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ABSTRACT: The first examples of chiral single component conductors are reported. Both 

(S,S) and (R,R) enantiomers of 5,6-dimethyl-5,6-dihydro-1,4-dithiin-2,3-dithiolate (dm-dddt) 

ligand have been used to prepare anionic metal bis(dithiolene) complexes formulated as ([(n-

Bu)4N][M(dm-dddt)2] (M = Au, Ni), which are isostructural according to single crystal X-ray 

analysis. The methyl substituents are oriented either in axial or equatorial positions in the two 

independent complexes, which do not engage in short intermolecular S···S contacts. Single 

crystal transport measurements indicate semiconducting behavior for the anionic radical Ni 

complexes, with low room temperature conductivity values and high activation energies. 

Electrocrystallization experiments provided neutral [M(dm-dddt)2] (M = Au, Ni) complexes. 

The neutral radical gold compounds show intermolecular S···S interactions in the solid state 

giving rise to layers interconnected through weak C-H···S hydrogen bonds. The most peculiar 

structural feature concerns a dissymmetry between the two dithiolene moieties, while the 

nickel counterpart is symmetric. Single crystal resistivity measurements show temperature 

activated behavior for the open-shell gold complexes, with room temperature conductivity 

values of 0.02 – 0.04 S·cm–1 and activation energies strongly influenced by hydrostatic 

pressure. A thorough theoretical study on nickel anion radical and gold neutral radical 

bis(dithiolene) complexes applied to the chiral complexes [M(dm-dddt)2] (M = Au, Ni–) and 

to a series of previously reported compounds addressed the issue of symmetry versus 

asymmetry from an electronic coupling perspective between the two dithiolene ligands. It 

results that neutral gold complexes with dithiolene ligands without extended delocalization 

are Class II mixed-valent compounds in the Robin and Day classification, presenting an 

inherent tendency towards asymmetric structures, which can be however modulated by the 

intermolecular organization in the solid state.  
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INTRODUCTION 
Metal-dithiolene complexes have been extensively studied in recent decades as candidates for 

molecule-based functional materials due to their propensity to form air stable charged (mostly 

anionic) and neutral dia- or paramagnetic complexes with various metal atoms such as Ni, Pd, 

Pt, Au, Cu, Co, etc. 1  The optical properties, the charge of the complex and the 

electrochemical behaviour can be finely tuned by carefully choosing the metal and the 

substitution pattern of the dithiolene ligands. The square-planar geometry of metal-

bis(dithiolene) complexes is particularly favourable for their stacking into columns, thus 

providing conducting materials in their anionic or neutral forms. 2  For example, the first 

reported molecular superconductor based on metal-dithiolene complexes was obtained by 

association of TTF and [Ni(dmit)2] (dmit = 1,3-dithiole-2-thione-4,5-dithiolate) in the charge 

transfer complex (TTF)[Ni(dmit)2]2.3 Neutral conducting species are of special interest as 

they form the so-called “single component” conductors, which have been particularly 

developed with extended dithiolene ligands containing a tetrathiafulvalene (TTF) backbone, 

as here the electron density and the charge are delocalized over the entire TTF-dithiolate 

moiety.4 Accordingly, TTF-dithiolene based complexes exhibiting metallic behaviour such as 

[Ni(tmdt)2] (tmdt = trimethylene-TTF-dithiolate), 5   [Au(tmdt)2], 6  [Cu(dmdt)2] (dmdt = 

dimethyl-TTF-dithiolate), 7  and even a superconducting transition in [Ni(hfdt)2] (hfdt = 

bis(trifluoromethyl)-TTF-dithiolate)8 have been described in the last fifteen years. Conducting 

neutral metal-dithiolene complexes without a TTF backbone contain, with very few 

exceptions such as a molybdenum dmit cluster 9  or [Ni(dmit)2], 10  almost exclusively the 

Au(III) center, as upon one-electron oxidation of the anionic [Au(dithiolene)2]– precursor the 

neutral open-shell species is readily generated. Such neutral radical complexes include 

[Au(bdt)2] (bdt = benzene-1,2-dithiolate),11 [Au(α-tpdt)2] (α-tpdt = α-thiophene-dithiolate),12 

[Au(α-EtMetpdt)2]  (α-EtMetpdt = 4-ethyl-5-methyl-thiophene-2,3-dithiolate) 13  and 

[Au(F2pdt)2] (F2pdt = 2,2-difluoropropylene-dithioethylene-dithiolate) 14  showing activated 

conductivity, together with [Au(Et-thiazdt)2] (Et-thiazdt = N-ethyl-1,3-thiazoline-2-thione-

4,5-dithiolate) endowed with metal like conductivity under pressure.15 

Moreover, much effort has been paid over the last fifteen years to introduce multifunctionality 

in the field of molecular conductors particularly based on TTF,16 and one such property that 

can trigger the emergence of new physical phenomena is chirality. 17  Accordingly, the 

synergistic effect referred to as electrical magneto-chiral anisotropy (eMChA) effect, which 

arises when transport properties of a chiral conductor are measured under a parallel applied 
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magnetic field,18 has been recently observed for enantiopure radical cation salts (DM-EDT-

TTF)2ClO4 based on either of the (R,R) or (S,S) enantiomers of dimethyl-ethylenedithio-TTF 

(DM-EDT-TTF) precursor. 19 While several families of chiral TTFs have been reported,20 

together with chirality related properties such as different conductivity of racemic and 

enantiopure forms, 21  chiroptical modulation, 22  or self-assembly into helical aggregates, 23 

examples of chiral metal-dithiolene complexes are still rare in the literature,24,25,26 with those 

showing conducting behavior being even scarcer.27,28
 Chirality has been introduced either in 

the structure of the ligand through bornyl-dithiolate (Ni and Au complexes),24 cholesterol 

based dithiolate (Ni complexes),25 N-2’-Ph-ethyl-thiazdt (Ni complexes),26 and 1,3-dioxolane-

tetrathiaethylene (diotte) (Ni complexes)27 units, or in the counterion as chiral ammonium 

ions in a series of anionic [Ni(dmit)2] complexes,28 the last two systems showing 

semiconducting behavior. 

Although tetramethyl-bis(ethylenedithio)-TTF (TM-BEDT-TTF, Chart 1) as (S,S,S,S) 

enantiomer was the first reported example of enantiopure TTF,29 its constituting half 5,6-

dimethyl-5,6-dihydro-1,4-dithiin-2,3-dithiolate (dm-dddt) has never been used as ligand to the 

best of our knowledge. 

 
Chart 1 

S

SS

S S

S

(S
,S,S,S)

-TM-BEDT-TTF

S

SS

S S

S

BEDT-TTF

S

SS

S S
M

S

S

S

M(dddt)2
, M

 = 
Au, Ni

S

SS

S S
M

S

S

S

[Au(S
,S-dm-dddt)2]

 1a
[Ni(S

,S-dm-dddt)2]
  2a

S

SS

S S
M

S

S

S

[Au(R
,R-dm-dddt)2]

 1b
[Ni(R

,R-dm-dddt)2]
  2b

S

S

S

S

S

SS

S S

S

(R
,R,R,R)

-TM-BEDT-TTF

S

S

 

 

We describe herein the first enantiopure anionic [M(dm-dddt)2]– (M = Au, Ni) complexes and 

their neutral [M(dm-dddt)2] analogues (Chart 1) based on the dm-dddt ligand, together with 

their solid state structures and conducting properties. We particularly focus our study on the 

[Au(dm-dddt)2] complexes as first chiral single component conductors, for which a 

combination of tight-binding band structure and DFT calculations on the solid and the isolated 

complex revealed a charge localization which was totally overlooked up to now, including in 
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the achiral derivative [Au(dddt)2] described almost 30 years ago.30 The interplay between 

localization versus delocalization is thoroughly discussed according to the nature of the ligand 

and the solid state structures of the neutral radical complexes through examples reported in 

the literature and compared to our newly synthesized chiral system. This study leads to new 

insights into the delicate balance of factors needing careful attention in the search for new 

single component conductors based on metal bis(dithiolene) complexes. 

