
 1 

Molecular structure-(thermo)electric property relationships in single-molecule 

junctions and comparisons with single and multi-parameter models 

 

Masnun Naher,a# David C. Milan,b# Oday A. Al-Owaedi,c# Inco J. Planje,b Sören 

Bock,a Juan Hurtado-Gallego,d Pablo Bastante,d Zahra Murtada Abd Dawood,c Laura 

Rincón-García,d Gabino Rubio-Bollinger,d,e Simon J. Higgins,b Nicolás Agraït,d,e,f* 

Colin J. Lambert,g* Richard J. Nichols,b* Paul J. Low.a* 

a School of Molecular Sciences, University of Western Australia, 35 Stirling Highway, Crawley, WA, 

6009, Australia. 
b Department of Chemistry, University of Liverpool, Crown St, Liverpool, L69 7ZD, UK. 
c Department of Laser Physics, Women Faculty of Science, The University of Babylon, Hilla 51001, 

Iraq. 
d Departamento de Física de la Materia Condensada, Universidad Autónoma de Madrid, Madrid, E-

28049, Spain. 
e Condensed Matter Physics Center (IFIMAC) and Instituto Universitario de Ciencia de Materiales 

“Nicolás Cabrera” (INC), Universidad Autónoma de Madrid, E-28049 Madrid, Spain. 
f Instituto Madrileño de Estudios Avanzados en Nanociencia IMDEA-Nanociencia, E-28049 Madrid, 

Spain. 
g Department of Physics, University of Lancaster, Lancaster, LA1 4YB, UK. 

 

# These authors contributed equally 

 

nicolas.agrait@uam.es 

c.lambert@lancaster.ac.uk 

R.J.Nichols@liverpool.ac.uk 

paul.low@uwa.edu.au 

 

 

 

Abstract  

The most probable single-molecule conductance of each member of a series of twelve 

conjugated molecular wires, six of which contain either a ruthenium or platinum 

center centrally placed within the backbone, has been determined. The measurement 

of a small, positive Seebeck coefficient has established that transmission through 

these molecules takes place by tunneling through the tail of the HOMO resonance 

near the middle of the HOMO-LUMO gap in each case. Despite the general 

similarities in the molecular lengths and frontier-orbital compositions, experimental 

and computationally determined trends in molecular conductance values across this 

series cannot be satisfactorily explained in terms of commonly discussed ‘single 

parameter’ models of junction conductance. Rather, the trends in molecular 
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conductance are better rationalized from consideration of the complete molecular 

junction, with conductance values well described by transport calculations carried out 

at the DFT level of theory, based on the Landauer-Büttiker model.  

 

Introduction  

The field of molecular electronics has advanced rapidly following the development of 

convenient laboratory methods for the construction of electrode|molecule|electrode 

junctions, and measurement of their through-molecule conductance.1-6 These 

molecular junctions have allowed exploration of the electrical properties of a wide 

range of molecular structures, establishing a number of structure-property 

relationships7-9 and elementary circuit laws.10-14 These concepts have in turn improved 

the design of molecular ‘components’ with high electrical conductance,15-16 

outstanding rectification ratios,17 and transistor-like gated conductance.18-22 In 

addition, uniquely molecular phenomena that influence the transmission of charge 

such as quantum interference have been identified, which provide new avenues for 

molecular design,8, 23-25 and lead to proposals for molecular materials with useful 

properties such as an enhanced thermoelectric figure of merit, ZT, and promisingly 

high power factors, GS2, where G is the conductance and S, the thermopower.26-30 

Such concepts and associated investigations contribute to a growing awareness of the 

potential for molecular junctions to offer desirable function.31 

 

Here we report the experimental determination of the Seebeck coefficient and 

molecular conductance characteristics of a series of acyclic and cyclic thioether-

anchored organic compounds and organometallic complexes. The Seebeck 

measurements establish HOMO-mediated electron transport near the middle of the 
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HOMO-LUMO gap, consistent with the results from DFT and non-equilibrium 

Green’s function calculations. Despite the gross chemical similarity of these 

compounds, all of which display linearly -conjugated molecular backbones and 

thioether-based anchor groups, the relatively poor fitting of molecular conductance 

values to models based on any one of a variety of single experimental parameters, 

including molecular length, HOMO energy, redox potential or HOMO-LUMO gap, 

demonstrates the need to consider a holistic model to predict and explain the electrical 

and thermoelectrical response of these molecular junctions. 

