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Abstract: Rigid, conjugated molecules are excellent candidates as molecular wires 

since they can achieve full extension between electrodes while maintaining 

conjugation. Molecular design plays a significant role, through minimizing the 

accessible pi surface to minimize interactions between the bridging wire and the 

electrode. Polyynes are archetypal molecular wires that feature both a rigid and a thin 

molecular framework with a cross-section of a single carbon atom. Understanding the 

behavior of polyynes in molecular junctions is essential for testing models of length 

versus electron transport. We report construction of molecular junctions using 

polyynes with a well-defined length up to ca. 5 nm in devices characterized by scanning 

tunneling microscopy break junctions (STM-BJ). The polyynes, Py**[n] (n = 4, 6, 8, 10, 

12, 16), are endcapped with pyridyl groups, and we demonstrate good agreement 

between the length of the molecular junction and the calculated molecular length, with 

an average discrepancy of just 0.1 nm. This highlights the power of STM-BJ 

experiments to accurately determine molecular length. The range of molecular lengths 

studied, from 1.8 to 4.8 Å, mark this as the most accurate determination of β in 

polyynes to date (β = 2.2 nm–1). We have applied a model based solely on the single 

and triple bond lengths to interpret these β-values, which predicts β = 1.9 nm–1, 

consistent with the experimental value. This model also confirms that electronic 

coupling in polyynes is unaffected by the rotation about the single bonds. At all 

molecular lengths, we observe conductance in tunneling regime continues due to the 

long effective conjugation length of polyynes. 

 
Keywords: conductance, molecular electronics, electron transport, polyyne, scanning 

tunneling microscopy break junctions. 
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The relationship between charge transport and molecular length is a fundamental 

aspect of molecular electronics, which typically involves using structurally well-defined 

molecules as building blocks in a bottom-up strategy.[1,2] Charge transport through a 

single molecule can be effectively measured using various techniques such as 

scanning tunneling microscopy break junctions (STM-BJ), mechanically controlled 

break junctions (MCBJ), and electromigration break junctions.[3] When measuring the 

conductance (G) of a series of oligomers as a function of molecular length (L) within a 

tunneling transport regime, the data typically follow an exponential relationship of the 

form: 

G	=	Gc exp(–βL) (eq 1) 

where Gc, β, and L are the contact conductance, attenuation factor, and molecular 

length, respectively. The attenuation factor β is generally a characteristic property of 

the homologous series of oligomers under consideration. For example, alkane-bridged 

molecular junctions typically exhibit value of ca. β = 8–10 nm–1.[4,5] When the saturated 

sp3-carbon backbone of alkanes is formally replaced with a sequence of sp2-carbons 

yielding an alkene structure, the attenuation factor decreases dramatically to β = 2.2 

nm–1 as a result of conjugation.[6,7] Completing the transformation based on the 

hybridization to include sp-carbon, gives polyynes, for which a rather large range of 

values have been reported β = 0.6–3.2 nm–1.[8][9,10] It is also noted that, in special cases, 

β can be close to zero or even negative, meaning that the conductance changes little 

or even increases with increasing length. Such behavior has been reported in sp-

hybridized cumulenes[11,12] as well as cyanine dyes[13,14] and porphyrin tapes at 

elevated bias voltages.[15]  

Accurate measurement of the size of molecular wires is essential for designing 

molecular devices, especially when the goal is to precisely place molecules into 

nanofabricated junctions. Molecular length can be established in the solid state by X-

ray crystallography and in vacuo through molecular modelling. In solution, molecular 

modelling can predict the distribution of conformers for a molecule, which can be 

compared with experimental methods including EPR[16] and NMR spectroscopies,[17,18] 

X-ray scattering interference ruler,[19] and Förster resonance energy transfer (FRET) 

modelling.[20] At a single-molecule level, the STM-BJ technique has been shown to be 

capable of revealing differences in molecular length between trans (ca. 1.4 nm) and 
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cis (ca. 0.8 nm) cumulene isomers,[21] distinguishing between the closed and open 

forms of a molecular nanohoop,[22] as well as detecting mechanochemical 

atropisomerization.[23]  

Experimentally establishing the relationship between the molecular length and gap 

size of an electrode by the STM-BJ and MCBJ techniques can, however, be 

complicated by the fact that molecular junctions can break down before the molecules 

become fully extended.[3,24] In addition, the distance between electrodes may not 

match the extended molecular length as a result of varied molecular conformations 

and binding sites.[1,25] Molecular design offers a solution to minimize the effects 

resulting from conformational flexibility. In this vein, conjugated wires composed of 

aromatic building blocks, sometimes combined with alkynyl units, offer rigid wires with 

a length that is effectively independent of conformation. As an example, the length of 

oligo(aryleneethynylene)s (OAEs)[24] is independent of changes in conformation, 

although effective conjugation (and, thus, conductance) of OAEs varies as a function 

of rotation about single bonds that disrupts orbital overlap.[26,27]  