 

RESULTS AND DISCUSSION 
 

Synthesis and solid state structures. The chiral monoanionic complexes 1a-b (Au) and 2a-b 

(Ni) have been synthesized by deprotection of enantiopure (S,S) and (R,R) dithiolone 3, 

prepared according to the procedure described in the literature,21c,31 with sodium methanolate, 

followed by reaction with metal salts and cation exchange. This synthetic approach affords 

the complexes as crystalline salts with the tetra-n-butyl-ammonium (TBA) cation after aerial 

oxidation and recrystallization (Scheme 1 for the (S) enantiomers). 

 
Scheme 1. Synthesis of enantiopure (TBA)[M(dm-dddt)2] complexes 
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Circular dichroism (CD) spectra of monoanionic 1a-b and 2a-b show the expected mirror 

image relationship between the respective enantiomers (see Figures S1 and S2), with bands 

below 400 nm similar in sign and intensity to those found in the TM-BEDT-TTF donor.32 

Additionally, weakly intense bands centered at 445 nm can be observed for the open-shell Ni 

complexes (TBA)(2a) and (TBA)(2b). The UV-vis spectra are also informative of the 

oxidation state of the complexes, as for the closed-shell Au complexes only high energy 

absorption bands below 320 nm are present, while the Ni complexes display a weakly intense 

band at 615 nm, very likely due to a d–d transition, together with the typical intense NIR band 

at 1185 nm (ε = 12800 dm3·mol–1·cm–1) (see Figures S3 and S4) arising from a HOMO–1 to 

SOMO transition.33 

Cyclic voltammetry measurements show a pair of reversible oxidation processes for the gold 

complex (TBA)(1a) at +0.32 and +0.79 V vs SCE corresponding to the formation of the 

neutral 1a and oxidized (1a)+ species (Table S1 and Figure S5). The nickel complex 
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(TBA)(2a) shows, besides the two reversible oxidation processes occurring at -0.03 V and 

+0.92 vs SCE for the generation of neutral 2a and cationic (2a)+, a reversible reduction wave 

at -0.72 V vs SCE corresponding to the formation of the diamagnetic dianion species (2a)2–. 

These measurements suggest that the neutral species of both Au and Ni complexes should be 

readily accessible by chemical or electrochemical oxidation. 

Suitable single crystals of (TBA)(1a) and (TBA)(2a) for X-ray diffraction measurements have 

been grown by slow diffusion of hexane into CH2Cl2 solutions of the corresponding 

complexes, while cell determinations proved that (TBA)(1b) and (TBA)(2b) are isostructural 

with their respective enantiomers. Since the crystallographic analyses revealed that (TBA)(1a) 

and (TBA)(2a) are isostructural, only the structure for the paramagnetic Ni complex 

(TBA)(2a) will be discussed hereafter (see SI for details on the structure of (TBA)(1a)). The 

complexes crystallize in the triclinic non-centrosymmetric space group P1 with two 

independent bis(dithiolene) anion complexes and TBA cations in general positions in the 

asymmetric unit. Bond lengths and angles (Table 1) are in the typical range for such anionic 

species and compare to those found in (TBA)[Ni(dddt)2].30 

 
Table 1. Selected bond lengths (Å) and angles (°) in (TBA)(2a) 

Bond lengths (Å) 
Ni1–S2A 2.136(2)       Ni2–S5B  2.151(2) 
Ni1–S5A 2.143(2)  Ni2–S1B 2.152(3) 
Ni1–S6A 2.147(2)  Ni2–S6B 2.158(3) 
Ni1–S1A 2.154(2)  Ni2–S2B 2.159(2) 
C1A–C2A 1.353(10)  C1B–C2B 1.355(10) 
C7A–C8A 1.341(10)  C7B–C8B 1.361(10) 
S1A–C1A 1.720(8)  S1B–C1B 1.738(8) 
S2A–C2A 1.737(8)  S2B–C2B 1.730(8) 
S5A–C7A 1.728(8)  S5B–C7B 1.737(9) 
S6A–C8A 1.752(8)  S6B–C8B 1.730(7) 

Angles (°) 
S2A–Ni1–S5A 178.27(14)  S5B–Ni2–S1B 88.63(10) 
S2A–Ni1–S6A 88.63(9)  S5B–Ni2–S6B 91.47(10) 
S5A–Ni1–S6A 91.34(9)  S1B–Ni2–S6B 179.49(13) 
S2A–Ni1–S1A 91.19(9)  S5B–Ni2–S2B 179.17(12) 
S5A–Ni1–S1A 88.88(9)  S1B–Ni2–S2B 91.6(1) 
S6A–Ni1–S1A 178.52(13)  S6B–Ni2–S2B 88.3(1) 
 

The coordination geometry of the metal ions (Ni and Au) is, as expected, square planar. 

Interestingly, the difference between the two crystallographically independent complexes 

mainly resides on the orientation of the methyl substituents of the dihydro-dithiine rings, 

which are either all-axial (Ni1) or all-equatorial (Ni2) (Figure 1). 
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Figure 1. View of the two independent [Ni(S,S-dm-dddt)2] anionic complexes in the solid state structure of 

(TBA)(2a) together with the atom numbering scheme. H atoms are shown in cyan color. TBA cations have been 

omitted for clarity.  

 

The arrangement of the methyl substituents in the TM-BEDT-TTF donor (see Chart 1) and 

derived radical cation salts has been thoroughly discussed through theoretical and 

experimental investigations. While in gas phase and solution the all-axial conformer of neutral 

TM-BEDT-TTF is slightly more stable than the all-equatorial one,32 crystallization of the 

latter is more straightforward in the solid state, probably because of the more favorable 

packing involving shorter intermolecular S···S contacts, although in certain conditions the all-

ax conformer has been also crystallized.34 The tendency to favor crystallization of the all-eq 

conformer is even more pronounced in radical cation salts,32,34 since the all-ax conformer has 

been only recently observed in a radical cation salt of TM-BEDT-TTF with a rhenium 

cluster,35 while in a few cases the mixed (ax,ax,eq,eq) conformation occurred.34,36,37 In the 

solid state structures of (TBA)(1a) and (TBA)(2a) the presence of bulky TBA cations very 

likely hampers close intermolecular S···S contacts, as no stacking between complexes is 

observed in the packing, and thus favors crystallization of both all-ax and all-eq 

conformations. Indeed, the anionic complexes are isolated from each other and at the 

supramolecular level the architecture is sustained by a set of intermolecular C–HTBA···S 

contacts ranging from 2.73 to 2.99 Å (Figure 2 and in SI Figures S7-S8, Table S2 for 

(TBA)(2a), Figures S9-S10 and Tables S3-S4 for (TBA)(1a)). The ax and eq conformers 

alternate along the (c-b) direction, being separated by TBA cations, as well as along (b+c), 

while they form –ax–ax– and –eq–eq– chains along the a direction (see SI), though without 

any short intermolecular S···S contact, as stated above. Consequently, in spite of the open-

shell electronic structure for the Ni complexes (TBA)(2a) and (TBA)(2b) one can expect 

neither good transport properties nor strong magnetic coupling for these radical anion metal 

dithiolene species (vide infra). 
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Figure 2. Crystal packing in (TBA)(2a): view in the bc plane of the supramolecular layers, highlighted in 

different colors for clarity, with an emphasis on the C–H···S contacts (red dotted lines) shorter than 3.0 Å. 
 

As mentioned above, the gold complex (TBA)(1a) is isostructural with its nickel counterpart 

(TBA)(2a) (see SI). Note that, despite the presence of two independent molecules in the 

asymmetric unit, corresponding to the all-ax and all-eq conformers, the dithiolene moieties 

are equivalent, showing similar C–S and C=C bond lengths, as also observed in the structure 

of (TBA)(2a) (Table 1). For example, the four C=C distances range from 1.324(14) to 

1.345(13) in the structure of (TBA)(1a) (see Table S3 in SI). 

