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ABSTRACT

We show that a new terpyridine ligand comprising a directly-connected methyldisulfide group 

(tpySSMe) can be used to prepare a modular series of metal bis(terpyidine) complexes, 

[M(tpySSMe)2](PF6)2 (M = Fe, Co, Zn), suitable for the functionalization of metal surfaces. 

Critically, we find these complexes are air-stable in solution for >7 d, in stark contrast to their 

thiol-substituted analogues, [M(tpySH)2](PF6)2 (M = Fe, Co), which decompose in <1 d. While 

CoSH has previously been utilized in several important studies, we explicitly detail its 

synthesis and characterization here for the first time. We subsequently probe the 

electrochemical properties of [M(tpySSMe)2](PF6)2 in solution, showing that the 

(electro)chemical reactions associated with disulfide reduction significantly increase the 

complexity of the voltammetric response. In preliminary surface voltammetry studies, we 

confirm that CoSS and FeSS form solution-stable self-assembled monolayers (SAMs) on gold 

with comparable electrochemical properties to those formed from CoSH. Taken together, this 

work provides a robust foundation for future studies of this prominent class of complexes as 

redox-active components of SAMs or single-molecule junctions.
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INTRODUCTION

In seminal reports of unusual charge transport and magnetic phenomena, several studies have 

focused on self-assembled monolayers (SAMs) or molecular junctions comprising 

metal bis(terpyridine) complexes with directly connected sulfur-based anchors, [M(L)2]2+ 

(Figure 1a).  [M(L)2]2+ complexes used include those with M = Co, Zn, and Ru, where L is 

tpySAc = 2,2’:6’,2’’-terpyridine-4’-thioacetate, tpySH = 2,2’:6’,2’’-terpyridine-4’-thiol, or 

tpy = 2,2’:6’,2’’-terpyridine.1–4 In addition to their demonstrated utility, we also recognize that 

[M(L)2]2+ are potentially interesting redox-active molecular “platforms” – pre-formed 

components with bulky lateral dimensions that dictate the close-packed monolayer structure.3,5 

Such platforms may be used to introduce different functional species and/or free volume into 

a SAM without disrupting the underlying surface assembly process, a long-standing challenge 

in the field. Remarkably, however, no explicit synthetic procedures or characterization details 

for the aforementioned [M(L)2]2+ compounds are provided in the noted works or their 

referenced articles, significantly impeding further developments in this area. 

We suggest that the direct attachment of anchor groups to pre-formed metal 

bis(terpyridine) monolayer components provides specific advantages for controlling the 

organization and composition of SAMs comprising these functional units. Previously reported 

surface attachment strategies using extended, pendant surface tethers6–10 introduce additional 

degrees of freedom that can complicate molecular packing at the nanoscale.11,12 While stepwise 

surface-based synthetic reactions have been utilized to construct similar complexes in situ,13–

16 here it may be challenging to control the extent to which different ligands and metals are 

introduced into such SAMs as a result of the varying kinetics of metal-ligand complexation 

and intramolecular steric effects within the surface layer.17–19

Figure 1. (a) Transition metal bis(terpyridine) complexes have been frequently targeted as 
modular components of self-assembled monolayers (SAMs) or molecular-scale junctions. (b) 
Molecular structures of [M(tpySH)2](PF6)2 (MSH) and [M(tpySSMe)2](PF6)2 (MSS). 1H 
NMR spectroscopic studies reveal MSH complexes are air-sensitive in solution, in contrast to 
their air-stable MSS analogues.
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Potential challenges in resolving preparative methods for [M(L)2]2+ may be 

convoluted with the reported instabilities of related compounds in air. A detailed 2008 study 

of [Fe(tpySH)2](PF6)2 (FeSH) found it was stable for only ~1 d in solution, forming a 

tetrameric product through disulfide oxidation.20 Deprotonation of FeSH was also shown by 
1H NMR, UV-vis, and IR spectroscopy to produce a highly air-sensitive thione complex 

Fe(tpy=S)2.20 Few characterized examples of other tpySH-containing metal bis(terpyridine) 

complexes (with M = Ru21 and Ni22) have been described. While thiol-protected ligands such 

as tpySAc23 could offer routes to stable precursor complexes, deprotection of the corresponding 

[M(tpySAc)2](PF6)2 complexes (e.g., with NBu4OH, NBu4F) is anticipated to result in unstable 

thione species via the intermediate thiolate. Such deprotection strategies are likely further 

complicated by counterion exchange by OH−/F−, or counterion loss from the charge neutral 

thione. New approaches are urgently needed to access air-stable [M(L)2]2+ complexes capable 

of binding to metal surfaces. In this work, we demonstrate that complexes comprising a new 

methyldisulfide (-SSMe)-functionalized ligand (MSS; M = Fe, Co, Zn) are both synthetically 

accessible and air-stable in solution, in stark contrast to CoSH which rapidly decomposes when 

exposed to air (Figure 1b). Preliminary surface voltammetry studies reveal CoSS forms 

solution-stable SAMs with comparable surface coverage and redox peak widths to CoSH, 

confirming that the -SSMe group serves as a competent anchor for binding these complexes to 

metal surfaces.

