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Design principles are demonstrated for fabricating molecular 

electronic circuits using the inherently self-limiting growth of 

molecular wires between gold nanoparticles from the 

oligomerization of 1,4-phenylene diisocyanide. 

It is a significant experimental challenge to devise self-assembly 

strategies for the targeted design of electronic circuits based on 

molecules.1-3 We recently proposed a self-limiting self-assembly 

method for selectively making controlled electrical connections 

between gold nano-electrode nodes 4 based on the oligomerization 

of 1,4-phenylene diisocyanide (1,4-PDI), thereby eliminating the 

sensitivity of the interparticle linking process to the reactant dose.5 

1,4-PDI self-assembles on gold to form conductive, one-dimensional, 

oligomeric chains that comprise alternating gold and 1,4-PDI units 6-

10 in which a gold adatom is linked to two trans isocyanide groups. 

The self-limiting kinetics have been modelled using an 

oligomerization mechanism derived from density functional theory 

(DFT) calculations, which showed that oligomer growth is initiated by 

a vertical, mobile Au–1,4-PDI adatom complex that forms by binding 

to the gold substrate, which oligomerizes by the gold adatom 

attaching to the isocyanide terminus of a growing chain.11 The DFT 

calculations also determined the activation barriers for the various 

elementary-step processes and showed that the diffusion barrier for 

the motion of the Au–1,4-PDI adatom complex was low, while the 

activation energy for oligomerization was found to be ~152 kJ/mol. 

A kinetic Monte Carlo analysis demonstrated that the extent of 

oligomerization was limited because both the formation of the 

mobile Au–1,4-PDI adatom complex and the propagation of the 

oligomer chain take place at the peripheral sites on the gold 

nanoparticle. As a result, the initiation and growth of oligomer chains 

eventually block the sites at which the Au–1,4-PDI adatom 

complexes are formed, thereby quenching the reaction to prevent 

the growth of further oligomers, and is therefore inherently self-

limiting.4 Using the kinetic parameters found for the formation of 

oligomers on Au(111), the model predicted that the oligomers should 

be able to bridge gold nanoparticle nodes that were less than ~ 10 

nm apart. It has previously been demonstrated that 1,4-PDI, and 

analogous molecules comprising two terminal anchoring ‒SH groups, 

can form conductive molecular bridges between adjacent 

nanoparticles deposited onto an insulating mica substrate.9, 12-15 

Oligomer-linked gold nanoparticles have been directly imaged using 

scanning tunnelling microscopy (STM) 9 and 1,4-PDI and analogous 

dithiols have been used in single-molecule conductivity 

experiments.13, 14, 16-34 While the experiments on an insulating mica 

substrate did not measure the conductivity as a function of particle 

separation, they do demonstrate the ability of these bifunctional 

molecules to link between nanoparticles on surfaces. 

The following work tests the prediction that the formation of 

conductive linkages between gold nanoparticles on an insulating 

silica support is self-limiting by measuring the conductivity of a 

relatively large array (~0.25 mm between the gold electrodes) of gold 

nanoparticles deposited by evaporating gold onto a silica substrate 

in high vacuum as a function of gold film thickness. While this 

approach did not lead to nanoparticle spacings as large as the limiting 

value of ~10 nm predicted by kinetic Monte Carlo simulations, it 

reveals a decrease in the change in conductivity after dosing with 1,4-

PDI as the average gold nanoparticle spacing increased. 

The ability to bridge nanogaps was therefore explored in greater 

detail using devices consisting of lithographically fabricated 

nanoelectrodes with gap spacings of ~30 nm, significantly larger than 

the limiting spacing predicted from kinetic Monte Carlo simulations. 

They showed no conductivity after dosing with 1,4-PDI. Hybrid 

devices were also fabricated by evaporating a thin film of gold on the 
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Fig. 1: Plot of conductivity change versus 1,4-PDI dosing time, where dosing was 

initiated at t = 500 s  at a background pressure of 1×10-8 Torr at a sample temperature 

of 280 K for various thicknesses of gold evaporated into a silica substrate, where the 

film thicknesses are indicted. 
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nanoelectrode devices in vacuo to introduce nanoparticles in the 

