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Abstract 

Currently, there is an array of binding groups for use within molecular electronics for anchoring 

molecules to metal electrodes (e.g., R–SMe, R–NH2, R–CS2
−, R–S−). The problem is that some 

anchoring groups that bind strongly to electrodes have poor/unknown stability, or they have weak 

electrode coupling. More binding groups are required for molecular design with good stability and 

strong binding to the electrodes. Here, we present an in-depth investigation into the use of carbodithioate 

esters as contact groups for single-molecule conductance measurements, using scanning tunnelling 

microscopy break junction measurements (STM-BJ). We demonstrate using a series of novel molecular 

wires that the methyl carbodithioate ester acts as an effective contact for gold electrodes in STM-BJ 

measurements without deprotection. Surface enhanced Raman measurements demonstrate that the C=S 

functionality remains intact when adsorbed on to gold nanoparticle surfaces. A gold(I) complex was 

also synthesised showing a C=Sׄ→AuI interaction highlighting that the ester remains intact while binding 

to a gold centre. Comparison with a benzyl thiomethyl ether demonstrates that the C=S significantly 

contributes to charge transport in single-molecule junctions. The synthetic accessibility and performance 

of the functional group reported here demonstrates that it should be used more extensively and has strong 

potential for the fabrication of larger area devices with long-term stability. 

Introduction 

Our understanding of how to design molecules that efficiently conduct electricity across a nanogap in a 

molecular junction (metal-molecule-metal) configuration has increased dramatically in the past 15 

years.1-7 The contact groups are a fundamental part of the design of molecular wires, providing 

mechanical and electronic coupling  of the molecular species to the electrodes. The same molecular 

backbone can show remarkably different conductance profiles with different electrode contact groups,8 

and a deeper understanding of this behaviour requires substantial further study, for instance through the 

characterisation of wider libraries of regularly used contact groups. Thiol contact groups have been used 

extensively in molecular electronics due to their high affinity for gold surfaces and the strong, covalent 

Au–S bond formed following surface interaction (of energy easily surpassing 1 eV).9-12 Thiol-based 
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molecules are particularly effective for monolayer fabrication, with the strong Au-S surface binding 

promoting the diffusion of gold atoms across the substrate surface.13,14 Thiol contact groups can however 

be problematic for scanning tunnelling microscopy break junction (STMBJ) measurements, particularly 

under air, due to potential oxidation of the sulfur contact groups (among a number of other unwanted 

side reactions such as disulfide formation), and multiple anchoring configurations.15 Thioether contact 

groups have been an excellent alternative contact group for gold substrates owing to their increased 

chemical stability, reasonable Au binding strength (0.5 – 0.8 eV) and preference for binding to 

undercoordinated Au atoms.16 The main thioether contact groups that been used are methyl thioether17-

19 and  benzodihydrothiophene.19-22 While thioether contacts maintains good binding strength to gold, 

the coupling to the electrodes is not as efficient as with thiols due to the dative vs. covalent bond formed. 

Less efficient group electrode coupling can also be observed with other coordinating contact groups, 

such as pyridyl and amine.20,23 Therefore, to further advance molecular electronics it would be highly 

advantageous to have additional contact groups that provide chemical stability, strong coupling to the 

electrodes, and ease of synthesis. We have been particularly interested in the use of carbodithioate esters 

as Au contact groups for single-molecule conductance measurements. This functionality has been 

investigated previously by Bourget and co-workers where the 2-(trimethylsilyl)ethyl ester moiety was 

used as a protecting group for a carbodithioate (R–CS2
−) contact group,24 but the single-molecule 

conductance of pristine carbodithioate ester (i.e. without deprotection to the anionic species) has not 

been investigated. Since these initial investigations on R–CS2
−

, there has been a proliferation in the use 

of STM-BJ instrumentation collecting large datasets and relying on good surface anchoring groups to 

achieve high quality electrical characterisation. Since there could be concerns around the stability of 

carbodithioate anion functionality due to similar possible issues experienced with thiol contact groups, 

we postulated that carbodithioate esters themselves could act as effective gold contacts without the need 

for deprotection. A carbodithioate methyl ester could retain the S–Me functionality that grants chemical 

stability to thioethers and the C=S functionality could provide additional coupling strength making it 

highly appealing for further investigations. As a result, we have synthesised a series of molecular wires 

with R–CS2Me contact groups in order to verify their suitability for the fabrication of electrically 

transparent, strong, and stable molecular junctions. The work demonstrates that carbodithioate esters are 

effective contact groups for molecular electronics with high junction formation probabilities even at low 

