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ABSTRACT 

Molecular metals have been essentially obtained with tetrathiafulvalene (TTF) based 

precursors, either with multi-component ionic materials or in a few instances in single-

component systems. In that respect, gold bis(dithiolene) complexes, in their neutral radical 

state, provide a prototype platform toward such single component conductors. Herein we 

report the first single component molecular metal under ambient pressure derived from such 

Au complexes without any TTF backbone. This complex exhibits a conductivity of 750 S.cm-

1 at 300 K up to 3800 S.cm-1 at 4 K. First-principles electronic structure calculations show that 

the striking stability of the metallic state finds its origin in sizeable internal electron transfer 

from the SOMO-1 to the SOMO of the complex as well as in substantial interstack and 

interlayer interactions. 
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INTRODUCTION 

 The quest for metallic behavior at ambient pressure is still a real challenge in single-

component molecular conductors. Indeed, most compounds, which have been synthesized 

with this goal in mind, exhibit semiconducting behavior at ambient pressure with eventually a 

metallic state stabilized only under pressure. The first exception concerns the nickel 

bis(dithiolene) complexes involving tetrathiafulvalene (TTF) dithiolate ligands, [Ni(tmdt)2] 

(tmdt = trimethylene-tetrathiafulvalenedithiolate), described in 2001, which has knocked 

down the idea that molecular materials could only be metallic if they resulted from the 

association of two different chemical species.1 The second and last example recently reported 

involves a zwitterionic TTF-extended dicarboxylate radical (TED). 2  All other single-

component systems reported so far exhibit to the best a metallic behavior only under high 

pressure, as for example the catechol-fused ethylenedithio-TTF (H2Cat-EDT-TTF).3 It should 

also be noted that all these systems have in common the presence of a TTF skeleton which 

provides an extensive delocalization. 4 , 5 , 6  Besides these TTF-based single-component 

conductors, all other investigated molecules are neutral radical species such as bis(dithiazolyl) 

derivatives,7,8 or spiro-bis(phenalenyl)boron9 or gold bis(dithiolene) complexes.10,11,12,13 One 

intrinsic difficulty with such neutral radical species is their propensity to dimerize in the solid 

state. Even when dimerization does not take place, another challenge for stabilizing the 

metallic state is to increase the electronic bandwith W (which is generally narrow due to weak 

intermolecular interactions of the radicals in the solid state) over the onsite Coulomb 

repulsion U.14 Thus, the conducting properties can be strongly influenced by the solid state 

packing and the strength of the intermolecular interactions. Therefore, minor changes 

performed on the skeleton of one or the other family mentioned above can greatly modify the 

outcome of this W/U competition.  
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Chart 1. Chemical structures of the gold bis(dithiolene) complexes [Au(R-thiazdt)2] 

 For our part, we previously reported a neutral gold dithiolene complex, [Au(Et-

thiazdt)2] (Chart 1), based on the N-ethyl-1,3-thiazoline-2-thione-4,5-dithiolate (Et-thiazdt) 

ligand which exhibits an activated conductivity of 0.33 S.cm-1 under ambient conditions but 

becomes metallic under a pressure of 1.3 GPa.15,16 Different structural modifications of the 

ligand skeleton were investigated to stabilize the metallic state. For instance, substitution of 

selenium atoms for the sulfur atoms within the metallacycles increases the conductivity by 

two orders of magnitude and the metallic behavior is then reached already at 0.6 GPa, a 

consequence of increased intermolecular interactions and band dispersion in the solid state.17 

Introduction of bulkier groups than the ethyl one, such as propyl or isopropyl on the nitrogen 

atoms of the thiazole cores, induced completely different solid state organizations of the 

complexes with however similar room temperature conductivity values and activated behavior 

at ambient pressure. 18  Nevertheless, no insulator-to-metal transition was observed, a 

consequence of an original avoided band crossing which strongly stabilized the non-metallic 

behavior.19 All these structural modifications gave us a better understanding of the structure-

properties relationship on this single-component-conductor family. These earlier 

investigations prompted us to analyze another member of this gold bis(dithiolene) complex 

belonging to the same [Au(R-thiazdt)2] family, but with now a smaller substituent on the 

nitrogen atoms, i. e. the methyl group. This modification is expected to bring closer to each 

other the radical complexes in the solid state and thus to favor larger band dispersion (W) to 

eventually stabilize a metallic state. Our previous experiences with this methyl-substituted 