Removing sp2-carbon from the oligomeric framework of a wire leaves a molecule 

composed only of sp-hybridized carbon, namely polyynes. As linear, rigid, conjugated 

molecules, polyynes are viewed as attractive candidates for molecular wires, and, 

importantly, we expect that conjugation and electron transport along the sp-carbon 

chain should be effectively independent of rotation about the single bonds due to their 

cylindrical geometry in electronic structures.[1] Polyynes have been explored as 

molecular wires, both experimentally[28] and computationally.[29] Polyyne wires 

terminated with pyridyl groups can be effectively anchored to gold substrates,[9,30,31] 

and the series Py[n] with n = 1, 2, and 4 (Figure 1a) have been studied in STM-BJ 

experiments.[9,10] Derivatives longer than Py[4] (e.g., Py[6]) are, however, too unstable 

for analysis.[32] Rotaxination allows the examination of the hexayne Py[6]•M from the 

series of functionalized derivatives Py*[n] (Figure 1b).[30,33] Further exploration of 

pyridyl wires, however, requires an improved stabilization scheme to provide longer 

derivatives suitable for studies in devices. Recently reported polyynes Py**[n][34] offer 

this opportunity (Figure 1c).  
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Figure 1. Polyynes endcapped with pyridyl groups as molecular wires: a) First 

generation wires Py[n] without functionalization, b) Stabilized polyynes Py*[n] through 

functionalization of the pyridyl groups (including the rotaxinated Py*[6]·M studied in 

ref. 30), and c) Stabilized wires Py**[n] through functionalization with di(tert-

butylphenyl) groups. 

In this report, we describe our investigations of the electrical conductance of the pyridyl 

endcapped polyynes Py**[n] (n = 4, 6, 8, 10, 12, 16), which includes a hexadecayne 

Py**[16], consisting of 16 contiguous alkynes (32 sp-carbon atoms, Figure 1c). The 

synthesis of Py**[n] has been reported,[34] and the use of 3,5-bis(3,5-di-tert-

butylphenyl)pyridyl group not only ensures the stability of long polyynes but also allows 

for effective bridging of the wires to gold electrodes. The relationship between 

molecular length and molecular properties, i.e., single-molecule conductance, has 

been established in this study through break-junction (BJ) experiments using a 

homemade scanning tunneling microscope (STM). We show a strong correlation 

between molecular lengths measured by molecular junction and those calculated by 

DFT methods (a range of 2–5 nm). This correspondence between experiment and 

theory is attributed to the rigid geometry of polyynes that fully extends across the 

electrode gap. Our measurements of single-molecule conductance demonstrate that 

charge transport in pyridyl polyynes occurs solely within the tunneling regime for 

distances of nearly 5 nm, exhibiting a single β value of 2.2 nm–1. It is proposed that the 

conductance via tunneling is related to the effective conjugation length (ECL) of the 

series Py**[n], as determined by UV-vis spectroscopic data analysis. These results 

define our understanding of the potential of polyynes as molecular wires.  
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Results and discussion 

The operational principle of STM-BJ devices has been described elsewhere,[24] and a 

detailed description of the current measurements can be found in the SI. Briefly, 

samples are prepared from a dilute solution of each polyyne Py**[n] in CH2Cl2, with a 

typical concentration of ca. 1 mM, followed by deposition onto the gold surface via a 

dip-casting procedure under ambient conditions. During the STM-BJ experiment, the 

gold tip of the STM is driven in and out of contact with a gold substrate, while traces of 

conductance versus distance (G vs z) are collected. When a molecular junction forms 

while the electrodes are being separated, plateaus of conductance develop as the 

distance between the electrodes is increased until the molecular junction ultimately 

breaks. To determine the typical conductance and length of these molecular junctions, 

hundreds to thousands of traces of G vs z are recorded, followed by statistical analysis 

of those traces displaying conductance plateaus below log(G/G0) = –1, as determined 

via an automated process (see SI for details).  

Molecular junctions formed with polyynes Py**[n] between gold electrodes have been 

analyzed and the results summarized in Figure 2a (see additional data in Figure S2 for 

individual traces G vs z). A distinct horizontal "cloud" is observed in the 2D 

conductance histograms. At z < 0, the short conductance cloud at log(G/G0) ≈ 0 

corresponds to a one-atom contact that forms before the final breakage of the gold 

contact. The z = 0 position corresponds to the breakage of gold tip-substrate contact. 

