pyterpy)2](PF6)2 in aqueous 1 M 

NaClO4 as a function of potential, using a technique very similar to the one employed here.58 

In their experiments, this complex showed ‘on-off’ conductance switching; the conductance 

changed sigmoidally from 23.1 × 10–5 G0 (17.8 nS) in the Os(II) redox state to 2.70 × 10–5 G0 

(2.1 nS) in the Os(III) state. In contrast, we find that in the ionic liquid, the isoelectronic Fe 

complex switches from 2.70 × 10–5 G0 (2.1 nS) in the ‘off’ state to ca. 8.4 × 10–5 G0 (6.5 nS) 

in the ‘on’ state, then back to 2.70 × 10–5 G0 (2.1 nS) as the complex is fully oxidised to 

Fe(III). Similarly, the Co complex switches from 4.5 × 10–5 G0 (3.5 nS) in the ‘off’ state, to 

ca. 10.0 × 10–5 G0 (7.7 nS) in the ‘on’ state, and back to 4.5 × 10–5 G0 (3.5 nS) as the complex 

is fully oxidised to Co(III). This is similar to the situation for viologens, which show ‘off-on-

off’ behaviour in ionic liquid but ‘off-on’ behaviour in aqueous electrolytes.  

 

We have modelled the electrochemical single model conductance switching data for 

[Co(pyterpy)2]
2+/3+ with the Kuznetsov Ulstrup 2-step charge transfer model. This model is 

illustrated in Figure 5. As shown in this figure the molecule bridges between the two 



electrodes (the gold substrate surface and gold STM tip), with the metal redox centre tethered 

in the middle of this nano-gap. Hole transfer occurs through this redox centre in two 

electrochemical steps in what can be described as an electrochemical charge–hopping model. 

In this model the hole tunnels from the left electrode to the metal centre following pre-

organisation of the molecule and its environment so that charge transfer can follow a Frank–

Condon type transition. The molecule and its environment then relax, with the hole losing 

coherence during this relaxation. The hole then tunnels from the metal centre to right 

electrode. In the adiabatic limit, which is used here in the modelling, the relaxation prior to 

the second hole transfer step is partial. Following the first hole transfer the M(II) centre is 

oxidised and then subsequently reduced following charge transfer to other electrode. In the 

limit of strong electronic interactions between the redox centre and the electrodes the steady 

state current flow through the molecular junction is given by: 

𝑖 = 2𝑒𝑛
𝑘!𝑘!

𝑘! + 𝑘!

 

Where n represents the number of holes or electrons that can transfer in a “cascade” while the 

redox centre and its environment relaxes, and e is the electronic charge. k1 and k2 are 

electrochemical rate constant expressions. 

 

Figure 5. An illustration of the Kuznetsov Ulstrup model showing [M(pyterpy)2]
2+/3+ attached 

between two gold electrode, labelled left and right respectively. The redox states of the 
molecule are illustrated in red with charge transfer occurring through these through two 

sequential electron transfer processes labelled k1 and k2. 



 

Reference 59 describes the resulting equation which models the enhanced current following 

across the molecular junction (jenh) following the two–step adiabatic model of Kuznetsov and 

Ulstrup described above.  

𝑗!"! ≈ 𝑗!exp  
−𝜆

4𝑘!𝑇

exp  
𝑒|𝑉!"#$|

4𝑘!𝑇

𝑐𝑜𝑠ℎ
𝑒 0.5 − 𝛾 𝑉!"#$ − 𝑒𝜉𝜂

2𝑘!𝑇

 

In this equation kB is the Boltzmann constant, Vbias the bias voltage, T the temperature and e 

the charge on an electron. The overpotential is represented as η while γ is a modelling 

parameter representing the fraction of the bias voltage dropped at the redox site. The total 

reorganization energy is λ, which includes both inner and outer-sphere contributions. ξ The 

fraction of the electrochemical potential experienced at the redox site is ξ. An expression for 

the pre-factor, j0, can be found in reference 59: 

𝑗! = 𝑒𝑛𝜔!""/2𝜋 

with 

𝑛 ≈ 𝑒𝑉!"#$

1

2𝜅!𝜌!
+

1

𝜅!𝜌!

