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Abstract

There are several binding groups used within molecular electronics for anchoring molecules
to metal electrodes (e.g., R—-SMe, R—-NH,, R—CS;,~, R—S"). However, some anchoring groups
that bind strongly to electrodes have poor/unknown stability, some have weak electrode
coupling, while for some their binding motifs are not well defined. Further binding groups are
required to aid molecular design and to achieve a suitable balance in performance across a
range of properties. 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) and detailed surface spectroscopic
analysis. We demonstrate that the methyl carbodithioate ester acts as an effective contact for
gold electrodes in STM-BJ measurements. Surface enhanced Raman measurements
demonstrate that the C=S functionality remains intact when adsorbed on to gold nanoparticles.
A gold(l) complex was also synthesised showing a stable C=S—AuU!' interaction from the ester.
Comparison with a benzyl thiomethyl ether demonstrates that the C=S moiety significantly
contributes to charge transport in single-molecule junctions. The overall performance of the
CS:Me group demonstrates 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.*"l The contact groups are a fundamental part of the design
of molecular wires, providing chemical, mechanical and electronic coupling of the molecular

species to the electrodes. The same molecular backbone can show remarkably different
1
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conductance profiles with different electrode contact groups,® 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)."*
2l Thiol-based molecules are particularly effective for monolayer fabrication, with the strong
Au-S surface binding promoting the diffusion of gold atoms across the substrate surface.!** 14
Thiol contact groups can however be problematic for scanning tunnelling microscopy break
junction 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.'>1® 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.?® The main thioether contact groups that been used are methyl thioether?*-2% and
benzodihydrothiophene.?%2¢1 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 binding group—electrode coupling can also be observed with other
dative-binding contact groups, such as pyridyl and amine.?* 271 While amine contacts can be
typically stable on alkyl functionality, stability issues have also been noted with aromatic amine
functionality,*® with oxidation products forming radicals.?® 2° Therefore, to further advance
molecular electronics it would be highly advantageous to have additional contact groups with
clear supporting evidence of chemical stability, strong coupling to the electrodes and ease of
synthesis, without the need for deprotection. We have been particularly interested in the use
of carbodithioate esters as Au contact groups for single-molecule conductance measurements
due to promising results with carbodithioate anions and dithiocarbamates.® 3! Carbodithioate
anions were investigated previously by Bourget and co-workers where the 2-
(trimethylsilyl)ethyl ester moiety was used as a protecting group for a carbodithioate (R—CS;")
contact group,®? and interestingly, they demonstrate that the C=S functionality gives high
conductance highlighting the utility of this group following the deliberate cleavage of the ester
functionality. The single-molecule conductance of pristine carbodithioate esters (i.e. no
conversion to the carbodithioic acid or anionic species) has not been investigated. Sodium
dithiocarbamates have also been investigated as contact groups in larger area junctions and

were shown to exhibit high conductance. B4

Since initial investigations on R—CS,™ 2% 32 there has been a proliferation in the use of STM-
BJ instrumentation, with an increasing focus on collecting large datasets and relying on good
surface anchoring groups to achieve high quality electrical characterisation. With current
2
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equipment, typically, thousands of STM-BJ traces are collected to ensure robust statistical
information on all possible binding modes are collected, which is typically significantly higher
than what was typically collected >10 years ago due to advances in data collection and data
handling. Taking inspiration from the prior work on other carbodithioate functionality, we
postulated that carbodithioate esters themselves could act as effective gold contacts without
the need for deprotection/chemical change or the presence of associated counterions/released
protecting groups that could complicate the system. We postulated that a carbodithioate methyl
ester might remain completely intact and retain the S—Me functionality that grants chemical
stability to thioethers and that the C=S functionality could provide additional coupling strength
making it appealing for detailed systematic investigation into carbodithioate esters as
anchoring groups. As a result, we have synthesised a series of molecular wires with R—CS;Me
contact groups to verify their suitability for the fabrication of electrically transparent, strong, and

stable molecular junctions.