 

Results and Discussion  

The Molecular Wires 

A group of twelve ‘wire-like’ molecules that exemplify a range of common molecular 

backbones (alkynes (1), 1,3-diynes (2), 1,4-bis(phenyl ethynyl) benzenes (3) and 

trans-bis(acetylide) complexes of ruthenium (4, 5) and platinum (6)) and bear one of 

two different thioether contacting groups (thioanisole (a) and 3,3-dimethyl-2,3-

dihydrobenzo[b]thiophene (DMBT, b)) were chosen for study here (Chart 1).32 

Conjugated polyyne33-37 and 1,4-phenylene ethynylene motifs38-39 are commonly 

found in many organic wire-like compounds, and the trans-bis(acetylide) ruthenium40-

49 and platinum44-45, 50-52 scaffolds have been well represented in the more limited 

range of studies of organometallic complexes in molecular junctions reported to date. 

The compounds 1a,b – 6a,b (Chart 1) therefore provide a representative cross-section 

of common molecular backbones with which to explore structure-property 

relationships in molecular junctions, and in particular the impact of introducing a 

transition metal center into the molecular backbone.  
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The acyclic thiomethyl (SMe) anchor group is known to provide a good electrical 

contact to gold electrodes and is able to support either HOMO- or LUMO-based 

through-molecule charge transport.53 Although less commonly employed as an anchor 

group, the cyclic thioether anchor group benzodihydro[b]thiophene (BT) has been 

shown to give excellent junction formation probabilities within molecular junctions. 

Examples of organic compounds34, 54-55 and metal complexes56 featuring such contacts 

explored to date have shown promising electrical and thermoelectrical behavior.11, 29 

Here the closely related 3,3-dimethyl-2,3-dihydrobenzo[b]thiophene (DMBT) 

derivative has been employed as an anchor group,57 with the dimethyl groups serving 

to improve solubility without compromising the excellent physical characteristics of 

the BT-style anchor in the junction.    
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Chart 1. The compounds 1a,b – 6a,b used in this work. 

 

Single Molecule Conductance and Thermopower (Seebeck coefficient) 

Measurements 

The single molecule conductance values of compounds 1a,b – 6a,b were determined 

using data obtained from scanning tunneling microscope break junction (STM-BJ) 

measurements carried out in 1 mM mesitylene (containing a small fraction of THF in 

the case of the least soluble compounds) solution (Table 1). In each case, the 



 6 

conductance histograms were constructed from ca. 3000 current-distance traces that 

exhibited the characteristic plateaus associated with formation of a molecular junction 

(Figure 1). The peaks in the conductance histograms that correspond to the most 

probable molecular conductance given in Table 1 were determined by fitting to a 

Gaussian curve in each case. The break-off distance for each molecule in the series 

determined from 2D plots corrected for the snap-back of the STM tip at the point of 

junction rupture is also listed in Table 1.58  

 

Whilst terminal ethynyl moieties have been used to directly anchor molecules to gold 

nanoparticles59-62 and gold37, 63 64-66 or silver67 electrodes within molecular junctions, 

to the best of our knowledge the study of 1a and 1b represent the first measurements 

of the single-molecule conductance of such simple terminal arylacetylenes. The 

parent acetylenes 1a and 1b give rise to relatively high molecular conductance values, 

of the order of 10-2 G0 (Table 1), although the asymmetric Au-S and Au-CC contacts 

formed within the junction prohibit direct comparisons with other compounds in the 

series explored here.  
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Figure 1. Representative conductance G vs. electrode displacement traces and 

conductance histograms for compounds and complexes 1a,b – 6a,b.    
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Table 1. Summary of selected experimental and computational data for 1a,b – 6a,b. 

 dS...S / Åa dS…S / Åb d / Åc log(Gexp/G0)
d Gexp/G0

d log(Gth/G0)
e Gth/G0

e QS
f Q / eg 

1a 7.17h 7.27h 6.3 ± 2.2 –2.12 76  10–4 –1.51 310  10–4 0.22 0.211 

2a 15.71 15.84 7.6 ± 3.1 –3.39 4.1  10–4 –3.44 3.6  10–4 0.23 0.316 

3a 20.07 20.16 10.2 ± 6.9 –4.25 0.56  10–4 –4.28 0.52  10–4 0.23 0.182 

4a 18.58 18.71 9.3 ± 7.4 –3.65 2.2  10–4 –3.73 1.9  10–4 0.09  0.617 

5a 18.57 18.64 7.7 ± 3.9 –3.51 3.1  10–4 –3.88 1.3  10–4 0.09 0.426 

6a 18.47 18.71 10.7 ± 6.6 –4.66 0.22  10–4 –4.72 0.19  10–4 0.10 0.220 

1b 7.16h 7.21h 6.3 ± 1.9 –1.89 130  10–4 –1.42 380  10–4 0.22 0.246 

2b 15.66 15.65 8.0 ± 3.8 –3.36 4.4  10–4 –3.43 3.7  10–4 0.23  0.318 

3b 19.99 19.91 11.0 ± 7.7 –3.66 2.2  10–4 –3.88 1.3  10–4 0.22 0.346 

4b 18.53 18.47 11.7 ± 9.1 –3.13 7.4  10–4 –3.47 3.4  10–4 0.07  0.646 

5b 18.30 18.23 7.5 ± 3.0 –3.11 7.8  10–4 –3.23 5.9  10–4 0.07  0.471 

6b 18.39 18.52 9.6 ± 5.3 –3.99 1.0  10–4 –4.15 0.71  10–4 0.08 0.492 

a crystallographically determined S...S distance.32 b Computationally determined S…S distance from optimized (BLYP35/COSMO(CH2Cl2)/6-