RESULTS AND DISCUSSION

We explicitly target -SSMe groups as alternative, chemically robust, sulfur-based surface 

linkers for functional metal bis(terpyridine) complexes for several key reasons. Critically, 

Whitesides et al. have shown dialkyldisulfides can spontaneously form SAMs of comparable 

composition to those constructed from analogous alkylthiols,24 and it has recently been 

determined that disulfide groups cleave during solution-based scanning tunneling microscope-

based break junction studies to form covalent gold-sulfur bonded single-molecule junctions.25 

We further reasoned that disulfides would exhibit good chemical compatibility with terpyridine 

coordination chemistry given the numerous examples of metal complexes comprising intact 

4,4’-dipyridyldisulfide ligands.26 Use of an asymmetric disulfide, rather than a symmetric 

ligand such as terpy-SS-terpy,27 would avoid the formation of coordination 

oligomers/polymers at homoleptic metal centers. We recognize that such asymmetrical 

disulfides will produce mixed SAMs containing dissociated, surface-bound -SMe, with 
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compositions that likely deviate from a 1:1 ratio.28 However, we anticipate that domains of 

bound -SMe species would exhibit minimal stabilizing lateral interactions due to the short 

alkane component,28–30 ensuring that the terpyridine complex is maximally competitive for 

surface binding. We also anticipate that any residual -SMe is small enough to bind within the 

area occupied by the complex on the surface. The practical utility of the -SSMe group in this 

context is evaluated below through surface voltammetry experiments. 

We prepared the new ligand 4’-(methyldisulfide)-2,2’:6’,2’’-terpyridine (tpySSMe) in 

two steps from 4’-chloro-2,2’:6’,2’’-terpyridine in 79% overall yield (Figure 2a). Our 

approach involved the formation of tpySH via nucleophilic attack by sodium hydrosulfide,27 

which is then methylthiolated using S-methyl methanethiosulfonate.31 The X-ray crystal 

structure of this ligand is shown in Figure 2b. Following established methods,32–34 reactions 

of tpySSMe with the appropriate M2+ salt at room temperature provided the corresponding 

[M(tpySSMe)2](PF6)2 complexes for M = Fe (FeSS), Co (CoSS), and Zn (ZnSS) (Figure 2c). 
1H NMR spectra reveal that MSS are stable in MeCN-d3 solutions for ≥7 d, in stark contrast to 

the ~1 d reported for FeSH (see SI, Figure S16 for representative FeSS spectra). For 

completeness, we obtained not only the 1H NMR spectrum for the paramagnetic d7 Co(II) 

CoSS complex,35 but also the spectrum of the corresponding diamagnetic Co(III) d6 species 

(CoSS3+) after chemical oxidization of CoSS with AgPF6. X-ray crystal structures of FeSS, 

CoSS, and ZnSS show the expected homoleptic metal complexes with distorted octahedral 

geometries and intact disulfide groups (Figure 2d-f). Small changes in the average 4-carbon-

4”-carbon distances of 9.256, 9.372, and 9.432 Å, respectively (denoted by † and ‡ for FeSS), 

correlate with the average M-N bond distances for each compound (Fe-N = 1.947(8), Co-N = 

2.016(5), Zn-N = 2.152(4) Å). As expected, the structure and dimensions of these complexes 

are not appreciably altered by varying the central metal ion, an important consideration in the 

pursuit of well-mixed multicomponent SAMs.
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Figure 2. (a) Two-step synthetic route to tpySSMe ligand. (b) X-ray crystal structure of 
tpySSMe. (c) Synthetic route to disulfide-functionalized complexes (M = Fe, Co, Zn) using 
M2+ salts (see the SI for detailed synthetic methods). (d-f) X-ray crystal structures of FeSS, 
CoSS, and ZnSS, respectively. Small changes in the average 4-carbon-4”-carbon distances 
(denoted by † and ‡ for FeSS) correlate with the average M-N bond distances for each 
compound. Hydrogen atoms, solvent, and counter ions (where relevant) are omitted from all 
crystal structures for clarity (50% probability ellipsoids, S = yellow, N = blue, C = grey, Fe = 
purple, Co = orange, Zn = green). Selected structural parameters are provided in the SI, Tables 
S1-8.