The work presented in this manuscript demonstrates that carbodithioate esters are effective
contact groups for molecular electronics with effectively 100% junction formation probability
(JFP) even at very low (1 uM) solution concentrations (Figure S24). We demonstrate long-
term stability of the R—CS:Me 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, with a competitive conductance compared to other contacting groups which are
used routinely in the field. Crucially, further investigations with Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS) and complexation with Au(l) salts show that carbodithioate
esters 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-coupling reactions. The strong binding of this functional group to the surface
is supported by DFT calculations with binding energies to Au surfaces of (1-1.3 eV, which is
comparable to that of a Au-S thiol interaction and stronger than other dative binding groups.
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, since they show a
good balance of properties including defined and competitive conductance values, good
stability including resistance to oxidation, good synthetic accessibility, known coordination to

gold through spectroscopic characterisation and the absence of multiple conductance values.
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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 with the support of detailed surface characterisation (Figure 1). Aromatic and
OPE functionality was selected for our molecular wires as these motifs are generally well
studied and understood, placing the series in a molecular space where the carbodithioate ester

can be appropriately compared to other functional groups used within molecular electronics.
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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) specifically prepared for surface Raman
measurements. Scheme 1 shows an example synthetic strategy used to prepare alkyne-

containing molecular wire 5.
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Scheme 1. Synthetic pathway to alkyne-containing molecular 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.l!
Sodium intermediate [8] was treated with Mel 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 Therien and co-workers, which is one of the few
reported cross-coupling transformations to tolerate the CS;R functionality.®* Similar conditions
were used to prepare the other carbodithioate ester-containing compounds in the series as

detailed in the supporting information section 1.
Scanning Tunnelling Microscopy-Break Junction Measurements.

The conductance of carbodithioate esters 1-2, and 5-6 were measured using STM-BJ with an
anisole solution of the target molecular wire (Figure 2).B% In this technique, molecular junctions
are fabricated between an Au tip and an Au substrate in a scanning tunnelling microscope. A
0.3 V 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.®*®! For the measurement of the

compounds presented in this study, relatively low concentrations (€10 yM) were required to
5
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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 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. Occasional
manual piezo control pushing the tip 50—-100 nm in to the surface was required to clean the
STM tip. It is possible that at concentrations = 100 uM, high surface coverage with organic
molecular wire occurs very rapidly, and this could explain why it is difficult to obtain single-
molecule junctions at higher concentrations. Anisole was found to be an excellent solvent for
measuring these molecules ensuring a consistent environment across the whole series and
allowing us to overcome difficulties with mesitylene and mesitylene:tetrahydrofuran mixtures
(large  proportions of tetrahydrofuran can etch the Au substrate).?7 In
mesitylene:tetrahydrofuran mixtures the repeatable formation of junctions to obtain enough
reliable traces did not occur. The automated retraction and approach of the tip had to be
repeatedly paused and moved to a new area on the surface making the measurement difficult.
In anisole these difficulties were significantly suppressed and measuring 5000 traces was

possible within a couple of hours.
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Figure 2. Scanning tunnelling microscopy break-junction measurements for a) 1, b) 2, ¢) 5 and
d) 6 in anisole solvent at 10 uM for 1-2 and 1 pM for 5—-6. Further details: 300 mV bias, 20 nm
piezo ramp.

STM-BJ results (Figure 2) show carbodithioate esters act 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 low counts of junction elongation beyond

the theoretical junction length at 10 uM. Measurement at 1 uM is in better agreement with the
6
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molecular length (Figure S23 in Sl). 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 uM. Higher and lower concentrations of 1 failed to yield sufficiently
high-quality traces. Compounds 5-6 had to be measured at 1 uM to collect the 5000 traces
required. Unsupervised data clustering on the STM-BJ data of compound 6 (Figure S24)
reveals with a high degree of confidence that the JFP is effectively 100%, highlighting the
ability of the carbodithioate ester functionality to bind to and form junctions efficiently at gold
interfaces even at low concentrations. Details of the clustering method used are available in
the Sl section 3. Previous STM-BJ reports on molecules with amine, thioether and thiol
contacts at a concentration of 1 mM demonstrated JFPs of 27, 42 and 75% respectively.F8
For molecule 6 at a concentration 1000-fold lower, junctions are still observed at a probability
significantly higher than this previous report. For this to be the case significant accumulation
of molecules from solution on to the surface must occur. Another report demonstrates
molecules with pyridine and dihydrobenzo[b]thiophene contacts have 100% JFP with 0.1 mM
solutions with additional investigations showing this drops off at lower concentrations.?*
Carbodithioate esters have high junction formation probabilities just as good if not better than

the discussed Au—anchor groups.