At z > 0, the conductance immediately decays to between log(G/G0) = –4 to –2, 

corresponding to the relaxation of the positions of the atoms at the apex of both the tip 

and substrate. This relaxation depends on the discrete arrangement of the apex atoms 

and opens an initial gap (the gold-retraction gap, Lgap) between the two electrodes of 

ca. 0.4 nm (Figure S3), which then increases as the retraction of the tip from the 

substrate continues.  
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Figure 2. (a) 2D conductance histograms of compounds Py**[n] (n = 4, 6, 8, 10, 12, 

16) as a function of distance z. The percentage of formed plateaus, as presented, over 

the overall recorded traces is as follows: 25% (Py**[4]), 43% (Py**[6]), 36% (Py**[8]), 
24% (Py**[10]), 36% (Py**[12]), and 30% (Py**[16]). (b) Plateau-length distributions 

for compounds Py**[n] obtained from all traces with molecular plateaus. The mean 

length (Lmean) and the maximum length (Lmax) for each distribution are indicated by 

short vertical purple lines.  (c) Comparison of theoretical molecular lengths Ltheo and 

experimental molecular lengths Lmax and Lmax-corr as a function of polyyne length, n. 
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The extension of the main horizontal clouds depicted in Figure 2a provides information 

on the length for each compound in the molecular junction. Figure 2b shows the 

plateau-length distribution extracted from individual plateaus contributing to the main 

conductance cloud (see SI for details). In these distributions, as the polyyne length 

increases, the dominant peak progressively shifts to longer distances, z. Beginning 

with the hexayne Py**[6], the dominant peak is accompanied by a secondary, less-

intense peak at shorter distance. The secondary peak indicates the propensity of a 

fraction of molecular junctions to break down before full extension (see SI for details). 

Gaussian fits were performed for the prominent peak in each distribution, giving the 

most probable plateau length (peak maximum, Lmean) and the most extended plateau 

length (Lmax) that is obtained as the length at which the Gaussian curve falls to a 20% 

of its maximum (both values indicated as short vertical purple ticks in Figure 2b). To 

compare these experimental values with the predicted molecular length Ltheo (N-N 

distance), we used corrected lengths Lmax-corr, obtained by subtracting the length of the 

N-Au bond (LN-Au = 0.25 nm)[25] from Lmax and adding the gold-retraction gap (Lgap = 

0.4 nm) described above (see SI for details). These data are summarized in Table 1, 

where Ltheo is determined by density functional theory (DFT) at the B3LYP/6-311G* 

level. 

Table 1. Summary of molecular length and single molecule conductance. 
 Py**[4] Py**[6] Py**[8] Py**[10] Py**[12] Py**[16] 
Log(G/G0)a –5.0 ± 0.4 –5.2 ± 0.4 –5.7 ± 0.4 –6.3 ± 0.4 –6.6 ± 0.4 –7.8 ± 0.4 

Ltheo (nm)b 1.74  2.25 2.76 3.27 3.79 4.81 

Lmean (nm)a 1.0 ± 0.2 1.6 ± 0.3 2.1 ± 0.3 2.7 ± 0.3 3.1 ± 0.3 3.4 ± 0.6 

Lmax (nm)a 1.4 ± 0.1 2.1 ± 0.1 2.6 ± 0.2 3.2 ± 0.2 3.6 ± 0.2 4.4 ± 0.5 

Lmax-corr (nm)c 1.6 ± 0.1 2.3 ± 0.1 2.7 ± 0.2 3.3 ± 0.2 3.7 ± 0.2 4.5 ± 0.5 
a The errors for log(G/G0), Lmax, and Lmean, are determined from the half width at half maxima of the gaussian fits. b 

Ltheo determined by DFT calculations at the B3LYP/6-311G* level of theory. c Lmax-corr = Lmax – LN-Au + Lgap = Lmax + 
0.15 nm.  

The Lmax-corr values measured by STM-BJ range from 1.6 nm (Py**[4]) to 4.5 nm 

(Py**[16]) compare favorably with the theoretical plateau lengths Ltheo (Figure 2c and 

Table 1) with a deviation of up to 0.3 nm in Py**[16]. The larger deviation for Py**[16] 
is likely influenced by the signal for this compound being close to the experimental 

noise floor, so that lowest conductance part of some of the plateaus is not accessible 

in the measurements. These STM-BJ experiments demonstrate that we are able to 

construct fully extended polyyne wires between gold electrodes and, thus, to obtain 
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the information on molecular length in addition to their corresponding conductance 

values.  