Electrocrystallization of Au and Ni anionic precursors provided suitable single crystals for X-

ray diffraction analysis for neutral 1b (Au) and 2b (Ni), while cell determination for 1a 

clearly shown the same crystal parameters as for 1b. Since 1b and 2b are isostructural, only 

the structure of the open-shell species 1b will be discussed hereafter (see SI for details on 2b). 

The neutral complex crystallized in the triclinic non-centrosymmetric space group P1, with 

one independent molecule in the asymmetric unit. The metal lies in a perfect square planar 

environment and the methyl groups are disposed in equatorial positions (Figure 3). 

 
Figure 3. Structure of [Au(R,R-dm-dddt)2] 1b with a top view along with the atom numbering scheme (top) and 

a side view (bottom). 
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Interestingly, the two dithiolene rings show very different C=C bond distances, i.e. 1.40(2) Å 

for C5–C6 and 1.30(3) Å for C7–C8 (Table 2), indicating a strong dissymmetry of the system. 

 
Table 2. Selected bond lengths (Å) and angles (°) in 1b 

Bond lengths (Å) 
S3–Au1 2.338(6) C5–C6 1.40(2) 
S4–Au1 2.333(6) C7–C8 1.30(3) 
S5–Au1 2.325(5) C5–S3 1.727(17) 
S6–Au1 2.333(6) C6–S4 1.79(2) 
  C7–S5 1.76(2) 
  C8–S6 1.81(1) 

Angles (°) 
S5–Au1–S4 178.9(3) S3–Au1–S6 179.1(3) 
S5–Au1–S6 88.5(2) S5–Au1–S3 91.58(19) 
S4–Au1–S6 91.97(19) S4–Au1–S3 87.9(2) 
 

A similar situation was encountered almost thirty years ago for the achiral version of 1b, 

namely [Au(dddt)2], for which the authors noticed at that time that: “The bond lengths are 

apparently asymmetric, which is probably unreal since they have large standard 

deviations…At the present moment we do not know the cause for this problem…”.30 Puzzled 

by this unexpected feature, we measured several crystals of 1b at variable temperatures, yet 

the dissymmetry between the two dithiolene units persisted. We have then decided to 

undertake a theoretical study on a series of neutral [Au(dithiolene)2] complexes reported in 

the literature to estimate whether such a dissymmetry is an inherent property of these species 

and to correlate it with their solid state structures and properties (vide infra). 

At the supramolecular level, the complexes interact through S···S contacts (3.67 – 3.80 Å) 

along the c-direction forming step-chains, which further interact laterally along the a-direction 

by additional S···S contacts (3.65 – 3.99 Å) (Figure 4 and Table S5). The resulting layers are 

interconnected by weak C-H···S hydrogen bonding interactions (Figure S11 and Table S6). 
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Figure 4. Crystal packing in 1b with an emphasis on the layer formed by S···S contacts highlighted as yellow 

dotted lines. 
 

As mentioned above the neutral gold and nickel complexes are isostructural, but, in contrast 

to [Au(R,R-dm-dddt)2] 1b, the two dithiolene moieties are symmetric in [Ni(R,R-dm-dddt)2] 

2b, as attested by the C=C bond distances, i.e. 1.389(6) Å for C5–C6 and 1.380(6) for C7–C8 

(see Figures S12-S13 and Table S7 in SI for structural details on 2b), which represents a most 

peculiar feature (vide infra). The metal ion lies in a square planar environment, with only a 

very slight twist distortion of 3.8° towards a tetrahedral geometry. The packing resembles to 

that observed in 1b, with formation of chains along the c-direction, without any intrachain 

intermolecular S···S distance below 4.0 Å. These chains interact laterally through S···S 

contacts ranging between 3.68 and 3.84 Å. 

 

Conducting properties of the open-shell species. The anionic nickel complexes (TBA)(2a) 

and (TBA)(2b) together with the neutral gold complexes 1a and 1b possess an unpaired 

electron and thus are susceptible to show sizeable transport properties. When considering the 

solid state structures of the Ni complexes, showing practically isolated molecules, one can 

expect at most activated conductivity with rather high resistivity values. This assumption is 

strongly supported by magnetic susceptibility measurements on a polycrystalline sample of 

(TBA)(2b), in agreement with the presence of isolated S = ½ spin carriers (C = 0.40(1) 

cm3·K·mol–1 and g = 2.06(2)) which establish very weak antiferromagnetic interactions (on 

the basis of a Curie-Weiss paramagnetic behavior with θ = -1.0(1) K, Figures S14-S15). The 

temperature dependent single crystals resistivity show indeed a semiconducting behavior for 

(TBA)(2a) and (TBA)(2b), with room temperature conductivities of the order of 1-3 10–6 

S·cm–1 and activation energies of 4100 – 4440 K (0.353 – 0.383 eV) (Figure S16). The layer 

type structure of the neutral gold complexes 1a-b is more favorable for extended electron 
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delocalization, as is generally the case with single component conductors. Quite surprisingly, 

single crystal transport measurements on the two enantiomers 1a and 1b reveal rather low 

room temperature conductivity values of 0.02 – 0.04 S·cm–1 and semiconducting behaviors 

with large activation energy (1660 K (0.143 eV) for 1b, Figure 5).  

Applying hydrostatic pressure leads to an exponential increase of the conductivity at room 

temperature (Figure S17) as expected for a semiconductor with an activation energy which 

varies linearly with pressure. At the same time, the temperature dependence of the resistivity 

still remains in an activated regime with a rapid decrease of the activation energy, down to 

330 K (0.03eV) at 11 kbar. However, the measurement was always performed in two points 

that includes the contribution of the contact resistance, no more negligible when the sample 

resistance decreases under pressure. 

 

 
Figure 5. Temperature dependence of the electrical resistivity, ρ, plotted as log ρ versus the inverse temperature, 

for single crystals of 1a at different applied pressures and 1b at ambient pressure. The lines are the fit to the data 

giving the activation energy. 
 

As already mentioned, enantiomeric [Au(S,S-dm-dddt)2] 1a and [Au(R,R-dm-dddt)2] 1b 

represent the first examples of chiral single component conductors, therefore, when 

considering the two dimensional arrangement of the neutral complexes in the solid state, one 

could have expected higher conductivity values and possibly a transition to a metallic state 

under pressure. Is this behavior related to the structural asymmetry of the complexes observed 

herein? In order to address this issue we have undertaken an in-depth theoretical study aiming 

at evaluating the intrinsic nature of such asymmetry in the more general context of anion 

radical Ni and neutral radical Au bis(dithiolene) complexes, with a special focus on the latter 

as they form the important family of single component conductors. 
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Relationship between the crystal structure, electronic structure and transport properties 

of [Au(dm-dddt)2] 1a-b and related materials.  

A. Nature of the SOMO…SOMO interactions in the solid. The singly occupied molecular 

orbital (SOMO) and the next lowest doubly occupied molecular orbital (SOMO–1) of neutral 

gold dithiolenes have been reported4,14,38 to be very similar to the LUMO and HOMO of 

BEDT-TTF, respectively, except for the replacement of a small contribution of the Au dxy 

orbital for the central C=C π-type contribution in BEDT-TTF. However, because of the 

relatively small participation of the Au dxy orbital the energy separation between these two 

orbitals is relatively small. Consequently, an interesting feature of gold dithiolene based solids 

is the possibility that the bands built from the SOMO, which are partially filled, may overlap 

with those originating from the SOMO–1. When this occurs, these systems may exhibit the 

so-called two-band behavior.38, 39  The relationship between the crystal structure and the 

possibility of such overlap has been discussed for several of these systems.4,14,15a  

 

 

Figure 6. a) View of the crystal structure of 1b approximately along the a-direction where S…S intermolecular 

contacts smaller than 4.0 Å are shown as dashed green lines. b) Step-chain layer where the three different 

intermolecular interactions are noted.  