!!

 

The additional terms here are as follows: κ is the electron transmission coefficient, ρ is the 

density of electronic states in the metal electrodes near the Fermi level and ωeff is the effective 

nuclear vibrational frequencies. The subscripts L and R refer to the left and right electrodes, 

respectively. Using these equations a numerical form for the enhanced current flowing across 

the molecular junction (jenh) can be obtained and single molecule conductance data vs. 

electrochemical potential can then be quantitatively analysed with respect to this model. 

 

Figure 4 shows the results of such analyses for [M(pyterpy)2]
2+/3+ (M = Fe, Co). The points in 

this plot show the experimental single molecule conductance data while the line is the fitting 

to the Kuznetsov Ulstrup 2-step model in the adiabatic limit. The fitting parameters for the 

cobalt complex are λ = 0.80 eV, ξ = 0.5 and γ = 0.40, while those for the iron complex are λ = 



0.77 eV, ξ = 0.8 and γ = 0.55. The reorganization energies determined here are considerably 

less than previously found for a viologen single molecule bridge (1.3 eV) also determined in 

ionic liquid electrolytes.25 The viologen single molecule bridge used in the latter work was 

called “6V6”, where “V” refers to the viologen (bipyridinium) core which was attached to 

gold contacts at both ends through −(CH2)6S− groups (donated here as “6”). The 

reorganisation energies of the pyterpy complexes obtained here are also considerably less 

than a similar analysis for both the first and second redox transitions for a 6PTTF6 bridge in 

ionic liquid environment, which gave values of λ = ~1.2 eV (6PTTF6 refers to the redox–

active pyrrolo-tetrathiafulvalene (PTTF) moiety attached to gold contacts at both ends 

through −(CH2)6S− groups). It is also noteworthy that in the 6V6 and 6PTTF6 examples ξ = 

~1 was obtained. This value corresponds to the full electrochemical potential being 

experienced at the redox centre, indicative of the short Debye screening lengths of the ionic 

liquids and effective structuring of the ionic liquid in the nano-gap junction. In the case of the 

pyterpy studied here, ξ is lower indicating that the screening is not so effective.  This may be 

due to the more “voluminous” redox centre with the metal ion redox centre being surrounded 

by a bulky ligand shell. 

 

Conclusions 

In a previous I(s) study of four related mono– and bi–metallic MeS–contacted Ru(II)-terpy 

complexes (including [Ru(MeS-ph-terpy)2]
2+), it was found that a semilogarithmic plot of 

junction conductance vs. molecular length was approximately linear, with a decay constant β 

of 1.5 nm–1, and a tunnelling mechanism was therefore suggested. However, these four 

molecules did not comprise a truly homologous series. In the present study, we have 

examined two homologous series, one with pyridyl and the other with MeS contacts, and both 

show a better fit of conductance vs. length than log(conductance) vs. length. Both also show a 

very low β for the semilogarithmic plots, of <1.1 nm–1, whereas for a purely organic 

oligophenylene series, one would expect β to be 4.3 nm–1.55 This is evidence that a hopping-



type mechanism may be more appropriate for molecules of the type studied here. This is 

further supported by the observation that the conductance–overpotential relationships for the 

conductances of [M(pyterpy)2]
2+/3+ under electrochemical potential control fit the Kuznetsov–

Ulstrup relationship (essentially, a hopping-based description) so well. 

 

A further examination of the conductances of junctions involving these molecules as a 

function of temperature may shed more light on the mechanism, although in this respect, it is 

worth noting that although we found evidence for a temperature dependence of the 

conductance of some oligoporphyrins, this could be accommodated within a tunnelling-based 

theoretical description, owing to relatively small thermal effects on the transmittance 

functions of these highly conjugated molecules having a significant effect upon their 

conductances.60 

 

Experimental section 

Synthesis and characterisation of ligands and complexes 

Reagents were purchased from Sigma-Aldrich Chemical Company and used as received, 

except where otherwise stated. Proton and 13C NMR spectra were recorder using a Bruker 

Avance 400 MHz spectrometer and were referenced to internal TMS. Mass spectra were 

recorded using a Carlo Erba 8000 Trio-1000 quadrupole spectrometer using electrospray, 

electron or chemical ionization, as appropriate. CHN microanalyses were recorded using an 

Isoprime Elemental Analyser (we were unable to record microanalytical data for samples 

containing >20 % fluorine with this analyser). 