μM solution concentrations (Figure S24). Selected studies demonstrate long-term stability of the R–

CS2Me functionality in the solution state under ambient conditions. Control experiments demonstrate 

that the presence of the C=S functionality compared to the benzyl methyl thioether equivalent boosts 

the conductance by approximately one order of magnitude. Further investigations, involving Raman 

studies and complexation with Au(I) salts, show that carbodithioate esters in the molecular wires 

prepared remain intact when on the gold surface. We also show that terminating molecular wires with 

the carbodithioate methyl ester functionality is synthetically accessible through Pd-catalysed cross-
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coupling reactions. This work clearly demonstrates that carbodithioate esters are a useful functionality, 

likely to become a commonly used motif as part of a molecular electronics toolbox. 

Results and discussion 

Molecular design and synthesis 

This work initially required the development of a series of molecular wires containing carbodithioate 

ester functionality that would enable detailed study of the contact group in STM-BJ experiments in 

addition to surface characterisation (Figure 1). 

 

Figure 1. Carbodithioate ester containing molecular series prepared in this work. 

The series in Figure 1 contains molecular wires of varying molecular length with two carbodithioate 

ester groups for STM-BJ measurements (1, 2, 5 and 6), and mono-carbodithioate ester functionality (3 

and 4) for surface Raman measurements. Scheme 1 shows an example synthetic strategy used to prepare 

alkyne-containing molecular wire 5. 

https://doi.org/10.26434/chemrxiv-2023-d1n9d ORCID: https://orcid.org/0000-0002-4985-8572 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-d1n9d
https://orcid.org/0000-0002-4985-8572
https://creativecommons.org/licenses/by-nc-nd/4.0/


4 

 

 

 

 

Scheme 1. Synthetic pathway to alkyne-containing molecule wire 5. 

Sodium carbodithioate functionality in this work was installed by treatment of benzyl halides with 

NaOMe (prepared in-situ by treating methanol with Na metal) and elemental sulfur.25 Sodium 

intermediate [8] was treated with MeI in DCM to give the carbodithioate ester 9. To make 5, terminal 

alkyne-containing 11 was required for the appropriate Sonogashira cross-coupling with 9. 11 was 

prepared by Sonogashira coupling of 9 with trimethylsilyl acetylene (TMSA) and subsequent 

deprotection with TBAF. The final Sonogashira coupling to yield 5 was performed using conditions 

reported by Querner and co-workers, which is one of the few reported cross-coupling transformations 

to tolerate the CS2Me functionality.26 Similar conditions were used to prepare the other carbodithioate 

ester-containing compounds in the series as detailed in the supporting information.   

Scanning Tunnelling Microscopy-Break Junction Measurements.  

The conductance of carbodithioate esters 1–2, and 5−6 were measured using STM-BJ measurements in 

an anisole solution of the target molecular wire. (Figure 2).27 In this technique, molecular junctions are 

fabricated between an Au tip and an Au substrate in a scanning tunnelling microscope. A bias is applied 

across the junction and the current is monitored as a function of the distance between the two electrodes. 

Details about the technique and the instrumentation used can be found in our previous publications on 

the subject.28 For the measurement of the compounds presented in this study, relatively low 

concentrations (≤10 μM) were required to consistently acquire high quality data. A piezo ramp of 20 nm 

was required to continuously refresh the tip during extension and retraction cycles of the STM-BJ 
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measurement. 5000 traces were acquired for each target compound to obtain a statistically significant 

distribution of conductance data, analysed in the form of 1D histograms and 2D density maps (vide 

infra). Occasional manual piezo control pushing the tip 50–100 nm in to the surface was required to 

“clean” the tip. It is possible that at concentrations ≥ 100 μM, surface coverage with organic molecular 

wire occurs very rapidly, and this could explain why it is difficult to obtain single molecule junctions at 

these higher concentrations. Anisole was found to be an excellent solvent for measuring these molecules 

following difficulty in mesitylene and mesitylene:tetrahydrofuran mixtures (the large proportion of 

tetrahydrofuran needed resulting in etching of the Au substrate).29  

 

Figure 2. Scanning Tunnelling Microscopy Break-Junction measurements for a) 1, b) 2, c) 5 and d) 6 

in anisole solvent at 10 μM for 1−2 and 1 μM for 5–6. Further details: 300 mV bias, 20 nm piezo ramp.  