Compound 12 (Figure 3) was also prepared to provide a direct comparison with molecule 2 to
evaluate the benefit of adding C=S functionality to a molecule of comparable length and
effectively equivalent positioning of the contact groups. 12 was also selected as a single CH
is substituted for the carbon of C=S function to give length equivalence for comparison. STM-
BJ measurements of 12 shows two overlapping conductance peaks at 107364 and 1074%
(Figure 3) with a very clean break off in excellent agreement with the molecular length. The
presence of the C=S in 2 gives a clear mono-distributed conductance profile, and boosts the

conductance compared to 12 by approximately an order of magnitude.
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Figure 3. a) STM-BJ measurements of 12 at 300 mV bias in anisole at 10 yM concentration.
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  value (f = 0.33)

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 uM 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 B value of 0.33 A?
for the linear fit is in agreement with data obtained for molecular wires with similar conjugated
backbones.?* 3039 401 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, at least when compared
to the comparable length unsaturated MeS(CHy)- linker. These measurements on molecule 12
are in good agreement with literature measurements, with 12 showing a lower conductance

than our measurements on carbodithioate ester compounds of similar length (2 and 5).1!
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Table 1 Conductance values and step length values for carbodithioate esters measured in
anisole at 300 mV.

Entry (Conc.) Conductance Log (G/Go) Step length (nm)
1 (10 yM) -1.99 0.36 £ 0.15
2 (10 uM) -2.57 0.56 £ 0.25
2 (1 uM) -2.95 0.50 £ 0.25
5 (1 M) -3.16 0.52 +0.18
6 (1 uM) -3.79 0.76 + 0.21
12 (10 yM) upper -3.64 0.48 + 0.15
12 (10 uM) lower -4.05 0.48 £0.15

The conductance values in Table 1 for the carbodithioate ester-containing molecular wires
demonstrate that the conductance is highly comparable to other OPE and biphenyl-based
molecular wires with other anchoring groups. For example the conductance of 2 is comparable
to benzidine*? and [1,1'-biphenyl]-4,4'-dithiol,*¥ but there reports concerning the long-term
instability of aromatic amines and thiols.!*® Tolane- and OPE-based molecules 5-6 also have
comparable conductance with both their thiol,® and thiomethylether** analogues previously
reported. Despite the differences in techniques 6 demonstrates a significantly higher junction
formation probability at much lower concentrations than its previously reported thiomethylether

counterpart.!
Stability study

When introducing a contact group to the research community, it is important to demonstrate
that the functionality is at least stable under ambient conditions for orders of magnitude longer
in time duration than any typical STM-break junction experiment (2-3 hours on our
instruments).To investigate the longer-term stability of the carbodithioate ester functionality, 1
was dissolved in DCM-d, and the *H NMR spectrum was acquired, followed by reacquisition
after 13 days of incubation at room temperature (Figure 4). In DCM-dz, 1 remains stable in
solution in the presence of oxygen and trace H,O. This further highlights the benefits of using
this functional group, where there is clear evidence that impurities in solutions of the substrates
do not form or accumulate over extended periods. It is important to note that no *H NMR peak
line broadening, changes in solution colour or transparency, and no precipitation was observed
after 13 days demonstrating that the purity of the compound remains extremely close to that

of the sample 13 days prior.
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Figure 4 *H NMR of 1 in DCM-d; at 298 K after 0, and 13.05 days in the presence of air and
trace H>O.

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 SERS data
acquired from citrate capped gold nanoparticles (CitAuNP, prepared using literature
procedurel®®) on silicon substrates where the molecule of interest was drop-casted from a 1

mM toluene solution (Figure 5).
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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™) are evident in both the SERS configuration and

the powder samples. However, there are some clear changes in relative peak intensities in all
10
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examples. For instance, in the spectra for 2, the peak at 1600 cm™ and the peaks at *1150-
1250 cm™ have similar relative intensities when acquired with the powder material. In contrast,
spectra for 2 in SERS configuration show the peak at 1600 cm™ with significantly reduced
intensity relative to the peaks at ®1150-1250 cm™ Such changes in intensity are typical of
molecules binding to a surface and 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™ (assigned as C=S stretch)*" is present throughout all spectra
and typically has high intensity either as powder or drop cast sample. This indicates that the

C=S functionality is remaining intact when bound on to the Au nanoparticle surface.
Gap mode Raman studies with 2

To further investigate the interaction of the —CS;Me 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 nanopatrticles
on top of target monolayers assembled on a planar substrate: the excitation of gap-mode
plasmons greatly enhance the Raman scattering and allow the recording of good quality
spectra from monolayers absorbed on smooth metal surfaces.“® 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 agueous solution of AuCitNPs for 1 h and 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 with 2 remaining bound to the surface. The spectra are generally similar across the
nine areas measured in SERS configuration. The peak at 1600 cm™ has a high intensity as an
ultra-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 with 2
absorbed on a flat surface compared to bulk measurements on dropcast CitAuUNPs where
rougher surface morphology will be present. The C=S stretching peak is also present in the
gap mode measurements and is particularly strong in intensity compared to neighbouring

peaks.