With routes to air-stable MSS complexes established, we sought to develop a robust 

synthesis of CoSH to determine whether this (in addition to FeSH) exhibits air-instability in 

solution. Following a method analogous to that used for CoSS (see the SI for detailed synthetic 

methods), the reaction of CoCl2·6H2O with tpySH under an inert nitrogen atmosphere initially 

provided an orange solution, but ultimately yielded a black solid with an intractable 1H NMR 

spectrum after work up in air. Pure CoSH was isolated as a dark orange powder only with 

rigorous exclusion of air during synthesis and purification, as confirmed by 1H NMR 

spectroscopy, mass spectrometry, and elemental analysis. Notably, this complex was observed 

to decompose in solution after air-exposure in <1 d, as indicated by significant changes in its 

paramagnetic 1H NMR spectrum (SI, Figure S17). This clearly indicates that MSH (at least 

for M = Fe, Co) should only be utilized in SAMs or molecular junctions if these can be formed 

and studied under an inert atmosphere. While the -SH group that contacts the surface may be 

stabilized, in air the unbound -SH groups may form disulfide-linkages between adjacent 

molecules or form unstable thione-based complexes if exposed to basic environments (see 
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above discussion of FeSH solution stability). We note that performing solution-based 

molecular junction measurements with rigorous exclusion of air is not trivial, requiring custom-

built instrumentation that is not yet widely available.36

We subsequently assessed the influence of the redox active -SSMe group37 on the 

electrochemical properties and stability of MSS complexes in solution. In Figure 3a-c we plot 

overlaid solution cyclic voltammograms of FeSS, CoSS, and ZnSS, respectively. For potential 

windows that do not extend below approximately −1.4 V vs. the FcH/[FcH]+ redox couple, we 

find that both FeSS and CoSS show single reversible redox events (ipa/ipc ≈ 1, ip ∝ Vs
1/2; selected 

data is provided in the SI, Table S9). We assign these features to the M2+/3+ couple, as their 

redox potentials align well with the same processes reported for the parent species (SI, Figure 

S2, Table S9). These solution studies indicate that SAMs comprising FeSS or CoSS may be 

unambiguously characterized by surface voltammetry at potentials positive of the disulfide, or 

anticipated gold-sulfur,38 reduction processes, as we confirm below. ZnSS voltammograms are 

featureless across this potential range.

When the electrochemical window is extended to more reducing potentials, we observe 

a new irreversible reduction feature with a peak potential around −1.5 V for all compounds. 

This feature is notably absent in voltammograms of the parent species (Figure S2), and 

significantly increases the complexity of the voltammetric response. Through comparison to 

voltammograms of the free tpySSMe ligand (SI, Figure S3a and Table S10), and other aspects 

of the MSS voltammograms (see below), we tentatively attribute this feature to the 1 or 2 e− 

reduction of a disulfide group. This process is thought to facilitate heterolytic or homolytic S-

S bond cleavage, respectively, resulting in formation of the corresponding thiyl radical and/or 

thiolate species (i-a or i-b, Figure 3e).37,39,40 In MSS, metal-coordination appears to increase 

the potential of disulfide reduction by approximately +0.7 V (SI, Table S10). When scanning 

to even greater reducing potentials we observe additional features we attribute to the reversible 

ligand-based reductions previously assigned for [M(tpy)2]2+, now shifted to lower potentials as 

would be expected following the in situ generation of an electron-rich thiolate group.41

Any thiolate species formed from the reduction of a disulfide in MSS may be 

subsequently oxidized to thiyl radicals upon cycling back to more positive potentials. These 

radicals can then combine to form a mixture of symmetrical and asymmetrical disulfides (iii, 

Figure 3e).37 Indeed, solution voltammograms that show disulfide reduction waves also exhibit 

new features between −0.3 and 0.9 V that we attribute to thiolate oxidation processes (ii, Figure 

3a-c). In Figure S3, we present solution voltammograms for tpySSMe and dimethyldisulfide 
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(MeSSMe) for comparison. The potentials for thiolate oxidation appear to be sensitive to the 

group bound to sulfur and the surrounding electrolytic environment (Table S10). 