 The ligand pyterpy43 and its complexes [M(pyterpy)2](PF6)2 (M = Co,44 Fe40 or Ru45)  were 

synthesised by literature methods and the characterising data obtained was consistent with the 

literature. The ligands MeSterpy49 and MeS-ph-terpy50 and their Ru(II) complexes50 were 

similarly prepared by literature methods or adaptations thereof. 

 

 



Bis(4'-(pyridin-4-yl)-2,2':6',2''-terpyridine)chromium(III) hexafluorophosphate, 

[Cr(pyterpy)2](PF6)3:- To degassed water (30 cm3) was added 4'-(pyridin-4-yl)-2,2':6',2''-

terpyridine (0.67 g, 2.19 mmol) and CrCl2 (0.135 g, 1.10 mmol). The solution was stirred at 

room temperature for 20 h during which time the colour changed from light blue to dark 

brown. A degassed solution of aqueous NH4PF6 (5 mL; 0.44 M, 2.20 mmol) was added and a 

precipitate formed. The solid was filtered using a Schlenk stick, then washed with 50 cm3 of 

degassed water, dried under vacuum, extracted with the minimum volume of dry CH3CN (ca. 

2 cm3) and filtered. To this solution was added AgPF6 (0.030 g, 0.12 mmol) in CH3CN (1 

cm3) over 20 s with stirring. After 15 minutes the CH3CN was removed under vacuum to 

afford a brown residue. The product was taken up in CH3CN and filtered through Celite, and 

the solvent was removed under vacuum. The residue was triturated and then washed with 

THF, filtered and dried under vacuum to give the title compound as an orange solid (0.45 g, 

37 %). UV/Vis (CH3CN, 1.2 x 10–5 mol dm–3) λmax/nm (ɛmax/103 dm3 mol-1 cm-1): 368 (21), 

318 (sh), 282 (89.2). Cyclic voltammetry (0.1 M Bu4NBF4/CH3CN): –0.54 V vs. Fc/Fc+, 

reversible. 

 

4'-(4-(pyridin-4-yl)phenyl)-2,2':6',2''-terpyridine (py-ph-terpy; see Scheme 2):- (a) 4-

(Pyridin-4-yl)benzaldehyde– (This compound has previously been prepared in somewhat 

higher yield using a cyclopalladated species as catalyst61). (4-Formylphenyl)boronic acid 

(0.16 g, 1.06 mmol) and 2 M aqueous K2CO3 (2.6 cm3) were added to a solution of 4-

bromopyridine hydrochloride (0.2 g, 1.34 mmol) in toluene:i-PrOH (50:50, 4 cm3). After 

degassing the solution for 15 mins using Ar, Pd(PPh3)4 (0.036 g, 0.030 mmol) was added and 

the mixture was refluxed for 7 h under Ar. After this time the reaction mixture was diluted 

with water and extracted with EtOAc. The combined organic layers were dried with MgSO4 

and the solvent was evaporated. Recrystallisation from EtOAc yielded the title compound as 

white needles (0.116 g, 47 %); m.p: 85-88 °C; 1H NMR (400 MHz, CDCl3): 10.11 (s, 1H, 

CHO), 8.75 (dd, J 4.6, 1.6 Hz, 2H), 8.03 (dd, J 6.8, 1.7 Hz, 2H), 7.83 (dd, J 6.8, 1.6 Hz, 2H), 

7.65 (dd, J 4.65, 1.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): 191.47 (C=O), 148.9, 147.0, 



143.3, 136.8, 130.5, 127.9, 122.3; MS (CI+ NH3): m/z: 184.3. (b) Reaction with 2-

acetylpyridine-A solution of 4-(pyridin-4-yl)benzaldehyde (0.05 g, 0.273 mmol) in methanol 