 

As shown in Figure 6a, which is a perspective view approximately along a where the short 

intermolecular S…S contacts have been emphasized, the crystal structure of 1b is built from a 

series of step-chains along the c-direction. These step-chains do not make short S…S contacts 

along the interchain direction b, but are connected through lateral S…S contacts along the a-

direction. Consequently, as far as the S…S contacts are concerned, the crystal structure of 1b 

can be considered as containing layers of parallel step-chains, i.e. step-layers shown in Figure 

6b, kept together through interlayer hydrogen bonds. These step-layers contain three different 

intermolecular interactions: those along a step-chain (II) and those coupling these chains 

either through side-by-side (I) or on-top (III) type contacts. The calculated extended Hückel 

band structure for the present compound is shown in Figure 7. Note the nil dispersion along 
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b*, that is consistent with the description highlighted in Figure 6a as far as the 

SOMO…SOMO interactions are concerned. The SOMO and SOMO–1 bands are well 

separated and both are quite narrow. Consequently, a two-band behavior can be discarded and 

the electrons in the present compound are predicted to be localized and as a consequence the 

system will exhibit an activated conductivity in agreement with our measurements. This 

conclusion is also supported by first principles DFT calculations for the solid that show also 

that the hypothetical metallic state is unstable with respect to electron localization leading to 

either ferromagnetic or antiferromagnetic states (see SI). 
 

 
Figure 7. Calculated band structure for 1b at where Γ = (0, 0, 0), X = (a*/2, 0, 0), Y = (0, b*/2, 0), Z = (0, 0, 

c*/2) and M = (a*/2, 0, c*/2).  

  

The different S…S contacts shorter than 4.0 Å for the three donor···donor interactions and the 

associated |βHOMO-HOMO| interaction energies,40 which are a measure of the strength of the 

HOMO…HOMO interactions (i.e. those determining the band structure near the Fermi level 

and, consequently, the transport properties of the salt) are reported in Table 3. Despite the 

presence of several short S…S contacts associated with interactions I and II, all the 

interactions are unexpectedly weak, thus leading to the slightly dispersive band structure of 

Figure 7 and the reason why the unpaired electron on each molecule should remain localized. 

Why are, however, these interactions so weak? Let us remind that other Au dithiolene neutral 

systems exhibiting not very different S…S intermolecular contacts and studied with exactly 

the same computational settings have been found to exhibit band dispersions associated with 

higher conductivities which are between two and three times larger14 than in the present case. 
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Table 3. S…S distances shorter than 4.0 Å and absolute values of the |βHOMO-HOMO| interaction energies 
(eV) for the different donor…donor interactions in 1b 
 

Interaction S...S (<4.0 Å) |βHOMO-HOMO| (eV) 
I 3.659, 3.706, 3.753, 

3.775, 3.872, 3.884 
0.0291 

II 3.678, 3.711, 3.804 0.0383 
III 3.994 0.0200 

 

The SOMO–SOMO interaction I is of lateral π-type and the corresponding S…S contacts are 

not short enough to lead to a sizeable interaction energy, while, in contrast, interactions II and 

III are of σ-type. However, interaction III is associated with a quite long S…S contact and 

thus it can only lead to a weak stabilization energy. More surprisingly, interaction II along the 

step-chains is also quite small, while the corresponding S…S contacts are short enough to 

lead to an a priori strong interaction thanks to the very good σ-type overlap. As a matter of 

fact, these step-chain σ interactions are among the strongest interactions in BEDT-TTF 

related salts and quite often dominate the shape of their band structure.41 To understand this 

surprising feature one must carefully examine the shape of the SOMO. Although this orbital 

in practically all neutral gold dithiolene complexes that we are aware of is equally (or almost 

equally) shared by the two thiolene moieties,4,14,38 in the present system it is concentrated in 

one of the two non-equivalent dithiolene moieties. As a matter of fact, the electron in the 

SOMO of 1b is 89 % localized in the dithiolene moiety bearing the longer C=C bond (1.398 

vs. 1.298 Å) and the shorter C–S bonds (average values: 1.762 vs. 1.794 Å). Since interaction 

II is associated with contacts between one dithiolene ligand with large contribution to the 

SOMO and one dithiolene ligand with small contribution to the SOMO, the resulting orbital 

interaction is weak, despite the short S…S contacts and the good orbital orientation. Exactly 

the same reasoning applies to the SOMO–1 band since this orbital is localized just in the 

opposite way with respect to the SOMO. Thus, the localization of the SOMO in one of the 

two sides of the molecule is at the origin of the low conductivity of the system. Consequently, 

both structural and electronic effects are behind the weak interactions and low conductivity of 

the chiral neutral gold dithiolene complexes [Au(dm-dddt)2] 1a-b. 

Clearly, the possibility of an asymmetric distribution of the electron density in the SOMO 

may have a strong influence on the shape of the band structure and thus on the conducting 

properties of these systems. For this reason, a particularly important and interesting question 

is whether the intermolecular electronic localization (leading to the activated conductivity) is 

triggered by an intrinsic intramolecular localization in the individual mixed-valence neutral 
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dithiolene complex or if it is due to some asymmetry in the packing forces in the crystal. 

When neither of these two factors is at work, the metal bis(dithiolene) system will exhibit 

equivalent (or nearly equivalent) ligands and they will most likely crystallize in 

centrosymmetric space groups with the complex located on an inversion  center. Since the 

localization vs. delocalization dilemma has been completely ignored up to now in the search 

for new single component molecular conductors, in the following sections we undertake an 

in-depth analysis of this issue. 

B. Intramolecular localization vs. delocalization in molecular models. Let us now try to 

identify the conditions for which a metal bis(dithiolene) compound [M(DT)2]n
, (M = Au, n = 

0; M = Ni, n = –1; DT: dithiolene ligand) with a single unpaired electron prefers a distorted 

structure that leads to a localization of the SOMO in one part of the molecule. The other 

system of interest in the field of molecular conductors for which we are aware, where C=C 

bonds differ by as much as 0.07 Å, just slightly less than in 1b, is [Au(dddt)2],30 the achiral 

version of 1. In that case, extended Hückel calculations showed that the SOMO is about 76% 

centered on the dithiolene fragment with the longer C=C bond. On the other hand, it is also 

known that changing Au for the isoelectronic formally [Ni]– in 1b or [Au(dddt)2] leads to 

isoelectronic [Ni(DT)2]– anions with symmetric structures where the SOMO is totally 

delocalized over the two dithiolene units. Thus we will first use several molecular models to 

try to shed some light on the driving force towards an intramolecular electronic localization in 

an isolated molecule of such type. Later we will consider the possible influence of 

intermolecular interactions on this localization process. Two main questions will be 

considered: (i) the influence of the metal linking the two organic moieties (Au or Ni), and (ii) 

the nature of the ligand. For this purpose we have investigated the electronic structure of 

fourteen compounds resulting from using either Au or Ni to link two equivalent dithiolene 

fragments taken from the list of seven cases detailed in Figure 8, providing either [Au(DT)2] 

or [Ni(DT)2]– complexes. 
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Figure 8. [M(DT)2]n (M = Au, n = 0 or Ni, n = -1) compounds considered in this work. 

 

Besides optimizing the ground state structure and analyzing the localized vs. delocalized 

character of the unpaired electron, we have also calculated the energy for points along two 

distortion coordinates shown in Figure 9 in which we fix the C–C distances of the two C=C 

double bonds, in one case in a symmetric way, that is, both C=C bond lengths are made 

longer/shorter at the same time, while in the other case the two C=C bond lengths are changed 

in an asymmetric way, that is, when one is made shorter by a given amount, the other is made 

longer by exactly the same amount. All the other molecular coordinates are being optimized 

for each fixed pair of C=C distances without imposing any additional restriction. To do this, 

we first calculate the energy for the symmetric mode to find the most stable symmetric 

structure for each compound and then we take this minimum energy symmetric structure as 

the origin for the asymmetric mode. For asymmetric compounds the energy difference 

between the minimum energy asymmetric structure and the reference minimum energy 

symmetric structure represents the energy barrier for intermolecular electron transfer. 

 
Figure 9. Symmetric and asymmetric distortion modes for the [M(DT)2] compounds studied. 