interelectrode region to reduce the gap.35 These hybrid devices 

displayed significant electron conductivity thereby experimentally 

verifying the postulate discussed above.4 

The results of experiments carried out on thin gold films 

deposited between gold contacts separated by ~0.25 mm are shown 

in Figure 1 as a function of film thickness, where it is expected that 

the separation between nanoparticles will decrease as the thickness 

of the gold film increases. The samples were then exposed to a 

constant flux of 1,4-PDI and the conductivity of the samples 

monitored as a function of time. In all cases, the conductivity rises 

with increasing 1,4-PDI dose to reach a saturation conductivity that 

depends on the thickness of the initial gold film (Fig. 1). All samples 

showed a variation in conductivity with temperature and a typical 

plot of the temperature dependence for a 6.5 nm thick gold film is 

shown in Fig. S1 ESI†, where ln(𝜎) varies as 1/√𝑇, where 𝜎 is the 

conductivity of the sample and 𝑇 is the absolute temperature. This 

behaviour has been observed for arrays of gold nanoparticles 

deposited onto mica9, 12, 15, 36 and is typical for electron transport 

through disordered nanoparticle arrays.37-41 The conductivity 

between linked nanoparticles comprises an electron tunnelling term 

that varies as ~exp(−𝛽𝐿) where 𝐿 is the length of the molecular 

linkage between gold nodes, and 𝛽 is a decay parameter,42, 43 which 

is independent of temperature, and a Coulomb charging energy 

term, which varies as ~exp(−
𝐸𝑐

𝑘𝐵𝑇
) where 𝐸𝐶  is the Coulomb 

charging energy, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the absolute 

temperature, and combine to lead to the experimentally observed 

temperature dependence.41  

The initial and final conductivities of the gold nanoparticle arrays 

before and after saturating with 1,4-PDI are displayed in Figure 2 as 

a function of the thickness of the gold film. SEM images of the gold 

film were analysed to estimate the average interparticle spacing as a 

function of film thickness (See ESI† for an outline of the analysis) and 

the ratio of the final to initial conductivities are plotted versus the 

estimated interparticle separations in the inset in Figure 2, where the 

conductivity ratios are plotted to take into account the different 

percolation pathways on the films with different gold thicknesses. 

Extrapolating this line shows that the ratio becomes unity at an 

interparticle separation of 7 ± 2 nm, indicating that the bridging of 

initially separated gold nanoparticles by conducting 1,4-PDI‒Au 

oligomers is indeed self-limiting. 

In order to confirm this, and to more accurately estimate the 

limiting distance, experiments were carried out using a 30-nm 

nanogap between gold electrodes as depicted in Figure 3. The design 

of the nanogaps is shown in Figs. 3 (a) to (d), where Fig. 3(d) shows 

that the gap separation is ~30 nm. The sample was then saturated 

with 1,4-PDI and the I/V curve measured (Figure 3(e)). This shows no 

conductivity between the electrodes within the detection sensitivity. 

To determine whether decreasing the gap size leads to bridging by 

conductive 1,4-PDI‒Au oligomers, hybrid devices were fabricated by 

evaporating a thin film of gold onto the nanogap devices in vacuo. 

Two types of structure observed. The first, shown in Figure 4(a) 

Fig.3: Depiction of the gold nanogaps grown on silica. (a) shows the wiring of the 

electrode to the connection pads, (b) shows the connecting pads and the 

nanoelectrodes, (c) shows a high-resolution SEM images of the gold nanogaps, and 

(e) displays an I/V curve after dosing with 1,4-PDI. 

Fig. 2: Plot of the initial conductivity for an array of nanoparticles grown by gold 

evaporation onto a silica support in high vacuum where the values are shown before 

(■) and after (●) saturating the sample with 1,4-PDI as a function of the thickness of 

the gold film. Shown as an inset are the ratios of the final to the initial conductivities 

plotted versus the estimated particle separation. 

Fig. 4: (a) Plot of the change in the I/V curve for the 1,4-PDI-saturated hybrid device 

(shown as an Inset, where the images are 300 nm across), where the gold 

nanoelectrodes and the gold nanoparticles within the gap are highlighted in yellow. 

The inset to Figure (a) shows a plot of ln(R), where R is the resistance of the device, 

versus 1/T, which shows good Arrhenius behaviour. The Coulomb charging energy 

measured from the slope of the Arrhenius plot is 2.02 ± 0.07 kJ/mol. (b) Plot of the I/V 

curve for the 1,4-PDI-saturated hybrid device depicted in the inset, where the gold 

nanoelectrodes and the gold nanoparticles within the gap are highlighted in yellow. 