(4 mL) was cooled to –15°C. Solutions of 2-acetylpyridine (0.066 g, 0.54 mmol) in MeOH (2 

mL) and 20 % aq NaOH (4 mL) were added simultaneously over a period of 20 minutes. The 

reaction mixture was then further stirred for 3 h at –10 °C then allowed to reach room 

temperature, and was filtered. The filtrate was treated with NH4OAc (0.1 g, 1.297 mmol) and 

heated to reflux for 4 h. The resulting suspension was filtered and the solid washed several 

times with hot water and hot ethanol. The title compound was recovered as a white solid 

(0.036 g, 34 %); m.p: 220-225 °C. 1H NMR (400 MHz, CDCl3): 8.82 (s, 2H), 8.76 (s, 2H), 

8.68 (m, 4H), 8.09 (d, J 8.3 Hz, 2H), 7.92 (td, J 7.7, 1.6 Hz, 2H), 7.84 (d, J 8.3 Hz, 2H), 7.75 

(d, J 6.2 Hz, 2H), 7.41-7.38 (m, 2H). 13C NMR (100 MHz, CDCl3): 156.1, 156.0, 149.2, 

149.1, 149.0, 139.6, 138.1, 137.0, 128.2, 127.6, 124.0, 121.9, 121.5, 118.8. MS (EI+): m/z: 

386.5. UV/Vis (CH3CN, 1.2 x 10–5 mol dm–3) λmax/nm (ɛmax/103 dm3 mol–1 cm–1): 285 (209.4). 

 

Bis(4'-(4-(pyridin-4-yl)phenyl)-2,2':6',2''-terpyridine)ruthenium(II) hexafluorophosphate, 

[Ru(py-ph-terpy)2](PF6)3 

A solution of ‘RuCl3·3H2O’ (0.019 g, 0.120 mmol) and 4’-(4-(pyridin-4-yl)phenyl)-

2,2’:6’,2”-terpyridine (0.092 g, 0.240 mmol) in ethane-1,2-diol (10 cm3) was heated to reflux 

for 3 h. The solution was allowed to cool, and water (10 cm3) and an excess of methanolic 

NH4PF6 were added. The resulting dark brown precipitate was collected on Celite by filtration 

and then redissolved in CH3CN. The CH3CN was reduced to minimum volume in vacuo, and 

purification was by flash column chromatography (SiO2, eluting with CH3CN: sat. aq. KNO3: 

water, 7:1:0.5). The first major orange fraction was collected, an excess of methanolic 

NH4[PF6] was added, and the solution was evaporated to low volume to precipitate [Ru(py-

ph-terpy)2](PF6)2. The compound was filtered and dried in air to yield the title compound as a 

red solid (0.048 g, 46 %). 1H NMR (CD3CN), 400 MHz): 9.08 (s, 4H), 8.77 (dd, J 4.7, 1.5 Hz, 

4H), 8.68 (d, J 7.95 Hz, 4H), 8.38 (d, J 8.45 Hz, 4H), 8.18 (d, J 8.45 Hz, 4H), 7.99-7.94 (m, 



8H), 7.45 (d, J	
   5.5 Hz, 4H), 7.22-7.94 (m, 4H). MS (ES+, CH3OH): m/z: 873 [M-H-2PF6]
+, 

1019 [M-PF6]+. UV/Vis (CH3CN, 1.2 x 10-5 mol dm-3) λmax/nm (ɛmax/103 dm3 mol-1 cm-1): 493 

(24.3), 310 (60.8), 287 (sh). 

 

Bis(2,6-di(pyridin-2-yl)pyrazine)ruthenium(II) hexafluorophosphate, [Ru(dipy-

pyraz)2](PF6)2:- A solution of ‘RuCl3·3H2O’ (0.027 g, 0.105 mmol) and 2,6-di(pyridin-2-

yl)pyrazine (0.05 g, 0.214 mmol) in ethane-1,2-diol (10 cm3) was heated to reflux for 3 h. The 

solution was allowed to cool, and water (10 cm3) and an excess of methanolic NH4PF6 were 

added. The resulting dark brown precipitate was collected on Celite by filtration and then 

extracted into CH3CN. The CH3CN was evaporated to minimum volume, and purification 

was by flash column chromatography (SiO2, eluting with CH3CN: sat. aq. KNO3: water, 