 

The main results of this study are the following: (i) a symmetric structure was found to be the 

most stable for all [Ni(DT)2]– compounds, and (ii) an asymmetric structure was found to be 

energetically more favorable for all [Au(DT)2] compounds, except E and F, both exhibiting a 

more extended delocalization. In Table S8 (see SI) we have gathered the main geometric 

parameters for the optimized structures found for the five asymmetric and two symmetric 
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[Au(DT)2] compounds as well as the seven symmetric [Ni(DT)2]– compounds. In all cases a 

practically perfect square planar coordination geometry is found for the metal atoms. 

  

 
Figure 10. Potential energy curves for the three primary Robin–Day classes: class I (left), class II (middle) and 

class III (right).  

 

What can we learn from these results? According to the classification of Robin and Day for 

mixed valence compounds,42,43 for an [M(DT)2] system like 1a-b, with one electron which 

may be localized on one dithiolene ligand (DT) or delocalized over the two ligands, there are 

three different possibilities, schematically shown in Figure 10 where the energy of two 

possible states (·DT-M-DT and DT-M-DT·) is plotted as a function of a reaction coordinate 

describing the electron transfer (ET) process from one dithiolene ligand to the other one. 

Class I compounds occur when the electronic coupling (2Hab) between the two ligands is very 

weak or nil so that there are two decoupled diabatic redox states and fully localized redox 

centers (Figure 10 left). When the strength of the electronic coupling between the centers 

increases, there are two different possibilities. If the coupling is moderate so that 2Hab is 

sizeable yet smaller than the so-called Marcus reorganization energy λ (i.e. a vertical 

reorganization energy, covering the associated structural reorganization, solvent effects, etc.), 

there occurs a double-well adiabatic ground state with partially localized charges and a barrier 

for thermal electron transfer (Class II compounds, Figure 10 middle). Finally, in the case of a 

strong coupling such that 2Hab  ≥ λ, only a single ground state minimum occurs without ET 

barrier where the electron is delocalized over the two dithiolene ligands (Class III compounds, 

Figure 10 right). The problem is thus to understand when a [M(DT)2] (M = Au, Ni
–
) system, 

potentially interesting as a single component molecular conductor, may be considered as 

Class II or Class III. According to the model in Figure 10 the two basic parameters needed to 

think about this question are the reorganization energy λ of each dithiolene ligand and the 

electronic coupling 2Hab between them. 
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Figure 11.  Highest occupied molecular orbitals for the symmetric Class III compound [Ni(dm-dddt)2]– (left) and 

the asymmetric class II compound [Au(dm-dddt)2] (right).  

 

Before looking for a simple way to evaluate the relative strength of these two parameters it 

will be helpful to briefly consider the problem from a molecular orbital perspective. As shown 

in Figure 11, the SOMO of [M(DT)2] will be essentially built from a combination of two 

ligand π-type (C=C bonding/C–S antibonding) orbitals, each one centered on a single 

dithiolene unit. If the coupling between these orbitals is strong, as for Class III compounds, 

we have a symmetric structure in which the two fragment orbitals are equal and their in- and 

out-of-phase combinations will be completely delocalized over the molecule, as shown in the 

left side of Figure 11. In contrast, a weak coupling between these fragment orbitals will lead 

to an asymmetric Class II compound, where the lower-lying in-phase combination will be 

mostly localized on the fragment with shorter C=C/longer C–S distances and the out-of-phase 

combination will be mostly localized on the fragment with longer C=C/shorter C–S distances, 

as shown in the right part of Figure 11. The coupling of the right and left fragment orbitals is 

mediated by the dxz orbital of the metal atom (we use a local system of axis such that the inner 

core of the molecule lies in the xy plane with x being the longer axis of the molecule) which is 

the orbital that can interact with the π-type orbital of the dithiolene fragment.  

Coming back to the attempt to estimate the tendency toward an intramolecular localization, 

the two parameters we need to evaluate are the reorganization energy λ of each dithiolene 

ligand upon electron transfer and the electronic coupling 2Hab between them. In our case, the 

reorganization energy, mostly related to the stretching of the C=C bond, will depend on the 

structure of the dithiolene ligand, but at a first sight we should not expect large differences for 

most of the compounds shown in Figure 8, except probably for those provided with extended 

delocalization. An accurate calculation of λ for each case is difficult, since one has to decide 

the charge assigned to an isolated dithiolene fragment, which is not an obvious task and even 

if this question can be solved, it is not clear why the reorganization energy calculated for an 
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isolated dithiolene should be a good representation of the reorganization of the same 

dithiolene unit within the DT-M-DT compound. In fact there is no need for an accurate 

absolute value of λ since we are more interested in obtaining just some qualitative guidelines 

to compare the situation in different compounds, so that a practical solution is to use the 

changes in energy for the symmetric distortion (Figure 9) where the value of the C=C bond 

distance of the two C=C bonds simultaneously changes to get an idea on the energy involved 

in this C=C stretching. 

  

 
Figure 12. Potential energy curves for the symmetric (red) and asymmetric (blue) distortion modes of 1 and (2)–. 
 

As can be seen in Figure 12 for [Au(dm-dddt)2] (1) and [Ni(dm-dddt)2]– (2–), the energy vs. 

dC=C curve for the symmetric mode is well described by an harmonic potential,  E(d-do) = k(d-

do)2, and we will use the harmonic force constant (k) as a measure of the reorganization 

energy for the different compounds. The values obtained by fitting the calculated E vs. (d-d0) 

curve for the symmetric mode for all studied compounds can be found in the last column of 

Table 4. In general, the value for k is in the range 40–60 eV·Å-2, with small differences 

between similar compounds. For a given dithiolene ligand the value of k calculated for the 

[Au(DT)2] compound is somewhat larger (between 1 and 16%, taking the value for [Au(DT)2] 

as a reference) than for the corresponding [Ni(DT)2]– compound. 

 

Table 4. Energy difference (∆e) for the two molecular orbitals in Figure 11 and harmonic force constant 

(k) for the symmetric mode in Figure 9 calculated for different [M(DT)2] (M = Au, Ni) systems 

system ∆e  (eV) k  (kcal·mol-1·Å-2) system ∆e  (eV) k  (kcal·mol-1·Å-2) 

1 (Au) 1.26  52.6 (2)– (Ni) 1.65  47.8 

A (Au) 1.24  54.9 (A)– (Ni) 1.63  45.9 
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system ∆e  (eV) k  (kcal·mol-1·Å-2) system ∆e  (eV) k  (kcal·mol-1·Å-2) 

B (Au) 1.11  51.0 (B)– (Ni) 1.55 50.7 

C (Au) 1.48  50.8 (C)– (Ni) 1.88  49.3 

D (Au) 1.42 51.9 (D)– (Ni) 1.72 50.3 

E (Au) 1.48 46.0 (E)– (Ni) 1.83 42.1 

F (Au) 0.99  58.8 (F)– (Ni) 1.17 49.8 
 

The value of the second parameter, the electronic coupling 2Hab between the two interacting π 

ligand orbitals, has been approximated by evaluating the orbital energy difference for closed 

shell systems with either two or four electrons occupying the pair of molecular orbitals of 

Figure 11, considering the minimum energy symmetric structure for each compound (in that 

way we avoid the ambiguity in choosing between the energies of the α and β spin-orbitals to 

evaluate the splittings since the actual molecules bear a single unpaired electron and an 

unrestricted approach is needed for the calculations). Since similar conclusions can be reached 

using either of the two series of energy differences, only the values obtained with two 

electrons in the lower orbital and none in the upper one are reported in Table 4. These values 

are found to be in the range 1-2 eV. The magnitude of this splitting depends mainly on two 

parameters, the energy match and the overlap between the dxz orbital of the metal and the π-

type ligand orbital. The values in Table 4 indicate that for a given ligand, the splitting for the 

[Ni(DT)2]– 
compound is considerably larger than for the [Au(DT)2] one, with an average 

difference of about 0.4 eV. The only exception is F for which the difference between the Ni
 

and Au cases is significantly smaller (0.18 eV). In this case the ligand is considerably more 

extended than in the other cases, so that simply because of the normalization condition, the 

weight of the orbital at the interacting S atoms is noticeably smaller, thus leading to a weaker 

interaction and a smaller difference between the Au and Ni cases. For a same metal atom, the 

variation of the splitting with the ligand is smaller. For the gold compounds most of the 

splittings are in the range 1.2–1.4 eV, except for F, which has a significantly smaller one of 

0.99 eV, for the same reason pointed above. 