31G** (Ru, Pt LANL2DZ)) molecular geometries.32 c break off distance allowing for snap-back (± 2σ).58 d most probable experimentally 
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determined single-molecule conductance. e calculated single-molecule conductance. f charge transferred from the sulfur atoms to the electrodes 

in the junction. g charge transferred from the molecule to the electrodes in the junction. h (H)-C…S distance 
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An examination of the most probable single-molecule conductance values in Table 1 

reveals that for each pair of compounds and complexes, the DMBT-contacted version 

(b) gives rise to modestly higher values than the SMe-contacted structural analogue 

(a). The most probable conductance values of the thio-ether contacted buta-1,3-diynes 

2a and 2b fall near 4  10-4 G0, consistent with the values reported for buta-1,3-diynes 

with pyridinyl, thiolate or dihydrobenzo[b]thiophene contacting groups.33 The 

conceptual insertion of the 1,4-phenylene ring into the diyne backbone gives the 

oligophenylene ethynylene (OPE) style complexes 3a and 3b. Compared to the 

compounds 2 the molecular conductance of these OPE derivatives decreases by a 

factor of 2 (2b to 3b) – 10 (2a to 3a) (Table 1), but again falling in the range expected 

of such compounds.68-69 Empirically, these trends can be attributed to a convolution 

the competing factors that influence through molecule charge transport, including the 

increased molecular length and changes in molecular level (orbital) alignment with 

the electrode Fermi level (i.e. the tunnel barrier width and height).    

 

The insertion of metal centers within the -conjugated backbone of an organic 

‘molecule wire’ to modulate the tunnel barrier width and height has also attracted 

attention,47-48, 70-73 and the ruthenium complexes 4a,b and 5a,b offer conductance 

values comparable to those of the shorter buta-1,3-diynes 2a,b. There is little 

difference in the conductance of the [Ru(dppe)2] based compounds (4) relative to the 

[Ru{P(OEt)3}4] analogues (5), indicating that the ancillary ligands have a relatively 

minor influence on molecular conductance in these compounds; the role that the alkyl 

phosphite ligands might play in insulating the molecular structure from the 

adventitious contacts of the tip to the metal-ligand moiety more prevalent with aryl-

functionalized ancillary ligands has been described elsewhere.52 Although presenting 
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molecular lengths comparable to the ruthenium complexes 4 and 5, the platinum 

complexes 6a and 6b are the least conductive (most resistive) members of the set 

under investigation here, with most probable conductance values approximately half 

that of the longer OPE analogues 3a and 3b. The lower conductance of the thioether-

anchored platinum complexes 6a and 6b relative to the ruthenium compounds 4a,b 

and 5a,b contrasts with the remarkably similar mid-gap conductance of comparable 

ruthenium and platinum bis(acetylide) complexes that are more weakly coupled 

within molecular junctions by 3-thienyl anchor groups.44 A first interpretation of these 

data might presume a lower-lying HOMO and hence greater tunnel barrier in the case 

of the Pt complexes 6 as an explanation for these trends in relative conductance. 

However, the first (irreversible) oxidation potentials of 6a and 6b are somewhat more 

thermodynamically favorable than those of 3a and 3b, and estimates from either the 

electrochemical data or DFT calculations place the HOMO levels of the platinum 

complexes higher than those of the OPE systems (Table S1).32 The higher lying 

HOMO is offset by a larger HOMO-LUMO gap, and that may lead to lower mid-gap 

conductance (Table S1).32 

 

To obtain a deeper body of experimental data concerning the mechanism of molecular 

conductance, measurements of the thermopower (Seebeck coefficient, Figure 2) using 

the representative compounds and complexes 2b, 3b, 5b and 6b were made to 

establish the nature of the charge carriers in these thioether-contacted molecular 

junctions (Table 2, Figure 3).74 75 These compounds were selected to sample the four 

key molecular backbones (diyne, 1,4-phenylene and trans-bis(acetylide) fragments of 

ruthenium and platinum) and where the most significant differences between their 

thermoelectric response might be expected. For the four selected compounds, the 
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thermovoltage, Vth, that develops for temperature differences applied between the 

electrodes, T, was measured from over 200 individual junctions, for values of T 

between 0 and 39 K. These experiments were performed in ambient conditions and at 

room temperature, and G and Vth values were simultaneously obtained by measuring 

small IV ramps (± 20 mV) while the molecular junctions were formed; further details 

are provided in the Supporting Information. For each T-measurement, a Gaussian 

distribution function was fitted to each set of Vth data (Figure S3) to give the mean 

value, ∆𝑉𝑡ℎ
̅̅ ̅̅ ̅̅ , and the standard deviation, th, represented by the empty circles and error 

bars, respectively, in the plots shown in Figure 3. In the case of compound 5b, the 

data shown in Figure 3c is obtained by performing several experimental runs for each 