This device shows negligible change in conductivity with temperature. 
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comprised nanoparticles located between the gold nanoelectrodes 

(an SEM image is shown as an inset to Fig. 4(a)), highlighted in yellow, 

where the average diameter 𝑑 of nanoparticles between the gold 

electrodes is 11.2 ± 0.4 nm and 
𝑠

𝑑
= 0.46 ± 0.03, where 𝑠 is the 

average interparticle separation. This 1,4-PDI-bridged hybrid system 

shows a significant change in conductivity after saturating with 1,4-

PDI (Figure 4(a)), indicating that the oligomers can bridge a ~5 nm 

gap. This device configuration shows a conductivity that depends 

significantly on temperature with an Arrhenius dependence (shown 

as an insert to Fig. 4(a)) where ln(𝑅), where 𝑅 is the low-voltage 

resistance of the hybrid device, varies linearly with 1/𝑇, with  a slope 

of 2.02 ± 0.07 kJ/mol. As expected for a system consisting of nano-

scale inter-gap nodes, the conductivity has a significant Coulomb 

charging energy contribution. The Coulomb charging energy is given 

by: 𝐸𝐶 =
𝑒2

4𝜋𝜖0𝜖

(𝑠 𝑑⁄ )

𝑑(1 2⁄ +𝑠 𝑑⁄ )
, where 𝑒 is the charge on the electron, 𝜖0 is the 

permittivity of free space and 𝜖 is the dielectric constant taken to be 

3.5 for 1,4-PDI.44 This results in a calculated Coulomb charging energy 

of 1.7±0.1 kJ/mol, in good agreement with experiment. 

A second type of hybrid device was found as shown by the 

example in Figure 4(b), where the nanoparticles decorate one of the 

nanoelectrodes (highlighted in yellow in the image shown as an inset 

to Fig. 4(b)) to decrease the nanogap to 9.2±0.3 nm. The resulting I/V 

curve for a 1,4-PDI saturated gap shown in Fig. 4(b) has a resistance 

that is close infinity for |𝑉| <1.5 V, which decreases drastically at 

higher voltages. This behaviour differs from the theoretical45 and 

experimental46 single-molecule conductivities of gold-bridged 1,4-

PDI where the high-resistance region occurs for |𝑉| <0.5 V, in accord 

with the linkers between the nanoparticle in the device shown in Fig. 

4(a) being oligomeric species, and not single molecules. The I/V 

curves also show a very weak temperature dependences consistent 

with the oligomer bridging two nanoelectrodes. 

This work tests the postulate that the growth of 1,4-PDI‒Au 

oligomers nucleated by gold nanoparticles is inherently self-limiting 

because both the nucleation and growth occur at the peripheries of 

the nanoparticles so that the eventual saturation of the edge sites on 

the gold nanoparticles by oligomers prevent them from growing, 

inherently leading to self-limiting growth.4 Monte Carlo simulations 

of this process using the kinetic parameters previously found for 

oligomerization on a Au(111) substrate estimated that the maximum 

gap between gold nanoparticles that could be bridged by oligomers 

was ~10 nm.4 This postulate was tested on relatively large 

nanoparticle arrays, discrete nanogaps of ~30 nm, and hybrid devices 

consisting of thin gold films evaporated onto gold nanogap devices 

that all produced data that were consistent with this proposal; a 

nanogap of ~30 nm showed no conductivity when dosed with 1,4-

PDI, while hybrid devices for which the interparticle separations 

were ~5 and 10 nm showed a significant increase in conductivity. It 

should be emphasized that, while there are currently no direct 

structural measurements of gold-containing oligomers between 

nanoparticles on silica, such linkages have been directly observed by 

STM on Au(111),9 a combination of conductivity measurements on 

gold nanoparticle arrays on silica and mica and measurements on 

hybrid devices allow a preliminary conclusions to be drawn that this 

approach provides a strategy for fabricating molecular-electronic 

circuits by judiciously changing the spacings between 

interconnecting gold nano-electrodes. 

It was found that hybrid devices that contained discrete 

nanoparticles located within the gap showed an Arrhenius 

temperature dependence with an activation energy consistent with 

the calculated Coulomb charging energy, while the narrow gaps 

without inter-gap particles showed negligible temperature 

dependence. This suggests that even such simple molecular-

electronic architectures can be used as molecular-electronic 

components. For example, devices containing nanoparticles within 

the gap (Fig. 4(a)) can be used as temperature sensors, while those 

with narrow gaps with strongly non-linear I/V curves (Fig. 4(b)) could 

find applications as voltage regulators where the regulation voltage 

can be adjusted by altering the oligomer length by changing the 

interelectrode separation. 
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