Page 3 of 22

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

 

ligand (Me-thiazdt) in its Ni and Pd complexes have shown some drawbacks.20 Indeed, these 

complexes are not only poorly soluble but they also exhibit a recurrent S/N-Me disorder due 

to the dissymmetry of the ligand. Such disorder would be strongly unfavourable to stabilize 

the metallic state. However, we decided to investigate the corresponding neutral radical gold 

complex, [Au(Me-thiazdt)2]
•, taking into account that in all the neutral species studied so far 

with R ≠ Me only one isomer was isolated. Herein, we report the synthesis, crystal structure 

and electronic properties of the single-component molecular conductor formulated as 

[Au(Me-thiazdt)2]
• which exhibits for the first time metallic behavior under ambient pressure, 

in the whole temperature range down to 4K. 

 

RESULTS AND DISCUSSION 

 The monoanionic gold bis(dithiolene) complex [Au(Me-thiazdt)2]
-1 was synthesized as 

the Et4N
+ salt starting from the cyanoethylthio protected dithiolene ligand 120 according to the 

previously reported method (Scheme 1).15,17,19,20 Black crystals were obtained by 

recrystallization in acetonitrile.  

 

Scheme 1 Synthesis of the neutral radical gold complex [Au(Me-thiazdt)2]
• 

 

As shown in Figure 1, each dithiolene ligand is actually disordered on two positions as feared. 

This disorder has been previously observed on Ni and Pd bis(dithiolene) complexes using the 

same dissymmetrical ligand.20 It is worth mentioning that when the substituent on the nitrogen 
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atom is bigger than a methyl group no disorder was observed and the trans isomer was 

obtained.15,17,18,19 
 

 

Figure 1. Molecular view of the [Au(Me-thiazdt)2]
-1 complex in [NEt4][Au(Me-thiazdt)2] 

(top) and side view (bottom). 

 

 Preparative oxidation of [NEt4][Au(Me-thiazdt)2] has been performed by 

electrocrystallization upon application of a constant current intensity of 0.4 µA in the 

presence of NBu4PF6 as the supporting electrolyte in CH3CN. Using these conditions, black 

crystals were collected at the anode after 15 days. The neutral radical [Au(Me-thiazdt)2]
• is 

fully planar and crystallizes as the trans isomer only. In the solid state, the gold complexes 

form uniform stacks along the b axis with a mean plane-to-plane distance of 3.51 Å (Figure 2a 

and 2b) . The overlap between molecules along the stacks is characterized by a lateral slip 

between neighboring complexes with short S•••S contacts of 3.727 Å (Figure 2c).  Between 

the stacks, several shorter S•••S intermolecular contacts are also observed (Figure 2d), to give 

a 2D character. This organization is reminiscent to that described for the ethyl compound, 

[Au(Et-thiazdt)2]. However, in [Au(Me-thiazdt)2]
• all the intermolecular S•••S contacts are 

notably shorter. Moreover, in the ac plane (Figure 2a), an additional S•••S intermolecular 

contact is observed between the exocylic sulfur atom of the complexes at 3.567(8) Å, 
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connecting the (bc) slabs in the third direction. This additional S•••S contact was not observed 

in [Au(Et-thiazdt)2]. 

 

Figure 2. (a) Projection view along b of the unit cell of [Au(Me-thiazdt)2]
•, (b) detail of the 

stacking along b, (c) detail of the intra-stack overlap, and (d) view of the short S•••S contacts 

between neighboring stacks of [Au(Me-thiazdt)2]
•. 

 

The electrical resistivity was measured on single crystals along the b axis (long axis of the 

needle). At room temperature and ambient pressure, the conductivity is around 750 S.cm-1 

which is about 2300 times higher than the conductivity reported for the ethyl substituted 

complex [Au(Et-thiazdt)2]. It is actually the highest conductivity measured under ambient 

conditions in any single component molecular conductor. The temperature dependence of the 

conductivity is reported in Figure 3. Upon cooling, a metallic behavior is observed in the 

whole temperature range from 300 to 4 K with a ratio of 5 between these two temperatures. 
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The compound exhibits a weak temperature independent paramagnetism together with a small 

Curie-type contribution not exceeding 0.2% of S = 1/2 species. This Pauli-type susceptibility 

amounts to 3.2 × 10-4 emu/mol, a value in line with the metallic character of this single-

component conductor (Figure 3). This susceptibility value is similar to that found for the 

single-component molecular conductors based TTF,1,2 bis(dithiazolyl) derivatives7,8 and spiro-

bis(phenalenyl)boron9 as well as for highly conducting multi component systems based on 

metal dithiolene complexes.21 

 

 

 

Figure 3. Temperature dependence of the conductivity of [Au(Me-thiazdt)2]
• with the 

magnetic susceptibility in the inset. 