Figure 3a shows the 1D conductance histograms for Py**[4–16]. It is worth noting that 

the histograms do not show the two-peak structure characteristically observed for 4,4’-

bipyridine.[25,35] The two di(tert-butylphenyl) groups likely block any significant 

interaction between the electrodes and the face of the pyridyl ring. As such, binding 

takes place predominantly through the pyridine nitrogen (i.e., via a dative Au-N bond). 

The typical molecular conductance values, represented as log(G/G0), are obtained 

from Gaussian fits to the conductance peaks in the histograms. Based on equation 1, 

there is a strong linear dependence of conductance on Ltheo, expressed as log(G/G0) 

= log(Gc) – βLtheolog(e), with an attenuation factor β = 2.2 ± 0.1 nm–1 (Figure 3b). This 

experimental value of β for Py**[n] lies between the two previously reported values for 

oligoynes Py[n] with up to four triple bonds, namely β = 0.6 nm–1[10] and β = 3.1 nm–

1.[9] The exponential decay of conductance with respect to molecular length suggests 

that electron transport is governed predominantly by a tunneling mechanism. Results 

from current vs voltage (IV) measurements show, in addition, that increasing the bias 

voltage from 0.1 V to 1.2 V produces a decrease in β of about 20% from β = 2.2 to 1.7 

nm–1 (see SI). Increasing the bias voltage causes the chemical potential of the 

electrodes to approach the closest molecular resonance which, due to the decreasing 

HOMO−LUMO gap with length, becomes gradually closer as the length of the oligomer 

increases.[15] This behavior confirms that transport takes place within the 

HOMO−LUMO gap. 

In the 2D histograms of Figure 2a, weaker clouds at higher conductance levels are 

observed, in addition to the main conductance clouds corresponding to the expected 

length of the fully-stretched junctions. We assign these weaker clouds to configurations 

of the junction in which the electrodes bind to the polyyne backbone and note that they 

account for only a small fraction of the traces displaying plateaus (<9% in all cases), 

likely due to the limited pi-surface featured by the polyyne wires. The data from the 

weaker clouds (at higher conductance) were not considered for the decay analysis in 

Figure 3b, as they would clearly affect the determination of b. Thus, only the data from 

the dominant junctions (at lower conductance) are considered in the analysis in Figure 

3b (i.e., data from the length expected for complete end-to-end molecular extension 

between electrodes is achieved).  
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Figure 3. (a) Experimental 1D conductance histograms of compounds Py**[n]. (b) The 

semi-log plot of conductance log(G/G0) versus the molecular length Ltheo for Py**[n] 
based on the adaptation of eq 1 to give log(G/G0) = log (Gc) – β Ltheolog(e). The error 

bars correspond to the half width at the half maximum of the conductance peaks in 

Figure 3a. 

Studies into the length-dependent conductance of carbon-based molecular wires in the 

past decades[1,36,37] have examined polyenes (sp2-hybridized carbon)[6,38,39] and 

polyynes (sp-hybridized carbon)[1,9,10] as two typical models in one-dimensional 

systems. The extent of conjugation and, consequently, the length dependence 

conductance rely on the electronic coupling between neighboring sites. Tsuji and 

Hoffmann described a simple method based on a Hückel approach to predict βN values 

for a polyene molecule (βN is value per repeat unit of double and single bond).[40] The 

method determines the electronic coupling of the single and double bonds (tS and tD, 

respectively) using known bond lengths. The value βN is expressed as the natural 

logarithm of the ratio of the electronic couplings, as shown in equation 2: 

𝛽! 	=	– 2ln	(
𝑡"
𝑡#
) (eq 2) 

𝛽! 	=	– 2ln	(
𝑡"
𝑡$
) (eq 2’) 

We have adapted this method here to predict β for polyynes using bond lengths 

compiled by Szafert and Gladysz from comprehensive analysis of published X-ray data 

of polyynes that gives mean single and triple bond lengths of 1.364 and 1.209 Å, 

respectively.[41] Equation 2 is now written in the form of eq 2’, where tT is the electronic 

coupling of a triple bond (full details are given in the Supporting Information). In doing 

so, we obtain βN = 0.502 n–1 which then gives β = 1.95 nm–1. The same analysis using 
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published X-ray data for Py**[2], Py**[4], Py**[6], and Py**[8],[34] gives single and 

triple bond lengths of 1.357 Å and 1.207 Å, respectively, and β = 1.90 nm–1 (full details 

are given in SI). Considering the simplicity of the model, this value agrees very well 

with the experimental β value of 2.2 nm–1. It is intriguing to compare the resulting 

polyynes with the polyenes. Tsuji and Hoffmann calculated βN values of 0.28 to 0.37 

n–1 for polyenes using eq 2,[40] which is lower than that for a polyyne. The lower values 

for polyenes is consistent with the fact that the value of tS/tD is closer to 1 than tS/tT. 