Considering all these results together it seems quite clear that, at least for the [M(DT)2] 

compounds of interest to build single component molecular conductors, the leading factor in 

deciding whether a given compound will have a symmetric (class III) or asymmetric (class II) 

structure depends mainly on the electronic coupling term. The [Au(DT)2] systems have a clear 

bias for asymmetric structures except when there occurs an extended delocalization (in these 
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cases the ligand reorganization also plays a role favoring the symmetric structure). In contrast, 

the larger coupling mediated by the nickel atom leads invariably to a symmetric structure for 

the [Ni(DT)2]– compounds. This conclusion is reinforced when looking at the values gathered 

in Table 5 for the five [Au(DT)2] compounds with an asymmetric structure. Taking into 

account the approximate nature of our evaluation, it is clear that, as expected, the height of the 

barrier separating the two equivalent asymmetric structures (∆E) decreases as the electronic 

coupling increases.     
 

Table 5. C=C in the minimum energy symmetric and asymmetric structures together with the energy 

barrier for the interconversion as well as ∆e and k values for the five compounds with an asymmetric 

structure 

 

system C-Csym (Å) ∆e (eV) k  (eVÅ-2) C-Casym (Å) ∆E (kcal/mol) 

1 (Au) 1.37 / 1.37 1.26 52.6 1.34 / 1.40 0.67 

A (Au) 1.37 / 1.37 1.24 54.9 1.34 / 1.40 0.66 

B (Au) 1.36 / 1.36 1.11 51.0 1.34 / 1.38 0.78 

C (Au) 1.37 / 1.37 1.48 50.8 1.35 / 1.39 0.38 

D (Au) 1.39 / 1.39 1.42 51.9 1.37 / 1.41 0.25 
 

 

C. Role of the intermolecular interactions in the solid. At this point one could raise the 

following objection: why does compound C (Au) which, with a seven-membered ring in the 

ligand,14 is not that different from compounds 1 (Au) or A (Au), exhibit a symmetric structure 

in the solid in contrast with the asymmetric ones found for 1 (Au) or A (Au)? In addition, 

although the crystal structure of the good conductor D (Au) is not known,12 several strongly 

related systems recently studied by Lorcy and coworkers are also symmetric.15 Is there 

something wrong in the previous analysis? It could be argued that, according to Table 5, these 

two systems C and D are also those having a smaller bias for the asymmetric structure. 

However we strongly believe that there are more stringent reasons directing the reversal of the 

preference. So far we have purposely restricted our attention to isolated molecules but, as we 

will see below, intermolecular interactions in the solid can provide a strong driving force 

towards a symmetric structure. Note that in the following discussion we use the labeling 

“symmetric” or “asymmetric” to designate Class III and Class II molecules, respectively. Of 

course, a “symmetric” Class III molecule in the solid may be slightly asymmetric because of 
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some asymmetric distribution of molecules around but this kind of asymmetry only slightly 

alters the essentially symmetric nature of the SOMO of a Class III molecule. 

Let us consider C (Au) for which, because of the segregation effect of the fluorine atoms, the 

crystal structure contains chains of this molecule. If we assume that the individual molecules 

are asymmetric, as our calculations suggest, since the unpaired electron is located in one of 

the two ligands, we can consider the molecule as a dipole. If we now try to make a chain with 

these dipoles, we will end up with situations like those in Figure 13a, exhibiting a head-to-tail 

type overlap between successive units, simply because of electrostatic reasons. In that case, 

the SOMO electrons cannot see each other and consequently, there is no stabilization through 

band formation. In contrast, if the molecule is symmetric (Figure 13b), there is a considerable 

SOMO…SOMO interaction in both arrangements leading to a sizeable stabilization because 

of band formation. Consequently, if the shape of [M(DT)2] drives the molecules toward a 

crystal structure containing chains with good intermolecular overlaps, the system will tend to 

be symmetric even if, as in the case of C (Au), the isolated molecules may have a preference 

for an asymmetric structure. 

 
Figure 13.  Schematic representation of one-dimensional stackings of (a) asymmetric [M(DT)2] molecules with 

a localized SOMO and of (b) symmetric [M(DT)2] molecules with a delocalized SOMO. The drawings are 

purely schematic without any reference to the real intermolecular overlap. 

 

If the molecule is asymmetric and its shape is such that it does not favor the formation of 

[M(DT)2] chains with good intermolecular overlaps which will become the building units of 

the solid, then the system will try to find the best way to arrange the dipole-like units 

compatible with the molecular shape. The simplest case is a packing of dimeric units as in 

[Au(dddt)2] A.30 Depending on the shape and substituents the system will search for two- or 

three-dimensional structures as it is the case for [Au(dm-dddt)2] 1. 
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In view of these considerations we can distinguish three groups of [Au(DT)2] single molecule 

solids (in the following we use the term “chain” to refer to “chains with good intermolecular 

overlaps”): 

(A) Systems without ligand extended delocalization exhibiting chains in the crystal structure. 

These molecules will adopt a symmetric structure and undergo sizeable SOMO…SOMO 

interactions and consequently they will lead to good conductors. For each case it will depend 

on the relative value of the band dispersion and on-site repulsion if the system exhibits a 

metallic or some kind of antiferromagnetic ground state. But even in the last case, the 

transition to a metallic state will be often possible by applying pressure. This is for instance 

the case of the series of compounds recently developed by Lorcy and coworkers.15 

(B) Systems with ligand extended delocalization. These systems will always be symmetric but 

depending on the nature of the substituents the transport properties will change. If the shape 

allows the chain formation we are exactly in the same situation as in the previous case. If the 

substituents do not allow the formation of chains, because of the symmetric character of the 

SOMO it will depend on the bulkiness of the outer substituents that SOMO…SOMO 

interactions along the solid can be established or not. If it is possible, the transport properties 

will be again as in case A. An example of an [Au(DT)2] system of this type exhibiting 

competition between antiferromagnetic and metallic properties is [Au(tmdt)2].6 If substituents 

are too bulky, the SOMO…SOMO interactions will be weak and the solid will be a magnetic 

insulator. 

(C) Systems without ligand extended delocalization for which chain formation in the crystal 

structure is not favored. These systems will be asymmetric, they will undergo weak 

SOMO…SOMO interactions and consequently they will be insulators, as in the case of 

[Au(dm-dddt)2] 1 or [Au(dddt)2] A.30 

Of course, the previous classification should simply be taken as a convenient general 

organizing principle. The detailed electronic structure and hence the transport properties for 

each particular case can only be fully understood after a careful analysis of the details of the 

crystal structure. For instance, a system with chains like those at the right of Figure 13b (i.e., a 

type A situation) may be either a metal/antiferromagnetic system as discussed above or a 

diamagnetic semiconductor, depending if the chain is uniform or if it shows some kind of 

dimerization. Important aspects as the possible two-band behavior through the overlap 

between the SOMO and SOMO–1 bands have already been shown to play a role in some of 
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these systems15a and thus should also be taken into account. Clearly, a rich materials science 

of these systems is probably still uncovered. 

 

CONCLUSIONS 

Enantiopure anionic and neutral nickel and gold bis(dithiolene) complexes based on the chiral 

dithiolene ligand 5,6-dimethyl-5,6-dihydro-1,4-dithiin-2,3-dithiolate (dm-dddt) as (S,S) or 

(R,R) enantiomers have been synthesized and characterized by CD, electrochemistry and 

single crystal X-ray diffraction analysis. The long range separation of the anions in 

(TBA)[Ni(dm-dddt)2] results in a semiconducting behavior with poor room temperature 

conductivity and high activation energy, together with magnetic susceptibility following a 

Curie-Weiss behavior expected for localized spins. On the other hand, [Au(dm-dddt)2] 

represent the first chiral single component conductors, with semiconducting behavior well 

explained by band structure calculations, and room temperature conductivity strongly 

enhanced by applying hydrostatic pressure. 