Figure 3. (a) Overlaid cyclic voltammograms of FeSS in MeCN−0.1 M nBu4NPF6, extended 
to different reducing potentials. We tentatively attribute the new irreversible wave at −1.5 V 
(i), absent for the parent complex, to the 2 × 1 e− reduction of each disulfide group (see 
discussion). This reduction is associated with additional redox processes observed when 
scanning back to positive potentials. Here, (ii) labels mark features we associate with the 
thiolate oxidation processes shown in (e), “*” indicates features we propose result from 
dimethyldisulfide oxidation (scheme (iv) in (e), voltammograms of dimethyldisulfide are 
shown in Figure S3). (b,c) Analogous overlaid cyclic voltammograms for CoSS and ZnSS. 
For CoSS, we observe that the Co2+/3+ oxidation shifts from −0.109 to −0.486 mV after 
extension of the potential window to include disulfide reduction. It is to be expected that a 
complex bearing an electron-donating thiolate functionality (−S−; Hammett para-substituent 
constant, 𝜎p = −1.21) would be more easily oxidized than the same complex with a -SSMe 
group (𝜎p = 0.13).41 (d) A cyclic voltammogram of FeSS obtained at a slower scan rate (0.1 
V/s). This shows that the additional redox processes and reactions associated with disulfide 
reduction are absent, confirming these originate from solution-based products that diffuse away 
from the electrode over extended timescales. (e) An overview of reaction schemes discussed 
in (a).

For all MSS complexes, we also observe a small irreversible oxidation feature ~1 V, 

commensurate with an irreversible reduction at ~−1V (waves marked “*” in Figure 3a-c). 
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Notably, the potential of this oxidation feature is ~constant and the same as that of an 

irreversible oxidation process in the voltammogram of MeSSMe (Figure S3, Table S10). We 

therefore attribute these events in voltammograms of MSS to oxidation of MeSSMe (scheme 

iv, Figure 3e; where MeSSMe is formed through recombination of two methylthiyl radicals) 

and reduction of the product(s) formed from its reactive radical cation. At slower scan rates the 

additional redox features associated with thiolate and MeSSMe oxidation are no longer 

observed in the voltammogram, confirming that they are associated with products of disulfide 

reduction that diffuse away from the electrode over extended timescales (Figure 3d). While 

identification of all electrochemically generated compounds is beyond the scope of this work, 

we note that the products formed from reactions of disulfide radical cations are considered 

dependent on the electrolyte, solvent, or impurities present. Reported species include: 

trisulfides ([R3S3]+), following disulfide radical dimerization to a [R4S4]2+ intermediate that 

subsequently undergoes nucleophilic attack by a neutral disulfide;42 and protonated amides 

(RSN+H2C(O)CH3), after reaction of [RS]+ with MeCN solvent and adventitious water.43

Further examination of the disulfide reduction and M2+/3+ oxidation features for FeSS 

shows that the ratio of their peak areas is ~2:1. This suggests that each disulfide undergoes a 1 

e− reduction, or that a 2 e− reduction takes place at only one of the disulfide groups on this 

complex. For FeSS the difference between the peak and half-peak potentials (Ep−Ep/2 = 56.5/n, 

where n is the number of electrons in the redox process) for the Fe2+/3+ wave is ~65 mV, close 

to the expected value for a 1 e− process.44 However, for FeSS and ZnSS the disulfide reduction 

wave has Ep−Ep/2 = 103 and 94 mV, respectively. This peak broadening suggests the feature 

corresponds to two closely overlapping 1 e− processes, rather than a concerted 2 e− reduction. 

Accordingly, we tentatively assign this feature to the 1 e– reduction of each disulfide group, 

with the first and second reductions occurring at different potentials given that it is 

energetically more favorable to add an electron to a complex having a charge of 2+ than 1+. 

Further evidence for this assignment may be provided in subsequent studies of related 

compounds, for example, through the electrochemical characterization of a heteroleptic 

complex comprising a single disulfide group. We note that for CoSS the disulfide reduction 

and Co1+/2+ features are convoluted, which severely complicates their analysis.

To evaluate the capability of MSS to form SAMs on gold, we exposed mechanically 

polished gold disc electrodes to 1 mM solutions of FeSS and CoSS in MeCN for ≥18 h. In 

Figure 4b, we present overlaid representative surface cyclic voltammograms for these 

electrodes measured in CH2Cl2–0.1 M nBu4NPF6. In each case, reversible redox features 

indicative of adsorbed MSS are clearly observed at potentials ~50-140 mV positive of the 
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potential of the corresponding M2+/3+ couple measured in solution (overlaid solution 

voltammograms are provided in Figure 4a for comparison; ipa/ipc close to 1 for redox active 