T, giving as many pairs of  ∆𝑉𝑡ℎ
̅̅ ̅̅ ̅̅  and th values when the runs are considered 

separately. These values from individual runs are plotted as independent data sets in 

Figure S4 to demonstrate the robustness of the measurements. 

 

 

Figure 2. Thermopower experimental technique. (a) Illustration of a molecule 

(compound 6b) connected between the hot tip (at temperature 𝑇h) and the cold substrate 

(at temperature 𝑇c < 𝑇h ). (b) Equivalent thermal-electric circuit of the STM with a 

temperature difference between the tip, 𝑇h > 𝑇ambient, and the sample, 𝑇c = 𝑇ambient, 

𝛥𝑇 = 𝑇h − 𝑇c . In this model, 𝑉bias  is the voltage applied to the sample, 𝐺  is the 
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conductance of the molecular junction, and 𝑆 and 𝑆Cu are the Seebeck coefficient of the 

molecular junction and of the copper wire used to connect the heated tip (𝑆Cu =

1.85 μV/K),74 respectively. (c) Example of two IV curves recorded during formation of a 

molecular junction at 𝛥𝑇 = 0 K (blue) and 𝛥𝑇 = 25 K (red) (for 6b). The thermovoltage, 

∆𝑉𝑡ℎ, and conductance, 𝐺, are the zero-current crossing point and the slope of the curve, 

respectively (Figure S2). The plotted IV data are each the mean curve between two IV 

curves recorded at the same point in the molecular junction, one from +20 to -20 mV and 

another one from -20 to +20 mV (Figure S1). 

 

Table 2. Summary of the Seebeck coefficient and power factor from experimental 

measurements and computational modelling, for 2b, 3b, 5b and 6b. 

  S  

/ V/K 

Sth  

/ V/K  

P = GS2  

/ 10-18 W/K2 

Pth = GthSth
2  

/ 10-18 W/K2 

2b  3.7 3.7 0.43 0.87 

3b  4.5 4.5 0.38 0.74 

5b  7.1 6.9 2.22 1.96 

6b  6.1 6.4 0.32 0.20 

 

The Seebeck coefficient, S, is given by Equation 1 

 

𝑆 =
∆𝑉𝑡ℎ

∆𝑇
 (1) 

 

and can therefore be obtained from the slope of a plot of all the individual 

experimental values Vth versus T (see linear fits in Figure 3). Note that the Vth 

values measured in our experimental setup are defined Vc  – Vh, as can be seen in the 
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equivalent thermal-electric circuit (Figure 2b). The values obtained range from 𝑆 =

3.7 μV/K for compound 2b to 𝑆 = 7.1 μV/K for compound 5b, with a relative error 

smaller than 2% for all the molecules. The positive sign of the Seebeck coefficient in 

all cases confirms an important role played by occupied molecular orbitals in the 

conductance of these compounds. However, the relatively small values of this 

parameter suggest that conductance takes place in the vicinity of the middle of the 

HOMO-LUMO gap, well removed from the steep changes in conductance versus 

electron energy that accompany transmission near a resonance. An important 

consequence of this mid-gap conductance mechanism is that only small variations in 

the relative position of the Fermi level would be necessary to change the sign of the 

Seebeck coefficient.76  

 

 

Figure 3. Thermopower results. (a-d) Thermovoltage measurements of 

molecules 2b, 3b, 5b and 6b for each temperature difference T between the tip 

and the sample, from 0 to 39 K. The Seebeck values are given by the slope of 

the linear fit of all the individual ∆𝑉th points (numerical values are shown in 
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each plot). The empty circles and vertical error bars correspond to the 

thermovoltage mean value, ∆𝑉th
̅̅ ̅̅ ̅̅ , and the standard deviation, σth, respectively, 

derived from a Gaussian fit to each set of measurements (see 1D histograms in 

Figure S3). 

 

From the most probable single-molecule conductance values, G, and the Seebeck 

coefficients, S, the power factor, P, which represents the capacity of a material to 

extract energy from the thermal difference, can also be determined (Equation 2, Table 

2).  

 

P = GS2 (2) 

 

Thus, whilst the Seebeck coefficients of both the metal complexes 5b and 6b are 

substantially higher than the organic compounds 2b and 3b, the lower conductance of 

the platinum compounds results in a lower overall power factor. Whilst far from 

optimal, the increase in the power factor P following introduction of the ruthenium 

fragment in 5b indicates a line for further investigation with a view to the 

development of thermoelectric materials.  