  

 In order to understand the origin of the metallic behavior of the present system we 

have carried out first-principles density functional theory (DFT) calculations with exactly the 

same settings used in our previous studies of single-component molecular conductors of the 

[Au(Et-thiazdt)2] family.15,17 We first investigated the nature of the ground state using the 

experimental crystal structure and a double unit cell along the b-direction (i.e. containing four 

molecules, two along the chains direction, b, and two along the interchains direction, c). Such 

double unit cell allowed us to carry out calculations for the metallic and several localized 
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states where all possibilities of ferromagnetic (FM) and antiferromagnetic (AFM) orderings 

along both the b- and c-directions were considered. In stark contrast with the previously 

studied systems of the [Au(Et-thiazdt)2] family,15,17 the ground state of the system was found 

to be a paramagnetic metallic state, in excellent agreement with our transport measurements. 

The calculated band structure using the crystallographic cell (i.e. containing two 

molecules) is reported in Figure 4a. Such band structure contains two pairs of dispersive 

bands cut by the Fermi level (at 0 eV) which are at the origin of the non-activated metallic 

behavior. As for the other conductors of this family, the upper and lower of these pairs of 

bands originate from the singly occupied molecular orbital (SOMO) and the orbital 

immediately below (SOMO-1) of the complex (Figure 4b).15,17 Since the energy difference 

between the SOMO and SOMO-1 is of the same order as the intermolecular transfer integrals, 

the two pairs of bands overlap and both become partially filled,21,22,23 in contrast with the 

situation in the isolated complex. These bands exhibit an almost cosine-like shape along the 

chains direction (Γ-Y) except for the upper SOMO band which near the region of the Γ point 

undergoes an avoided crossing with a low-lying empty band. However, since this feature 

occurs above the Fermi level and does not have significant implications for the present work, 

it will not be further discussed.  

To understand the origin of the stable metallic properties of this system we must answer 

the two following questions: (i) what distinguishes this system from the previously reported 

ones of this family which are localized and only under pressure lead to metallic behavior?, 

and (ii) why, even if exhibiting a noticeable pseudo-1D band structure, is the system immune 

to the usual charge or spin density wave electronic instabilities destroying the metallic state in 

low-dimensional systems?  
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Figure 4. (a) Calculated band structure for the metallic state of [Au(Me-thiazdt)2]
• where the 

dotted purple line refers to the Fermi level. Γ, Y, Z, M and X refer to the (0, 0, 0), (0, 1/2, 0), 

(0, 0, 1/2), (0, 1/2, 1/2) and (1/2, 0, 0) points of the monoclinic Brillouin zone. (b) Nature of 

the SOMO and SOMO-1 levels of [Au(Me-thiazdt)2]
•. 

 

Let us first consider the question of the localized vs metallic nature of the ground state. 

for these gold bis(dithiolene) complexes. In Figure 5a we report the band structure for the 

AFM ground state of [Au(Et-thiazdt)2].
15 Since an AFM state along the chains implies a 

double cell along this direction (i.e. a total of four complexes), the band structure of Figure 5a 

contains four SOMO and four SOMO-1 bands. The key aspect of this figure is the presence of 

a small band gap separating the highest pair of SOMO bands from the lower ones. The 

occurrence of this small gap is responsible for the activated resistivity behavior at ambient 

pressure. Since only half of the SOMO bands are filled in this band structure, the SOMO level 

of the different complexes contains only one electron, as in the isolated complex. Thus, the 

band structure of Figure 5a is just the electronic description of a set of [Au(Et-thiazdt)2] 

radicals coupled antiferromagnetically along the chains. Figure 5b shows the band structure of  

the present [Au(Me-thiazdt)2]
• system (Figure 4a) when plotted using a double cell exactly as 

for [Au(Et-thiazdt)2]. It is simply a folded version along the chains direction of the original 
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one (for a detailed description of the connection between the two band structures and the gap 

opening due to the AFM correlations we refer the reader to our previous work on [Au(Et-

thiazdt)2]
15). As mentioned, the key feature in stabilizing the AFM ground state of [Au(Et-

thiazdt)2] and other members of the family previously reported is the development of a band 

gap in the regions around the Y and M points as a result of the AFM correlations, which 

effectively separate the upper pair of bands from the lower lying ones. These gaps are of the 

order of ~0.1 eV. Coming back to the band structure of Figure 5b it is clear that band gaps 

between two and three times larger than in [Au(Et-thiazdt)2] should develop around the M and 