SAMs, ip ∝ Vs; selected data is provided in the SI, Table S11). A comparable voltammetric 

response is observed for CoSS SAMs prepared on thermally evaporated gold electrodes, 

indicating the electrochemical properties and surface composition of these SAMs is broadly 

independent of the electrode surface roughness (SI, Figure S4a). The characteristic double-

layer capacitance of MSS SAMs is lower than that suggested by the voltammograms in Figure 

3b, as can be seen for voltammograms obtained from the same electrode when scanning to 

potentials below the oxidative limit (SI, Figure S4b). Similar surface voltammograms are 

observed for CoSH and CoSS SAMs prepared under an inert atmosphere (Figure 4c), 

indicating monolayers of comparable surface coverage and structure are formed using either –

SH or –SSMe functionalized precursors. This result clearly shows that that the use of -SSMe 

groups, despite generating surface adsorbed -SMe, does not impede the adsorption of these 

terpyridine complexes on gold electrodes.

We find that the intensity of M2+/3+ features for MSS SAMs does not significantly 

decrease upon repeated potential cycling, or after immersion in CH2Cl2/MeCN for 1 h, showing 

that these systems are broadly stable with respect to electrochemical characterization and 

solvent environment (SI, Figure S5). For completeness, we note that SAMs formed from an 

ostensibly pure CoSS sample prepared from Co(OAc)2·4H2O (SI, method A; not subjected to 

chromatographic purification) often exhibited an unusual irreversible redox feature in surface 

voltammograms that disappeared after ~50 potential cycles (SI, Figure S4c; Epa ~ 1-1.2 V). 

While the origin of this feature remains unclear, it is practically undetectable for CoSS SAMs 

prepared from CoCl2·6H2O (SI, method B; subjected to a chromatographic purification step) 

and is typically not observed for SAMs formed from CoSH, FeSS, or ZnSS. Equilibrium cyclic 

voltammograms for SAMs comprising CoSS are presented unless otherwise stated. The 

saturation surface coverages (𝚪 ~ 34-52 pmol/cm2), and full width half maximum for surface 

voltametric peaks (EFWHM ~ 180-230 mV) determined for the MSS (M = Fe, Co) SAMs studied 

here are consistent with reported values for other SAMs comprising charged polypyridyl 

complexes (SI, Table S11).3,7,45 It has been suggested that the positive shift in the M2+/3+ redox 

potential upon surface binding, lower 𝚪 than predicted for a close-packed monolayer, and 

greater EFWHM than the 90 mV expected for non-interacting sites is due to repulsive 

intermolecular interactions within the adsorbed charged layer.45
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Figure 4. (a) Overlaid solution cyclic voltammograms for MSS where M = Fe (purple dashed), 
Co (orange solid), Zn (green dotted), reproduced from Figure 3a-c for convenience. Here the 
potential window is maintained above −1.4 V vs. the FcH/[FcH]+ redox couple to avoid 
irreversible reduction of the disulfide group. (b) Overlaid representative surface cyclic 
voltammograms for FeSS and CoSS SAMs on gold measured over a potential window similar 
to that used in (a). For each SAM a single redox feature is observed close to the potential of 
the corresponding M2+/3+ couple measured in solution, indicating that the complex is attached 
to the surface. (c) Overlaid cyclic voltammograms obtained for CoSH (black dashed) and 
CoSS (orange solid) SAMs prepared under a nitrogen atmosphere in a glovebox. Redox 
features exhibit similar peak intensities and widths (taking into account electrode-electrode 
variation) indicating that SAMs of comparable structure and composition are formed from –
SH and –SSMe functionalized precursors.

CONCLUSION

In this work we have demonstrated that metal bis(terpyridine) complexes comprising directly 

connected -SSMe groups are stable in aerated solution, and with respect to electrochemical 

potentials as low as ~−1.4 V vs. FcH/[FcH]+. We further show that these MSS complexes can 

be used to form SAMs with comparable electrochemical properties to those formed from 

CoSH. It is anticipated that this unconventional protecting group strategy may also prove 

useful for the installation and utility of stable surface-binding sulfur groups on other 

compounds, particularly those comprising counterions or prone to decomposition in basic 

media. We find that CoSH is air sensitive in solution, and caution that it must be handled and 

studied with care to avoid complications arising from its rapid decomposition. Taken together, 

this work provides a firm basis for subsequent studies focused on single- and multi-component 

functionalization of metal surfaces using MSS precursors, or chemisorbed gold-sulfur linked 

MSS single-molecule junctions.

ASSOCIATED CONTENT
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Electronic Supplementary Information (ESI) available: Additional experimental details, 

synthetic, crystallographic, and electrochemical data, 1H and 13C{1H} NMR spectra for all new 

compounds.
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