STM-BJ results in Figure 2 clearly show the value of carbodithioate esters as effective anchors to the 

gold electrodes. Clear conductance peaks are observed in the 1D histograms with high counts at the peak 

centre, and the 2D histograms demonstrate good general agreement of junction elongation with 

molecular length.. Compound 2 shows junction elongation beyond the theoretical S…S length at high 

concentration, (Figure S23 in SI). Measurement at 1 μM is in better agreement with the molecular 

length. It is possible that with 2, a small proportion of traces extend beyond the molecular length due to 

intermolecular stacking, thereby forming supramolecular 1:1 complexes of greater length. Compound 1 

was also challenging to measure due to the short molecular length relative to the gold snapback distance 

and could only be measured at 10 μM; higher/lower concentrations failed to yield sufficiently high-

quality traces. Compounds 5–6 had to be measured at 1 μM to collect the 5000 traces required. Being 

able to collect the data for 5–6 at such low concentrations further highlights the high affinity of the 

carbodithioate ester functionality for the Au surface. 
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Compound 12 (Figure 3) was also prepared to provide a direct comparison with molecule 2 to evaluate 

the benefit of adding C=S functionality. 12 was selected for comparison because of the comparable 

molecular length to 2. STM-BJ measurements of 12 shows two overlapping conductance peaks at 10−3.64 

and 10−4.05 (Figure 3) with a very clean break off in very good agreement with the molecular length. It 

is suggested that 12 shows two conductance peaks due to the degree of rotational flexibility in the 

molecule around the benzyl CH2 positions. The presence of the C=S in 2 reduces the degrees of freedom, 

returning a clear, monodistributed conductance profile, and boosts the conductance compared to 12 by 

approximately an order of magnitude. 

 

Figure 3. a) STM-BJ measurements of 12 at 300 mV bias in anisole at 10 μM. 20 nm piezo ramp. b) 

Conductance vs. molecular length for molecules measured in STM-BJ in anisole solvent at 300 mV bias. 

Linear fit of compounds 1,5 & 6 with ± 10% margin gives the grey shade area. Linear fit of 1,5, & 6 

used to calculate β value (β = 0.327) 

The plot of log(conductance) vs. molecule length shows a clear linear trend for the carbodithioate ester-

containing molecule wires. For the quasi-oligomeric series (1,3,5,6, see Figure 3b) it was not possible 

to measure the series at the same concentration due to the difficulties in measuring 1, where 10 μM was 

the only concentration identified where 5000+ traces could be obtained. A ±10% margin of the linear fit 

of conductance for 1, 5 & 6, was used to demonstrate the general trend of conductance vs. molecular 

length. A β value of 0.327 Å-1 for the linear fit is in reasonable agreement with data obtained in molecule 

wires with similar conjugated backbones.20  The two conductance peaks for molecule 12 fall well outside 

of the shaded conductance trend for the carbodithioate esters, highlighting how the C=S moiety is 

significantly involved in electrode contact and charge transport, by providing additional electronic 

coupling between the molecule and the metallic electrodes.  
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Table 1 Conductance values for carbodithioate esters measured in anisole at 300 mV.  

Entry Conductance Log (G/G0) 

1 (10 μM) −1.99 

2 (10 μM) −2.57 

2 (1 μM) −2.95 

5 (1 μM) −3.16 

6 (1 μM) −3.79 

12 (10 μM) upper −3.64 

12 (10 μM) lower −4.05 

 

Stability study 

To investigate the longer-term stability of the carbodithioate ester functionality, 1 was dissolved in 

DCM-d2 and the 1H NMR spectrum was acquired, followed by reacquisition after 13 days (Figure 4). 

In DCM-d2, 1 remains stable in solution in the presence of oxygen and trace H2O. This further highlights 

the benefits of using this functional group, where impurities in solutions of the substrates do not build 

up over relevant timeframes.  