 

Computational Models of Molecular Junctions 

The overall conductance of a molecular junction, G, can be described within the 

framework of the Landauer-Büttiker formalism (Equation 3) 

 

𝐺 = (
2𝑒2

ℎ
) ∫ 𝑑𝐸 𝑇(𝐸)(−𝑑𝑓

∞

−∞
(𝐸)/𝑑𝐸) ≈ (

2𝑒2

ℎ
) 𝑇(𝐸𝐹)  (3) 
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where 𝑇(𝐸) is the transmission coefficient describing electrons of energy 𝐸 passing 

from the left to the right electrode via the molecular backbone.77,30-33 In this equation, 

𝑓(𝐸)  is the Fermi function, 𝐸𝐹  is the Fermi energy of the electrodes. The 

approximation given in Equation 3 is valid provided the transmission function is 

approximately constant on the scale of 𝑘𝐵𝑇, where 𝑇 is the temperature and 𝑘𝐵  is 

Boltzmann’s constant. To gain an overarching view of the trends in molecular 

conductance, the individual junctions 1a,b – 6a,b were modelled as a function of the 

Fermi energy. In each case, the Fermi level (EF – EF
DFT) lies within the HOMO-

LUMO gap, and towards the tail of the HOMO resonance (Figure 4), entirely 

consistent with the experimentally determined positive sign of the Seebeck 

coefficients.  

 

  

Figure 4. The calculated conductance of molecular junctions formed from 

compounds 1a,b - 6a,b. The black dashed lines show the Fermi energy in each case. 
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The experimentally determined and theoretical conductance data from 1a,b – 6a,b 

summarised in Table 1 may be compared in a scatter plot (Figure 5), from which it is 

clear that the conductance values calculated near the DFT-estimated Fermi level are 

in excellent agreement with the experimentally determined values over the whole 

series of twelve molecular wires. As discussed, for example, by Thygesen and 

colleagues, the energetic location of frontier molecular orbitals is determined by 

partial charge transfer to or from the electrodes.78 Here the calculated charge transfer 

from the molecule to the electrodes ranges from ca. 0.2 – 0.6 electron, consistent with 

a degree of charge pinning in these junctions (Q, Table 1); for each pair of 

compounds, the sulfur atoms of the anchor group donate a similar fraction of the total 

charge (QS, Table 1).  

 

 

 

Figure 5. Scatter graph showing the correlation between the experimental measured 

conductance (x-axis) and the theoretical computed values (y-scale) both expressed as 

log(G/G0). Data taken from Table 1, with the line provided as a guide for the eye. 

Blue diamonds are compounds 1a, 2a and 3a; red squares are 1b, 2b and 3b; green 

triangle are 4a, 5a and 6a; black stars are 4b, 5b and 6b. 
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Thermoelectric properties 

A comparison of the experimentally determined thermoelectric properties of the 

molecules with the calculated values of the Seebeck coefficients and power factors is 

also informative. Provided the transmission function, 𝑇(𝐸), can be approximated by a 

straight line on the scale of 𝑘𝐵𝑇, the Seebeck coefficient is given by Equation 4 

 

𝑆 ≈ −𝐿|𝑒|𝑇 (
𝑑 𝑙𝑛𝑇(𝐸)

𝑑𝐸
)

𝐸=𝐸𝐹

   (4) 

 

where 𝐿 is the Lorenz number 𝐿 = (
𝑘𝐵

𝑒
)

2 𝜋2

3
 = 2.44.10-8 WΩK-2. In other words, 𝑆 is 

proportional to the negative of the slope of ln 𝑇(𝐸), evaluated at the Fermi energy 

(Figure S9). As noted above, the DFT calculation places the Fermi energy near the 

middle of the HOMO-LUMO gap, but slightly closer to the HOMO, consistent with 

the measured positive sign and small value of the Seebeck coefficient. The calculated 

thermopower (Sth) of compounds 2b, 3b, 5b and 6b were found to be in excellent 

agreement with the experimental values (Table 2).79 From the most probable Seebeck 

coefficient, the power factor (Pth = GthSth
2T, where T = 300 K) was also calculated for 

each junction studied; given the agreement between experimental and theoretically 

predicted values of G and S over the range of compounds examined, Pth is also in 

good agreement with power factor, P, obtained from experimental data (Table 2).  