Y points to suppress the metallic conductivity by the same mechanism (see green arrows in 

Figure 5b). This is too large for such a mechanism to be a likely alternative; even in that case 

it would not be clear whether the gap would really occur, because now the upper SOMO-1 

band at Γ (around -0.26 eV) is not well separated from the lower SOMO band. As a 

consequence of non-negligible interlayer interactions this band practically overlaps with the 

upper SOMO bands along the interlayer direction (the Γ – X line in Figure 5b). Thus, the 

development of a gap because of AFM correlations is not a likely alternative for the present 

system. The larger dispersion of both the SOMO and SOMO-1 bands compared with the other 

members of the family lies at the origin of this remarkable feature. According to our 

calculations replacement of a methyl for an ethyl group leads practically to a doubling of the 

SOMO and SOMO-1 band dispersions. From a structural viewpoint such effect finds its roots 

in the shortening of the S•••S interactions associated with the inner sulfur atoms of the present 

system (3.727 vs. 3.841 Å in [Au(Et-thiazdt)2]
• along the chain direction; 3.306 and 3.394 Å 

vs. 3.419 and 3.528 Å in [Au(Et-thiazdt)2]
• between neighboring stacks; see the structral 

discussion and Figure 2).   
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Figure 5. Calculated band structure for the ground states of [Au(Et-thiazdt)2]
• (a) and 

[Au(Me-thiazdt)2]
• (b) using a double cell along the chains direction, b. The dotted line in (a) 

refers to the highest occupied level. Γ, Y, Z and X refer to the (0, 0, 0), (0, 1/2, 0), (0, 0, 1/2) 

and (1/2, 0, 0) points of a monoclinic Brillouin zone with b’ = 2b; M refers to (1/2, 1/2, 0) in 

(a) and to (0, 1/2, 1/2) in (b). Note that the layers occur in the (ab) plane  for  [Au(Et-

thiazdt)2]
•  but in the (bc) plane for [Au(Me-thiazdt)2]

•.  

 

A complementary way to understand the preference for the metallic state is to notice 

that, because of the larger overlap of the SOMO and SOMO-1 bands there is an effective 

transfer of electrons from the SOMO-1 to the SOMO levels. According to the present 
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calculations this transfer is as large as 0.16 electrons per gold bis(dithiolene) complex. The 

SOMO and SOMO-1 levels of the present system thus contain (1 + δ) and (2 - δ) electrons 

with δ = 0.16, which is very far from the case of the isolated radical (δ = 0) or the 

hypothetical metallic state of [Au(Et-thiazdt)2] (δ ≈ 0) for which the AFM ordering of neutral 

radicals is favored. In other words, the stronger SOMO•••SOMO and SOMO-1•••SOMO-1 

interactions brought about by the shorter inner S•••S contacts lead to the creation of too large 

a number of electrons and holes in the SOMO and SOMO-1 levels of the complex which 

prefer to delocalize imposing a non-activated metallic conductivity. When δ ≈ 0 the gold 

bis(dithiolene) complexes prefer to retain the SOMO unpaired electron ultimately leading to 

the localized state and activated conductivity behavior. 