 

 

Figure 4 1H NMR of 1 in DCM-d2 at 298 K after 0, and 13.05 days. 
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Surface Enhanced Raman Spectroscopy (SERS) measurements 

To further demonstrate that the carbodithioate esters are clearly interacting with the surface, Raman 

measurements were performed on powder samples and compared with results from Surface-Enhanced 

Raman Spectroscopy (SERS) results, acquired from citrate capped gold nanoparticles (CitAuNP, 

prepared using literature procedure30) on silicon substrates where the molecule of interest was drop-

casted from a 1 mM toluene solution (Figure 5). 

 

Figure 5. Raman spectroscopy on compounds 1–6 as powder on Si substrates and drop-cast (from 1 

mM toluene solutions) on to CitAuNPs on silicon substrates. 785 nm laser. 

In the Raman data (Figure 5), peaks corresponding to vibrational modes of the aromatic backbone of 

the molecular wires (1600 cm−1) are evident in both the SERS configuration and the powder samples. 

However, there are some clear changes in relative peak intensities in all examples. For instance, in the 

spectra for 2, the peak at 1600 cm−1 and the peaks at ≈1150–1250 cm−1 have similar relative intensities 

when acquired directly from the solid-state material. In contrast, spectra for 2 in SERS configuration 

show the peak at 1600 cm−1
 with significantly reduced intensity relative to the peaks at ≈1150–1250 

cm−1
. Such changes in intensity are typical of molecules binding to a surface/being in a different 

orientation compared to the average orientation in the powder sample, with some modes enhanced by 

the SERS configuration, and other suppressed due to selection rules. There are several examples across 

the series of 1–6 where spectra look ‘similar’ from powder vs. SERS, but nevertheless there are large 

changes in relative intensities and some subtle shifts in the peaks which are indicative of surface binding.  

A peak at 1195 cm−1 (assigned as C=S stretch)31 is present throughout all spectra and typically has high 
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intensity either as powder or drop cast sample. This indicates that the C=S functionality is remaining 

intact when bound on to the Au particle surface.  

GAP mode studies with 2 

To further investigate the interaction of the –CS2Me functionality with the substrate “GAP mode” 

Raman spectroscopic characterisation has been performed with compound 2 on flame annealed gold 

slides. GAP mode Raman spectroscopy involves adsorbing gold nanoparticles on top of target 

monolayers: the plasmonic Au nanoparticles greatly enhance the Raman scattering and allow the 

recording of good quality spectra from monolayers adsorbed on smooth metal substrates. Gold slides 

were immersed in a 1 mM toluene solution of 2 for 24 hours and were rinsed thoroughly with toluene. 

The slide was then immersed in an aqueous solution of AuCitNPs for 1 h,was rinsed with water and 

methanol, and allowed to dry. Raman results (Figure 6) show that despite copious rinsing with solvents 

that easily dissolve 2, a strong Raman signature similar to that observed with drop cast solutions was 

obtained, confirming substantial Raman enhancement in the GAP mode samples. The spectra are 

generally similar across the nine areas measured in SERS configuration. The peak at 1600 cm−1 has a 

high intensity as an extremely thin layer in the GAP mode measurements, in contrast to the drop cast 

samples.  This suggests an alternative molecular arrangement in the GAP mode measurements compared 

to bulk measurements on dropcast CitAuNPs. The C=S stretching peak is also present in the GAP mode 

measurements and is particularly strong in intensity compared to neighbouring peaks. 

 

Figure 6. a) Surface enhanced Raman spectrum of GAP mode samples of 2 on gold slides with 

CitAuNPs. b) Images of gold slides at 50× magnification on confocal microscope showing the array of 

CitAuNPs fixed on the gold slide by the layer of 2 on the Au surface. 
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Complexation of Carbodithioate ester with AuI 

The solution stability studies (Figure 4) show that the carbodithioate ester functionality remains intact 

under ambient conditions, but this raises the question: what happens in the presence of Au? To address 

this, AuI complex 14 was prepared from commercially available AuI precursor (Figure 7). Analogous 

ethyl carbodithioate ester complexes have been prepared previously by Butenschön and co-workers for 

other applications and show the ester remains intact while coordinated to the electron deficient AuI metal 

centre.32 

 

 

 

Figure 7 Synthesis of carbodithioate ester-containing AuI complex 14 (top) and X-ray crystallographic 

structure of 14 crystallised from DCM/Hexane (bottom). Ellipsoids shown at 50% probablility. 

Hydrogen atoms and [SbF6]− counterion are omitted for clarity. 