 

Empirical Models 

Empirical comparisons of the electrical properties of organic molecules with those of 

coordination complexes and organometallic compounds are often complicated by 
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differences in molecular length, and uncertainty over nature of the charge carriers (i.e. 

hole vs electron mediated transport) and hence molecular level(s) most critical to the 

transmission properties of the junction.44, 48, 52 In contrast, the DFT calculations 

described in the foregoing sections, which are based on the Landauer-Büttiker 

description of the junction (Equation 3), gave an excellent description of the electrical 

and thermoelectric properties of the molecular junctions, combining the physical and 

chemical parameters associated with the junctions into the transmission function 𝑇(𝐸) 

to give a holistic description of the junction. However, the growing interest in the 

design of metal complexes for molecular electronics,70-71, 73, 80 together with the desire 

to better inform molecular design concepts,81-85 prompted consideration of the data 

presented in Table 2 against a number of the common structure-property relationships 

that have been developed from a range of simple models of charge transfer through a 

molecular junction. These comparisons are carried out with a view to better 

understand the appropriateness, or not, of some of the more widely employed junction 

models to structurally varied compound families such as 1 – 6 and provide insight to 

any dominant parameter operating across this range of compound backbones and 

anchor groups.  

 

Correlations of Conductance with Molecular Length  

In the case of the compounds studied here, the molecular lengths of < ca. 2 nm are 

consistent with a dominant contribution from coherent tunnelling mechanisms.34, 42, 69 

However, this molecular length alone is not a definitive measure of tunnelling and 

prompts greater consideration of the evidence for the transport mechanism from 

further experimental data and computational models. 
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For a simple single-channel, rectangular tunnel barrier model, conductance (G) 

through the barrier (the molecule) decreases exponentially with the length of the 

barrier (l) (Equation 5)  

 

𝐺 ∝ 𝑒−𝛽𝑙  (5) 

 

This relationship has formed the basis of many explanations of conductance within 

families of similarly structured molecules, with the decay parameter, , often serving 

as a proxy measure for the efficacy of wire-like behaviour. Plots of ln(G) vs l have 

also been used to infer details of the charge transport mechanism, including 

identification of -interference effects.86 More commonly, changes in slope of the 

ln(G) vs. l plots leading to a shallower decay in G as a function of molecular length 

for longer molecules is taken as an indication of a change in the dominant transport 

mechanism from tunnelling to thermally activated hopping.68, 87-88  Conductance as a 

function of temperature is also often considered as an indication of a dominant 

contribution from thermally activated hopping; however, thermal dependence is also 

possible within phase coherent tunnelling models due to thermal broadening of Fermi 

functions, and temperature-dependent conductance arising from the temperature 

dependence of the Fermi distribution in the leads rather than activated hopping of 

charge carriers has been demonstrated.89-90   

 

The structures of 1a,b – 6a,b have all been determined crystallographically, with 

confinement of the sulfur atom within the 5-membered ring of the DMBT moiety 

leading to a small decrease in the S…S distance relative to the respective thioanisole 

analogue (Table 1). This decrease in S…S bond length is less than 0.5% for all pairs 
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of compounds, with the exception of 5a,b for which the decrease amounts to ca. 

1.5%. The same trends are apparent in the DFT optimised geometries (BLYP35/Ru, 

Pt LANL2DZ, all other atoms 6-31G**, COSMO CH2Cl2), with differences in S…S 

distance of the order of 1.2% for all compound pairs except 5a,b where the 

contraction in molecular length increases to 2.2% (Table 1). These molecular 

parameters match with the experimentally determined break-off distances (Table 1) 

and the junction length of the computational models (Table 1). 

 

  

 Figure 6. A plot of log(G/G0) vs dS...S for compounds and complexes 1a,b – 6a,b. The 

linear trend lines for the organic compounds 1a – 3a (R2 = 0.988) and 1b – 3b (R2 = 

0.972) are marked. 

 

A plot of log(G/G0) against the crystallographically determined dS...S reveals that the 

data from the organic compounds (1, 2 and 3) follow a reasonably consistent linear 

trend for each binding group (SMe (a) apparent  = 0.43 Å-1, DMBT (b) apparent  = 

0.33 Å-1), which is largely in line with expectations of the increasing length and 

insertion of the central 1,4-phenylene moiety in 3 (Figure 6). However, in the case of 

the metal complexes 4, 5 and 6 conductance variations of up to one order of 

magnitude are observed with little change in molecular length (Table 1, Figure 6). 
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Therefore, whilst the molecular junctions formed with the organic compounds seem 

to be well described as a series of closely related tunnel barriers, the metal complexes 

present additional complexity that is not accurately captured in a simple distance 

dependence model. However, these complexities are captured by the DFT modelling 

of junction conductance (Figure 5). This highlights the notable changes in electronic 

structure between the metal complexes 4 - 6, while their length remains comparable. 