These calculated values of βN for polyenes are, however, notably lower than the 

reported experimental values, which are in the range βN = 0.4–0.6 n–1, giving β = 1.6–

2.4 nm–1 (i.e., similar to polyynes).[40] This discrepancy is indicative of distortions in the 

structures of polyenes under experimental conditions as a result of rotation about 

single bonds, which ultimately diminish the electronic coupling. These conformational 

affects are not accounted for in the simple model described above using eq 2 and are 

absent in polyynes due to their cylindrical electron distribution (and, thus, electronic 

coupling independent of bond rotations). The good agreement between the predicted 

and measured values of β for polyynes, therefore, suggests that the conductance is 

unaffected by bond rotations. 

A remarkable aspect of the conductance of Py**[n] is the absence of a transition from 

tunneling to hopping regimes in the series Py**[n], even at the longest molecular 

length of Py**[16] (ca. 5 nm). We posit that the dominance of the tunneling mechanism 

results from the significant effective conjugation length (ECL) of Py**[n] series, which 

is predicted to be n > 30, as determined through experimental UV-vis and Raman 

data.[34] Similar predictions for ECL have been made for other series of polyynes.[34,42-

45] For comparison, oligo(aryleneethynylene)s (OAEs), which also have a rigid and 

linear structure, present the transition from tunneling to hopping in the range of 2.5–3 

nm (ca. n = 4–5) via either STM-BJ[24,46,47] or conducting probe atomic force 

microscopy (CP-AFM).[24,46,47] This is consistent with the ECL of n = 5 as determined 

by Meier et al. on the basis of UV-vis spectroscopic data analysis.[27] The dampened 

ECL for OAEs results from variations of dihedral angles between aryl rings, resulting 

in reduced p-orbital overlap (reduced conjugation); contributions from the aromaticity 

of the aryl rings also likely contributes.[48] For a series of oligo(phenyleneimine)s, on 

the other hand, the transition from tunneling to hopping occurs at ca. 4 nm (n = 5–6) 

based on measurements by CP-AFM,[49, 50] concurrent with a longer ECL (n = 5–7) and 
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consistent with better delocalization through the imine than the alkyne. Similarly, 

Frisbie and coworkers reported the related imine-based structure oligo(naphthalene-

fluoreneimine)s (ONIs) wires in which the transition to hopping occurred at ca. 4–5 nm 

(n = 4–5) via CP-AFM analysis[51] with an ECL of n = 5–6 (see SI for details). Finally, 

the partial planarization of polyphenylenes through the incorporation of fluorene 

segments increases conjugation and results a transition to hopping between 5.2–7.3 

nm in STM-BJ devices.[52] These findings are nicely consistent with the posited 

relationship between the ECL and the experimentally observed transition from 

tunneling to hopping mechanisms. The series of polyynes Py**[n] features ECL > 8 

nm (at n = 30), which is consistent with the tunneling dominance observed here through 

the longest studied derivative Py**[n] with a length of ca. 5 nm. 

 

Conclusions 

We have examined the conductance of a series of polyynes endcapped with pyridyl 

groups and featuring unprecedented molecular lengths, e.g., Py**[n] (n = 4, 6, 8, 10, 

12, 16). The polyynic wires feature well-defined lengths up to ca. 5 nm, and molecular 

junctions with these wires have been constructed and characterized by scanning 

tunneling microscopy break junctions (STM-BJ). Excellent agreement between the 

length of the molecular junction and the calculated molecular length of the polyynes is 

established, and the observed conductance decay is predominantly due to off-resonant 

tunneling with an attenuation value β of 2.2 nm–1. The series of six polyynic wires 

studied, featuring lengths up to four times greater than in previous studies of polyynes, 

determines the β value to an unprecedented level of confidence. 

The experimental determination of molecular length and conductance of polyyne wires 

Py**[n] provides convincing details into the relationship between molecular structure 

and properties. We have applied a simple model to interpret the experimental β value, 

as well as other conjugated carbon chains, which suggests that electronic coupling 

(and thus, conductance) in the single and triple bonds of polyynes is unaffected by the 

rotation about the single bonds. We propose the tunneling regime continues, without 

a transition to hopping, due to the long ECL of polyynes, which is estimated to be n ≥ 

30 (L > 8 nm). 
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