11
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Figure 6. a) Surface enhanced Raman spectrum of GAP mode samples of 2 on gold slides
with CitAuNPs. b) Optical images of gold slides at 50x magnification on confocal microscope
showing the array of CitAuNPs fixed on the gold slide by the layer of 2 on the Au surface.

Selected XPS studies with 2

To further support the Raman studies, XPS studies were conducted on molecule 2 as both
powder samples and SAMs on gold on mica slides (prepared the same as for gap mode studies
above). The XPS data (Figure S27) shows clear evidence for gold binding with new S 2p
doublets associated with the binding to Au in the SAM sample with evidence of preferential
C=S binding due to a reduction in peak area associated with the C=S functionality. Full details

of the XPS peak assignment is provided in Sl section 7.2
Complexation of Carbodithioate ester with Au'

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, Au' complex 14 was prepared from commercially available Au' precursor
(Figure 7). Analogous ethyl carbodithioate ester complexes have been prepared previously by
Butenschon and co-workers for other applications and show the ester remains intact while
coordinated to the electron deficient Au' metal centre.[) The complexation study was carried
out with an Au(l) gold atom to represent an electron deficient gold atom. i.e. an atom where
electron donation from a ligand is highly favorable. At the apex of a gold tip in STM-

breakjunction the gold atom(s) here are highly undercoordinated and are more electron
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deficient than well-coordinated Au on flat (1,1,1) surfaces. We believe a Au(l) atom therefore

well represents the atoms at the apex of a gold tip.

13
i SO O
/ +
Ny
Ph
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O dry DCM

ambient temp. 30 min

Figure 7 Synthesis of carbodithioate ester-containing Au' complex 14 (top) and X-ray
crystallographic structure of 14 crystallised from DCM/hexane (bottom). Ellipsoids shown at
50% probability. Hydrogen atoms and [SbFs]~ counterion are omitted for clarity. CCDC
deposition 2267624.

'H NMR data shows 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 Au' centre 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 Au'

centre.

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—AU!' interaction. To the best of our knowledge there is no reported X-ray data for such
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an interaction from a carbodithioate ester (See Sl section 5 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 Sl
Figure S25), which shows a highly similar spectral profile to 3 as powder with the typical C=S
stretching peak at 1195 cm™.

Supporting Theoretical Calculations

Density Functional Theory calculations were performed on molecules 1-3 to gain insight into
their binding behaviour on the Au surface. The relaxed structures (Figure S31) show that 1-3
are binding relatively upright on the surface, with the SMe contacting a single Au binding site
and the C=S bridging two Au atoms. The discussed binding mode likely explains why the
calculations (Table S7) yield molecule—Au surface binding energies of 1.37, 1.27 and 1.07 eV
for molecules 1-3 respectively, which are very strong for a dative binding group. Interestingly
the presence of a second para-substituted carbodithioate ester anchor on the other side of the
molecule (in 1 and 2) appears to strengthen the gold—molecule binding energy. This is likely
due to the electron withdrawing nature of the carbodithioate ester facilitating more -
backbonding from the Au atoms. The frontier molecular orbitals from these calculations (SI

section 8.3) also indicate a strong interaction between the gold surface and the sulfur atoms.
Conclusion

With this study, we have demonstrated that the methyl carbodithioate ester is a suitable neutral
contact group for gold in molecular electronics and more importantly, we have verified the
stability in air and in contact with Au. We have developed a synthetic protocol that allows the
introduction of R-CS;Me 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, XPS and single-crystal XRD data shows excellent
resilience of the R—-CS;Me functionality even in the presence of metallic substrates. To
conclude, this work clearly demonstrates that the carbodithioate ester possesses competitive
properties across a range of parameters, with good stability, synthetic accessibility, high
junction formation probability, spectroscopically defined coordination to gold and competitive
conductance values coupled to defined conductance profiles. This justifies the use of this

functional group in further studies transitioning towards stable larger area devices.
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