 

 

Correlation of conductance with molecular orbital energies 

A more complete description of the molecular junction in terms of off-resonant 

transport through a rectangular barrier not only includes the tunnel barrier length, l, 

but also the barrier height (Equation 6). Given the positive Seebeck coefficient, and 

hence implications of HOMO-mediated transport, the barrier height can initially be 

approximated as the energy difference of the Au-electrode Fermi level and the 

molecular HOMO.91 

 

𝐺 ∝ 𝑒−∆𝐸𝑙 (6) 

 

Molecular HOMO energy levels are often estimated from experimentally determined 

oxidation potentials relative to an internal redox marker such as ferrocene (EHOMO = 

4.8 eV), such that ∆𝐸 = √𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐴𝑢 or DFT calculations, and compared with the 

work function of a clean, bare gold(111) surface (EAu = –5.3 eV).91 In the case of the 

ruthenium trans-bis(acetylide) complexes 4 and 5 here, DFT estimates of the HOMO 

energy (Table S1) are similar to those of the Tanaka polyyndiyl complexes,47 falling 
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near –4.30 eV; however, molecular conductance values of 4 and 5 are approximately 

an order of magnitude lower, despite the rather similar molecular length.  

 

Venkataraman has used EAu as a fitting parameter in Equation 6, with estimates of 

EHOMO for a series of aromatic diamines made from electrochemical measurements.91 

Although the poor electrochemical response of the organic compounds and platinum 

complexes restricted the capacity to determine an accurate half-wave potential from 

voltammetric methods (Table S1), by using DFT calculated EHOMO values instead of 

the data fall onto two relatively straight-line relationships vs fitted values of EAu for 

the organic compounds 1 – 3 (EAu = 4.6 eV) and organometallic complexes 4 – 6 (EAu 

= 4.2 eV) (Figure 7). These values for EAu compare well with estimates of the work 

function of gold covered with SAMs of organic molecules; for instance, the value of 

~4.3 eV from Zangmeister et al. for a SAM of para-ethynylphenyl thiol on gold.92 

Given the inherent approximations in the DFT determined HOMO energy levels, and 

the additional uncertainty in these molecular levels in the junction introduced from 

the charge transfer and the Fermi level estimate such agreements are remarkable, and 

may well be a consequence of fortuitous cancellation of errors. However, the 

empirical result suggests that molecular conductance among the most structurally 

similar organic compounds and metal complexes can be described, at least to a first 

approximation, by the height and length of a model rectangular tunnel barrier.  
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Figure 7. Plots of log (G/G0) vs (EHOMO – EAu)
1/2 (DFT) 

 

The role of the anchor group 

The anchor groups play a critical role in the electrical behaviour of a molecular 

junction,93-96 and as such the comparisons of the compounds and complexes in the 

thioanisole-contacted (SMe, a) and 3,3-dimethyl-2,3-dihydrobenzo[b]thiophene 

(DMBT, b) series is informative. For each pair of complexes, the DMBT-contacted 

example (b) gives rise to a somewhat higher conductance than the SMe-contacted 

analogue (a) (Table 1, Figure 1). This can be attributed to the greater charge 

transferred from the DMBT-contacted compounds relative to the SMe-contacted 

analogues (Q, Table 1). The greater charge transfer calculated for the DMBT-

contacted compounds is likely correlated with the greater binding energy (BE) 

between the DMBT-contacted molecules and gold electrodes vs the SMe-anchored 

compounds, illustrated in Figure S10 for 2a and 2b. In the case of 2a and 2b, (BE) = 

–0.09 eV, which is more than three times 𝑘𝐵𝑇 at room temperature, and illustrates the 

stronger electronic coupling between the DMBT-contacted molecules and the gold 

electrodes. 
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The conductance of symmetrically contacted molecules within a molecular junction 

can also be expressed in terms of the ‘quantum circuit rules’.10-11, 97-98 Assuming weak 

molecule-electrode electronic coupling and off-resonant tunnelling mechanisms, the 

conductance ratios of molecules of general form A-X-A (GAXA) and B-X-B (GBXB), 

where A and B are anchor groups and X a molecular bridge, is independent of X, i.e. 

in the weak coupling limit, one expects the ratio GAXA/GBXB to be independent of the 

core X. It follows that log(GAXA) – log(GBXB) will also be independent of the bridge, 

which provides a convenient basis to compare the conductance behaviour of the SMe- 

and DMBT-contacted compounds 2a,b – 6a,b (Table 3). 

 

 

 

Table 3. A summary of quantum circuit rule log(GAXA) – log(GBXB) calculations for 

1a,b – 6a,b  

compound type, N log(GNa) – log(GNb) 

2 0.05 

3 0.77 

4 0.52 

5 0.31 

6 0.61 

 

 

The circuit rule seems to hold best for compounds based on the diethynyl benzene (3), 

trans-bis(ethynyl) ruthenium bis(diphenylphosphinoethane) (4) and trans-bis(ethynyl) 

platinum bis(triethylphosphine) (6) cores, since these compounds collectively possess 
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similar log(GNa) – log(GNb) values (N = 3, 4, 6). Clearly the greatest deviation occurs 

for the buta-1,3-diyne (N = 2) indicating that this bridge is more strongly coupled to 

the contacts than those with other moieties inserted between the triple bonds 

(remembering here that the quantum circuit rules are less likely to be held for more 

strongly coupled systems). The next greatest deviation occurs for the pseudo-D4h 

trans-bis(ethynyl) ruthenium tetrakis(triethylphosphite) 5, which like compound 2, 

possesses a  cylindrically symmetrical molecular core, which may play a role in 

decreasing fluctuations in the molecular -system as a function of conformational 

changes around the long molecular axis, and increase the electronic coupling across 

the molecular junction and the electrodes.  