7:1:0.5). The first major orange fraction was collected, an excess of methanolic NH4[PF6] was 

added, and the solution was reduced in volume to precipitate [Ru(2,6-di(pyridin-2-

yl)pyrazine)2][PF6]2. The compound was filtered and dried in air to yield the title compound 

as a red solid (0.04 g, 47 %). 1H NMR (CD3CN): 9.86 (s, 1H), 8.62 (d, J 8 Hz, 1H), 7.99 (td, J 

8 Hz, 1.3 Hz, 1H), 7.36 (d, J 5.51 Hz, 1H), 7.20 (td, J 5.66, 1.13 Hz, 1H); 13C NMR (100 

MHz, CD3CN): 153.76, 150.44, 144.39, 139.41, 128.56, 125.62; MS (ES+, CH3OH): m/z: 

569 [M-H-2PF6], 715 [M-PF6]; UV/Vis (CH3CN, 1.2 x 10-5 mol dm-3) λmax/nm (ɛmax/103 

dm3mol-1cm-1): 469 (9.5), 340 (sh), 308 (26.8), 269 (23.5). 

 

4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2':6',2''-terpyridine, MeS-ph-ph-terpy:- To a 

solution of 4'-(4-bromophenyl)-2,2':6',2''-terpyridine (0.23 g, 0.59 mmol) in toluene:i-PrOH 

(50:50, 4 cm3) was added (4-(methylthio)phenyl)boronic acid (0.115 g, 0.61 mmol) and 2 M 

aqueous K2CO3 (2.6 cm3). After degassing the solution for 15 mins with Ar, Pd(PPh3)4 (0.016 

g, 0.014 mmol) was added and the mixture was refluxed for 7 h under Ar. After this time the 

reaction mixture was diluted with water and extracted several times with EtOAc. The 

combined organic layers were dried with MgSO4 and the solvent was evaporated. 



Recrystallisation from EtOAc yielded the title compound as white needles (0.025 g, 0.058 

mmol, 10 %); m.p: 190-195 °C; 1H NMR (CDCl3), 400 MHz): 8.82 (s, 2H), 8.71 (m, J 7.7 

Hz, 4H), 7.99 (d, J	
  8.3 Hz, 2H), 7.92 (t, J 7.7 Hz, 2H), 7.65 (d, J 8.3 Hz, 2H), 7.53 (d, J 8.4 

Hz, 2H), 7.37 (t, J 5.6 Hz, 2H), 7.29 (d, J 8.4 Hz, 2H), 2.47 (s, 3H). 13C{1H} NMR (101 MHz, 

CDCl3): 148.4, 141.3, 138.2, 137.0, 127.9, 127.4, 127.3, 127.0, 124.1, 121.9, 119.2, 14.8. MS 

(CI+ CH4): m/z [M+H] 432; UV/Vis (CH3CN, 9 x 10-6 mol dm-3) λmax/nm (ɛmax/103 dm3 mol-1 

cm-1): 279 (163.2). 

 

Bis(4’-(methylthio)-2,2':6',2''-terpyridine)ruthenium(II) hexafluorophosphate, 

[Ru(MeSterpy)2](PF6)2:-	
   A solution of ‘RuCl3·3H2O’ (0.19 g, 1.20 mmol) and 4'-

(methylthio)-2,2':6',2''- terpyridine (0.66 g, 2.4 mmol) in ethane-1,2-diol (100 cm3) was 

heated at reflux for 12 h. The solution was allowed to cool, and water (10 cm3) and an excess 

of methanolic NH4PF6 were added. The resulting dark brown precipitate was collected on 

Celite by filtration and then redissolved in CH3CN. The CH3CN was evaporated to minimum 

volume, and purification was by flash column chromatography (SiO2, eluting with CH3CN: 

sat. aq. KNO3: water, 7:1:0.5). The first major orange fraction was collected, an excess of 

methanolic NH4PF6 were added, and the solution reduced in volume to precipitate [Ru(4'-

(methylthio)-2,2':6',2''-terpyridine)2][PF6]2. The compound was filtered and dried in air to 

yield the title compound as a red solid (0.21 g, 20 %). 1H NMR (CD3CN, 400 MHz): 8.54 (s, 