A most surprising feature has been found in the structure of the neutral radical gold 

complexes [Au(dm-dddt)2], which show a pronounced dissymmetry between the two 

dithiolene moieties independent of the temperature, also previously noticed in the case of the 

achiral analogue [Au(dddt)2] but not further investigated. Nevertheless, [Au(dm-dddt)2] 

represent the first chiral single component conductor, with semiconducting behavior well 

explained by band structure calculations and room temperature conductivity strongly 

enhanced under hydrostatic pressure. A thorough theoretical study conducted on a series of 

neutral radical gold and anionic radical nickel bis(dithiolene) complexes reported in the 

literature allowed us to rationalize the intrinsic nature of the dithiolenes dissymmetry in 

neutral gold complexes together with the symmetry in anionic nickel counterparts, in 

agreement with our experimental findings. On the basis of the electron coupling between the 

dithiolene moieties mediated by the metal ion, it can be safely concluded that neutral gold 

complexes with dithiolene ligands without extended conjugation, i.e. aromatic or TTF 

backbones, are Class II compounds in the Robin and Day classification, while anionic nickel 

complexes belong to the Class III thanks to the large electron coupling. 

However, the intrinsic tendency toward localization or delocalization is not the only factor to 

which one should pay attention in trying to design new single component conductors based on 

metal bis(dithiolene) complexes of this family. The organization of individual molecules in 

the solid state plays also an influential role. For instance, neutral gold complexes with 
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intrinsic asymmetry in the gas phase can show symmetric structures when formation of chains 

in the solid state is favored. Consequently, SOMO···SOMO interactions in these systems 

should be strong leading to good conducting properties, as experimentally observed. On the 

contrary, when the complexes do not adopt a chain-like structure, as is the case with 

[Au(dddt)2] and our enantiopure compounds [Au(dm-dddt)2], they preserve their asymmetry 

leading to weak SOMO···SOMO interactions and poor conductivity. This unprecedented 

experimental and theoretical study sheds new insights on the very important family of single 

component conductors based on metal bis(dithiolene) complexes.  

 

 

EXPERIMENTAL SECTION 
 

Materials and Instrumentation. Unless mentioned otherwise, all reactions were carried out 

in inert atmosphere, in Schlenk tubes. All the chemicals were purchased from commercial 

sources and were used as received. The precursors, (S,S)- and (R,R)-5,6-dimethyl-5,6-

dihydro-1,3-dithiolo-1,4-dithiin-2-one 3 were prepared as described in the literature.21c,31 

Elemental (C, H and N) analyses were performed on a Thermo-Scientific Flash 2000 Organic 

Elemental Analyzer. The IR spectra were recorded on ATR BRUKER VERTEX 70 

spectrophotometer in the 4000-400 cm–1 range. MALDI- TOF and ESI MS spectra were 

recorded on a Bruker Biflex-IIITM (equipped with a 337 nm N2 laser) and a Bruker Esquire 

3000 plus apparatus, respectively. UV-Vis spectra were recorded in solution using a Lambda 

19 PERKIN ELMER Spectrometer. Circular dichroism spectra were recorded using 

spectrometric grade solvents in a 1 cm cell at sample concentrations of 10–5 to 5.10–5 M using 

a Jasco J-815 Spectropolarimeter.  

 

Syntheses. [(n-Bu)4N][Au((S,S)-dm-dddt)2] (TBA)(1a). In a Schlenk tube, 0.16 mmol (37.8 

mg) of (S,S)-3 and 0.4 mmol (21.6 mg) of CH3ONa in dry methanol were reacted to form the 

Na2((S,S)-dm-dddt) salt. The complexation was achieved by adding 0.08 mmol (30.2 mg) of 

K[AuCl4] to the mixture and stirring for several hours. Then, 0.08 mmol (25.8 mg) of [(n-

Bu)4N]Br was added and left to stir for an additional hour. The solution was concentrated to 

give a light brown solid. The product was dried and purified by repeated precipitations from 

CH2Cl2 solution with hexane (34 mg, 50% yield). Off-white needle shaped crystals suitable 

for single crystal X-ray analysis were obtained by slow diffusion of hexane into a CH2Cl2 
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solution. MS (ESI-MS): m/z (M-TBA) 612.81 (Mth = 612.87); (M+TBA) 1096.89 (Mth = 

1097.44). Elemental analysis calcd. (%) for C28H52AuNS8: C 39.28, H 6.12, Au 23.01, N 

1.64, S 29.96; found: C 39.51, H 6.04, N 1.58, S 30.13. 

 

[(n-Bu)4N][Au((R,R)-dm-dddt)2] (TBA)(1b). Using the same quantities and procedure starting 

with the (R,R) enantiomer of 3 yielded 31 mg of complex (TBA)(1b) (45% yield). Elemental 

analysis calcd. (%) for C28H52AuNS8: C 39.28, H 6.12, Au 23.01, N 1.64, S 29.96; found: C 

39.47, H 6.01, N 1.69, S 30.18. 

 

[(n-Bu)4N][Ni((S,S)-dm-dddt)2] (TBA)(2a). In a Schlenk tube, 0.2 mmol (47.2 mg) of (S,S)-3 

was treated with 0.5 mmol (26.9 mg) of CH3ONa in dry methanol to generate the Na2((S,S)-

dm-dddt) salt. After 30 minutes of stirring 0.1 mmol (23.7 mg) of NiCl2.6H2O was added to 

the clear orange solution, and let stirring an additional 2 hours, after which 0.1 mmol (32.2 

mg) of [(n-Bu)4N]Br were introduced to the mixture. According to previous reported studies 

on similar systems, a mixture of dianionic [(n-Bu)4N]2[Ni((S,S)-dm-dddt)2] and monoanionic 

[(n-Bu)4N][Ni((S,S)-dmddt)2] complexes is obtained, so in order to avoid the expected 

separation difficulties, the mixture was allowed to stir in open air for an hour to promote the 

oxidation from (2a)2– to (2a)–. The solvent was reduced under pressure and the pure product 

was obtained as a green solid by recrystallization from a CH2Cl2/Et2O mixture (46 mg, 64% 

yield). Suitable crystals for single crystal X-ray diffraction studies were grown by slow 

diffusion of hexane into a CH2Cl2 solution of the product. MS (ESI-MS): m/z (M-TBA) 

473.49 (Mth = 473.84); (M+TBA) 957.95 (Mth = 958.41). Elemental analysis calcd. (%) for 

C28H52NNiS8: C 46.85, H 7.30, N 1.95, Ni 8.18, S 35.73; found: C 46.68, H 7.14, N 2.01, S 

35.98. 

 

[(n-Bu)4N][Ni((R,R)-dm-dddt)2] (TBA)(2b). Using the (R,R) enantiomer of  3 and following 

the same procedure lead to the formation of complex (TBA)(2b) (48 mg, 67% yield). 

Elemental analysis calcd. (%) for C28H52NNiS8: C 46.85, H 7.30, N 1.95, Ni 8.18, S 35.73; 

found: C 46.62, H 7.18, N 2.05, S 35.92. 

 

[Au((R,R)-dm-dddt)2] (1b). 15.7 mg of [(n-Bu)4N]AuBr2, 44 a supporting electrolyte which 

was successfully used in electrocrystallization experiments with [Ni(dddt)2],45
 were dissolved 

in 24 mL of nitrobenzene, methylene chloride  and acetonitrile mixture (3:2:1, v:v:v). Half of 

this solution was poured in the cathodic compartment of an electrocrystallization cell, and the 
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other half was used to dissolve 15 mg of (TBA)(1b) and placed in the second compartment. 