 

In addition, for molecules with a given anchor group, A, and different molecular cores 

(A-X-A and A-Y-A), the conductance ratio GAXA/GAYA should be independent of the 

anchor A. It follows that for a series of compounds with different anchors (A, B) and 

backbones (X, Y) that 

 

log(GAXA) – log(GAYA) = log(GBXB) – log(GBYB) 

 

Across the range of compounds 2a,b – 6a,b this quantum circuit rule generally holds 

true within a degree of reasonable precision given the uncertainties in the 

experimental data (i.e. within a factor of ca. 2 of the logarithmic values) (Table 4). 

For example, from the conductance data in Table 1 applying the circuit rule to 3a,b 

and 4a,b gives  

log(G3a) – log(G4a) = –0.60 

and  
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log(G3b) – log(G4b) = –0.53 

Again, the greatest deviations from the circuit law arise from comparisons with 

compounds 2 and 5. 

 

 

Table 4. A summary of the numerical difference log(GNa) – log(GNb) using data in 

Table 1. Comparison should be made of numerical values within a given set of same 

coloured cells, for testing the quantum circuit rule log(GAXA) – log(GAYA) = log(GBXB) 

– log(GBYB). 

 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 

2a   0.86  0.26  0.12  1.27  

2b    0.30  -0.23  -0.25  0.63 

3a -0.86    -0.60  -0.74  0.41  

3b  -0.30    -0.53  -0.55  0.33 

4a -0.26  0.60    -0.14  1.01  

4b  0.23  0.53    0.02  0.86 

5a -0.12  0.74  0.14    1.15  

5b  0.25  0.55  -0.02    0.88 

6a -1.27  -0.41  -1.01  -1.15    

6b  -0.63  -0.33  -0.86  -0.88   
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Conclusions 

 

 

The single-molecule conductance of a series of twelve molecular wires, six of which 

contain metal centers, has been measured using scanning tunneling microscopy break-

junction (STM-BJ) methods. The experimentally measured values have been analyzed 

by DFT computations of junction conductance and this is compared to empirical 

models, which consider the junction lengths and frontier orbital energies against a 

simple tunneling barrier model. The results presented here provide confirmation of 

the role that the metal center can play in manipulating the conductance of a molecular 

junction featuring a conjugated molecule, and clarification of the underlying transport 

mechanisms.  

 

The small, positive Seebeck coefficient determined experimentally has established 

that transmission through these molecules takes place by tunneling through the tail of 

the HOMO resonance near the middle of the HOMO-LUMO gap. These thermopower 

measurements are rare examples of the determination of the Seebeck coefficient for 

organometallic complexes within single-molecule junctions. The increases in both the 

Seebeck coefficient, S, and the power factor, P, following the introduction of a 

ruthenium(II)fragment within the molecular backbone provides some promising 

indications of the further roles that metal complexes may be yet to play in the 

development of molecular electronic materials.  

 

The correlation between the DFT measured conductance values and their 

experimental counterparts is very good across the whole series of twelve molecular 

wires. In terms of empirical modeling, the linear relationships between junction 
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conductance, molecular length and redox potential observed for the compounds 2, 3, 4 

and 5 can be roughly modeled within the framework of a coherent tunneling model. 

Whilst contributions from thermally activated conductance have not been explored, 

the length dependence of conductance, general adherence to quantum circuit rules and 

correlations of Seebeck coefficients with conductance measurements all support a 

dominant tunnelling mechanism.  

 

In the case of the ruthenium compounds 4 and 5, the metal d-orbitals which intimately 

mix with the organic -system gives rise to a higher-lying frontier molecular orbital, 

which increases conductance relative to organic compounds 2 and 3 even when 

allowing for variations in molecular length. The platinum complexes 6 convolute the 

effects of tunnel barrier height and width with a larger HOMO-LUMO gap, ultimately 

giving molecular conductance values comparable with those of the slightly shorter 

OPE derivatives 3. Together, these observations provide clarification of results and 

patterns of behavior in single-molecule conductance studies with metal complexes in 

molecular junctions and point to a clear and efficient design strategy for the further 

enhancement of junction conductance and Seebeck coefficients, provided Fermi 

energy pinning can be alleviated.  
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