1H NMR results show clear evidence for the presence of the carbodithioate ester with the S–Me protons 

at 3.08 ppm, shifted from 2.81 ppm in uncomplexed ligand 3 (See Figure S5 and S20). The electron 

deficient AuI center is responsible for this shift upon coordination. The chemical shift of the C=S carbon 

shifts from 228.9 ppm to 238.8 ppm upon complexation to the AuI centre. 
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Crystals of 14 suitable for x-ray diffraction were grown by vapour diffusion from DCM/hexane (Figure 

7). The X-ray crystallographic structure shows clear evidence for the near linear C=S→AuI interaction. 

To the best of our knowledge there is no reported X-ray data for such an interaction from a carbodithioate 

ester (See SI5 for CSD search details). We suggest that this C=S→Au interaction is responsible for the 

boost in conductance observed in 2 compared to 12, and that the C=S interaction is likely preferred to 

the C–SMe→Au interaction. Raman spectroscopy was also performed on 14 as a powder sample (See 

SI Figure S25), which shows a highly similar spectral profile to 3 as powder with the typical C=S 

stretching peak at 1195 cm−1. 

Conclusion 

With this study, we have verified the effectiveness of the methyl carbodithioate ester R–CS2Me as a 

contact group for gold in molecular electronics. Through a comprehensive, multi-technique study, we 

have probed its surface and coordination chemistry, its chemical stability, and its charge transport 

behaviour. We have developed a synthetic protocol that allows the introduction of R-CS2Me termini in 

molecular wires through well-known Pd-catalysed C-C cross-coupling reactions. NMR characterisation 

suggests excellent stability in the presence of water and aerobic oxidants. Raman/SERS and single-

crystal XRD data shows excellent resilience of the R–CS2Me functionality in the presence of aerobic 

oxidants and metallic substrates. Our initial claim, that R-CS2Me groups can offer better electrode 

coupling and more efficient charge transport has been verified by STMBJ measurements, that have 

unequivocally confirmed the carbodithioate ester being a significantly more transparent electrode 

contact than widely used alkyl sulfides, while retaining their desirable chemical characteristics. 

General Experimental Details 

Solvents and reagents: Solvents were dried using an Innovative Technology solvent purification 

system and were stored in ampules under nitrogen with 3Å molecular sieves. Reagents were obtained 

from commercial sources and were used without further purification unless specified. Moisture and/or 

air sensitive experiments were conducted using thoroughly dried glassware under nitrogen atmosphere. 

Deoxygenation of reactions was performed by bubbling the reaction mixtures using a balloon of argon.  

NMR Spectra: 1H-NMR spectra were recorded on a Bruker Avance III HD 500MHz spectrometer. 

Chemical shifts (𝛿) in 1H-NMR and 13C-NMR spectra are reported in ppm and were referenced against 

the residual solvent signal as reported in the literature.33  

Flash chromatography was carried out on silica gel 60 (40-63 µm) purchased from Merck. 

Mass spectra: High resolution mass spectrometry for 5 and 6 was carried out on a Waters LCT Premier 

XE using ASAP ionization with TOF detection. Samples were analyzed directly as solids. All other 

HRMS was performed on an Agilent 7200 Q-TOF instrument. 
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Citrate capped gold nanoparticles for deposition on to silicon wafers were prepared using literature 

procedures 30 with slight modifications. 100 mL of 0.01% HAuCl4 (aq) was raised to boiling temperature 

with vigorous stirring and adding 0.7 mL of 1% sodium citrate (aq) solution and continuing reflux for 

30 minutes. The resulting solution was centrifuged in 50 mL falcon tubes at 4000 rpm for 5 hours, and 

the supernatant was carefully removed leaving ≈ 1 mL of particle stock solution. This solution was 

dropped on to silicon wafers and dried in an oven at 80 °C overnight. Solutions of carbodithioate ester 

analyte were drop-cast on these samples from 1 mM toluene solutions as required. 

Raman spectroscopy was performed on a B&W Tek Mini-Ram II with 10 s integration time using a 785 

nm laser. The laser power was varied on this instrument to obtain the best signal without degrading the 

sample and minimizing any fluorescence. 

GAP Mode Raman Microscopy was performed on an inVia Reflex Qontor Confocal Raman Microscope 

using a 785 nm laser on 1% laser power with 10 separate 1 second acquisitions. 

Synthesis and Characterization is available in the supporting information. 
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