4H), 8.50 (d, J 8.0 Hz, 4H), 7.90 (m, J 9.1, 1.3 Hz, 4H), 7.38 (d, J 5.0 Hz, 4H), 7.16-7.14 (m, 

4H), 2.93 (s, SMe, 6H). 13C{1H} NMR (CD3CN, 101 MHz): 158.4, 155.1, 153.1, 152.3, 

138.4, 128.1, 125.0, 120.2, 14.8.  MS (ES+, CH3OH): m/z: 805.0 [M-PF6]. UV/Vis (CH3CN, 

9 x 10-6 mol dm-3) λmax/nm (ɛmax/103 dm3 mol-1 cm-1): 491 (11.2), 301 (sh), 281 (115.6). 

UV/Vis data are consistent with those for the chloride salt, prepared previously.62 

 

Bis(4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2':6',2''-terpyridine)ruthenium(II) 

hexafluorophosphate, [Ru(MeS-ph-ph-terpy)2](PF6)2:-	
   A solution of ‘RuCl3·3H2O’ (0.007g, 



0.03 mmol) and 4'-(4'-(methylthio)-[1,1'- biphenyl]-4-yl)-2,2':6',2''-terpyridine (0.025 g, 0.06 

mmol) in ethane-1,2-diol (2.5 cm3) was heated to reflux for 3 h. The solution was allowed to 

cool, and water (2.5 cm3) and an excess of methanolic NH4[PF6] were added. The resulting 

dark brown precipitate was collected on Celite by filtration and then redissolved in CH3CN. 

The CH3CN was reduced to minimum volume, and purification was by flash column 

chromatography (SiO2, eluting with CH3CN: sat. aq. KNO3: water, 7:1:0.5). The first major 

orange fraction was collected, an excess of methanolic NH4[PF6] was added, and the solution 

was reduced in volume to precipitate [Ru(MeS-ph-ph-terpy)2](PF6)2. The compound was 

filtered and dried in air to yield a red solid (0.012 g, 33 %). 1H NMR (CD3CN, 400 MHz): 

9.07 (s, 4H), 8.68 (d, J 8.0 Hz, 3H), 8.34 (d, J 8.4 Hz, 3H), 8.10 (d, J 8.1 Hz, 4H), 8.03 (d, J 

8.4 Hz, 4H), 7.96 (t, J 7.3 Hz, 6H), 7.85 (d, J 8.2 Hz, 4H), 7.45 (m, 4H), 7.19 (t, J 6.1 Hz, 

4H), 2.76 (s,	
   SCH3, 6H). MS (ES+, CH3OH): m/z: 995 (M-HPF6-PF6+MeOH), 1141 (M-

PF6+MeOH). UV/Vis (CH3CN, 9 x 10-6 mol dm-3) λmax/nm (ɛmax/103 dm3mol-1cm-1): 494 (9.9), 

311 (38.9), 287 (sh). 

 

STM-based molecular junction conductances  

First, molecules were adsorbed onto flame–annealed gold-on-glass samples from a 5 × 10-5 M 

CH2Cl2 solution of the appropriate complex. A freshly–cut Au STM tip was held above the 

surface at a fixed setpoint current (40 nA except for the longest molecules for which 20 nA 

was used) and bias voltage (+ 0.6 V) and then withdrawn at a speed of 40 nm s-1 while 

maintaining a constant x-y position. A current-vertical distance (I(s)) curve was collected 

during tip withdrawal. When molecular junction formation occurs, I decreases exponentially 

with s but is larger, at a given s, than in cases where no junction forms, and I typically then 

settles at a plateau value as s is increased, before abruptly decaying to zero on junction 

breakdown. Many such I(s) traces are recorded. Only those that contain plateaus (ca. 500 per 

data set) were collected together in histogram plots to determine junction conductance values. 

The occurrence of plateaus in many such I(s) curves results in peaks in the histograms. The 



percentage of scans showing evidence of junction formation was usually in the range 5-10 % 

(ca. 15 % for the MeS–contacted molecules). Further details of data collection and 

processing, and of the procedure for estimating s0, are in the electronic supplementary 

information. 
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