The electrochemical oxidation occurred under a constant current of 0.7 µA. After several days 

black crystals of 1b formed on the platinum electrode were collected, washed and dried. MS 

(MALDI-TOF) m/z: 613.0 (Mth = 612.87). 

 

[Ni((R,R)-dm-dddt)2] (2b). 37.6 mg of [(n-Bu)4N]AuBr2 were dissolved in 24 mL of 1,1,2-

trichloroethane and acetonitrile mixture (1:5, v:v). The solution was divided in two, and half 

was used to dissolve 30 mg of (TBA)(2b). The solutions were placed in the two 

compartments of an electrocrystallization cell. A constant current of 0.7 µA was applied and 

thin plate shaped crystals formed on the Pt anode after one week. MS (MALDI-TOF) m/z: 

473.9 (Mth = 473.84). 

 

X-Ray Structure Determinations. Details about data collection and solution refinement are 

given in Table 6. X-ray diffraction measurements were performed on a Bruker Kappa CCD 

diffractometer for operating with a Mo-Kα (λ = 0.71073 Å) X-ray tube with a graphite 

monochromator. The structures were solved (SHELXS-97) by direct methods and refined 

(SHELXL-97) by full-matrix least-square procedures on F2.46 All non-H atoms of the donor 

molecules were refined anisotropically, and hydrogen atoms were introduced at calculated 

positions (riding model), included in structure factor calculations but not refined. 

Crystallographic data for the structures have been deposited in the Cambridge 

Crystallographic Data Centre. CCDC reference numbers: CCDC 1471691 for (TBA)(1a), 

CCDC 1471692 for (TBA)(2a), CCDC 1471693 for 1b and CCDC 1471694 for 2b. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 
Table 6. Crystallographic data, details of data collection and structure refinement parameters 

Compound (TBA)(1a) (TBA)(2a) 1b 2b 

Chemical formula C28H52AuNS8 C28H52NNiS8 C12H16AuS8 C12H16NiS8 
Formula weight (g/mol) 856.15 717.90 613.69 475.44 

Crystal system triclinic triclinic triclinic triclinic 

Space group P1 P1 P1 P1 

a (Å) 10.1007 (8) 9.9946 (6) 6.957(5) 6.9784(4) 

b (Å) 12.8982(7) 12.8908(12) 7.938(5) 7.8994(6) 

c (Å) 15.4354(15) 15.4197(13) 9.378(5) 9.2170(5) 

α (°) 81.816(6) 81.690(6) 73.394(5) 70.105(6) 

β (°) 80.903(9) 80.294(5) 74.625(5) 75.451(5) 

γ (°) 70.138(6) 69.818(6) 73.189(5) 75.277(4) 

http://www.ccdc.cam.ac.uk/data_request/cif
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Volume (Å3), Z 1859.0(3), 2 1830.0(3), 2 465.6(5), 1 454.44(5), 1 

Temperature (K) 293(2) 293(2) 250(2) 293(2) 

Calculated density (Mg m-3) 1.530 1.303 2.189 1.737 

Flack parameter -0.048(9) -0.013(19) 0.021(18) 0.017(12) 

Absorption coefficient (mm-1) 4.425 1.005 8.785 1.975 

Final R indices [I > 2σ(I)]  
R1 = 0.0379 

wR2 = 0.0641 

R1 = 0.0450 

wR2 = 0.0871 

R1 = 0.0454 

wR2 = 0.0625 

R1 = 0.0267 

wR2 = 0.0576 

R indices (all data) 
R1 = 0.0854 

wR2 = 0.0793 

R1 = 0.0936 

wR2 = 0.1068 

R1 = 0.0784 

wR2 = 0.0678 

R1 = 0.0415 

wR2 = 0.0610 

Goodness-of-fit on F2 1.027 1.020 1.010 1.019 
a R(Fo) = Σ||Fo| − |Fc||/Σ|Fo|; Rw(Fo

2) = [Σ[w(Fo
2 − Fc

2)2]/Σ[w(Fo
2)2]]1/2 

 

Single crystal conductivity measurements. Electrical resistivity was measured on needle-

shaped single crystals of (TBA)(2a), (TBA)(2b), 1a and 1b. Gold contacts were first 

evaporated on the crystals and gold wires were glued with silver paste on those contacts. Due 

to high values of resistance under ambient conditions, the resistivity for (TBA)(2a) and 

(TBA)(2b) was measured in two points, applying a constant voltage of 5V and measuring the 

current using a Keithley 6487 Picoammeter / Voltage Source. Resistivity measurements on 1a 

and 1b single crystals were also performed in two points because of the size and the 

brittleness of the needles. Ambient pressure experiments were performed with dc currents in 

the range 0.1-1 µA, while a low frequency (< 100 Hz) lock-in amplifier technique applying an 

alternative current in the range 0.1-1 µA was used for high pressure experiments.  

For 1a crystals, resistivity measurements were also performed under high hydrostatic pressure 

in a CuBe clamped cell up to 12 kbar with silicon oil (Daphne 7373) as the pressure 

transmitting medium. The pressure at room temperature was extracted from the resistance of a 

manganin gauge in the pressure cell and it is this value that is indicated in the figures. 

However, the loss of pressure during cooling is estimated to 2 kbar. A copper-constantan 

thermocouple inside the pressure cell was used as the thermometer. Resistivity measurements 

were performed in the range 15 – 300 K using a cryocooler equipment. 

 

Computational details. The tight-binding band structure calculations were of the extended 

Hückel type. 47 A modified Wolfsberg-Helmholtz formula was used to calculate the non-

diagonal Hµν values.48 All valence electrons were taken into account in the calculations and 

the basis set consisted of Slater-type orbitals of double-ζ quality for Au 5d and of single-ζ 

quality for Au 6s and 6p, C 2s and 2p, S 3s and 3p and H 1s. The ionization potentials, 

contraction coefficients and exponents were taken from previous work.14 
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The DFT calculations for isolated molecular systems were carried out according to the 

prescription of Kaupp et al.49 for the study of organic mixed-valence compounds. We refer 

the reader to this work for an excellent and very detailed discussion of the warnings and 

requirements for the application of DFT methods to mixed valence molecules. Since we are 

interested in obtaining a qualitative description of the intrinsic preference for a localized vs. 

delocalized nature of the ground state of metal dithiolenes, we have disregarded 

environmental effects. All calculations have been done with the Gaussian 09 program50 using 

the hybrid blyp35 functional proposed by Kaupp et al.49 together with the double-ξ quality 

LANL2DZ basis set and the Los Alamos effective core potentials.51 

First-principles periodic calculations for the solid were performed using a numerical atomic 

orbitals DFT 52  approach developed for efficient calculations in large systems and 

implemented in the SIESTA code.53,54,55 The generalized gradient approximation to DFT and, 

in particular, the functional of Perdew, Burke, and Ernzerhof (PBE)56 has been used in these 

calculations. In order to study the relative energies of states with localized electrons band 

calculations for a proper supercell containing two molecules have been undertaken, including 

a Hubbard correction term Ueff = U–J = 4.0 eV for the S (3p) and Au (5d) states.57 We have 

found that this U term on S is needed for accurately describing the electronic structure of 

TTF-TCNQ and related molecular solids were accurate experimental information on the 

bandwidth and charge transfer is available. The contribution of core electrons in these 

calculations has been described by norm-conserving Troullier–Martins pseudo-potentials, 58 

factorized in the Kleinman–Bylander form.59 Valence electrons were treated explicitly using a 

split-valence basis set of double-ξ plus polarization functions for S, C, and H atoms obtained 

with an energy shift of 10 meV.60 For gold atoms we have used a split-valence basis set of 

double-ξ plus polarization quality, where the 5d electrons of Au were treated also as valence 

electrons. The basis functions used for Au have been optimized in order to reproduce the 

geometry and the bulk modulus for the ccp crystal structure of metallic gold.61 The energy 

cutoff for the real space integration mesh was set to 350 Ry and the Brillouin zone was 

sampled using a mesh with 8x8x8 k-points obtained using the method of Monkhorst and 

Pack.62 These calculations were performed using the experimental crystal structure.  
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