 

 

 

Figure 6. Calculated Fermi surface for [Au(Me-thiazdt)2]
•: (a) view perpendicular to the 

layers  (i.e. along the a*-direction) and (b)  a view somewhat  rotated  around b*.  
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We now must understand why the metallic system is robust with respect to hypothetical 

electronic instabilities due to nesting of the Fermi surface which frequently occur in low-

dimensional materials.24,25 For this we must focus on the nature of Fermi surface (see Figure 

6a and 6b). Shown in Figure 6a is a view perpendicular to the layers of [Au(Me-thiazdt)2]
•, 

i.e. along a*. The upper and lower pair of warped planes originate from the SOMO bands; the 

overlapping cylinders with elliptical cross-section parallel to the a*-direction originate from 

the SOMO-1 bands. [Au(Me-thiazdt)2]
• is thus predicted to be a 2D metal with better 

conductivity along the chains axis, b. Being closed, the SOMO-1 component does not exhibit 

nesting properties which could lead to a charge or spin modulation destroying this portion of 

the Fermi surface. As mentioned above, in contrast with all other members of the family of 

the [Au(Et-thiazdt)2] molecular solids,15,17 there are substantial intermolecular interactions 

along the interlayer a*-direction leading to the non-negligible dispersion of the bands along 

this line (Γ – X in  Figure 4a). This is obviously the result of the stronger interlayer contacts 

brought about by the smaller size of the substituent (see for instance the S•••S contact of 

3.567 Å in Figure 2a, which does not occur in other salts of this family). The joint effect of 

the warping along the interchain (c) and interlayer (a*) directions due to these S•••S 

interactions leads to a considerable corrugation of the SOMO portion of the Fermi surface, i.e. 

the two upper and lower pairs of pseudo planes of Figure 6b. Because of this corrugation, the 

possible nesting of the SOMO contribution seriously deteriorates and there is no tendency 

towards the usual instability of low-dimensional systems with open Fermi surface.24 It is 

important to note that, even if such instability occurred, the cylindical portion would not be 

destroyed by the modulation and the metallic character would be kept.26  
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CONCLUSION 

In summary, the smaller size of the methyl substituent, on this gold bis(dithiolene) 

complex, stabilizes the metallic state by leading to stronger intermolecular interactions which 

impose: (i) a sizeable internal electron transfer creating an important number of holes and 

electrons in the SOMO-1 and SOMO levels and, (ii) closed or substantially corrugated Fermi 

surface contributions for the SOMO-1 and SOMO levels respectively. The joint action of the 

two effects leads to the highly stable metallic ground state for [Au(Me-thiazdt)2]
•.  

 

EXPERIMENTAL SECTION 

Chemicals and materials from commercial sources were used without further purification. The 

thiazoline-2-thione 1 was prepared according to the literature.20  

Synthesis of [NEt4][Au(Me-thiazdt)2] To a dry two necked flask containing thiazoline-2-

thione 1 (125 mg, 0.42 mmol) was added a solution of NaOMe (3.4 mmol) in dry methanol 

(prepared from 77 mg of Na in 10 mL of dry MeOH) under inert atmosphere. The solution 

was stirred 1 hour and a solution of KAuCl4 (96 mg, 0.25 mmol) in 15 mL of dry MeOH was 

added. The reaction mixture was stirred 5 hours at room temperature and NEt4Br (133 mg, 

0.63 mmol) was added. The mixture was stirred at room temperature for 24 hours and the 

precipitate was filtered and recrystallized in Me3CN to afford [NEt4][Au(Me-thiazdt)2] as dark 

crystals. Yield 29 %. Mp 225°C; 1H NMR (300MHz, (CD3CN) δ 1.23 (m, 12H, CH3), 3.18 (q, 

8H, CH2, J = 7.3 Hz), 3.51 (s, 6H, CH3);
13C NMR (75 MHz, (CD3)2SO) δ 7.5 (CH3-CH2), 

34.4 (CH3), 51.9 (CH2), 110.1 (C=C), 132.3 (C=C), 191.2 (C=S); HRMS (ESI) calcd for [2C+, 

A-]+ C24H46N4S8Au: 843.11538. Found: 843.1159; Anal. calcd for C16H26AuN3S8: C, 26.92; H 

3.67; N, 5.89; S 35.93. Found: C, 26.94; H 3.78; N, 5.88; S 36.39. 

Electrocrystallization. Crystals of [Au(Me-thiazdt)2]
•
 were prepared electrochemically using 

a standard H-shaped cell (12 mL) with Pt electrodes. An acetonitrile solution of 
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[NEt4][Au(Me-thiazdt)2] (10 mg) was placed in the anodic compartment, and Bu4NPF6 (100 

mg) in both compartments. Black needle crystals of [Au(Me-thiazdt)2]
•
 suitable for X-ray 

diffraction studies, were obtained on the anode upon application of a constant current of 0.4 

µA for 15 days. 

Crystallography. Single-crystal diffraction data were collected on APEXII for 

[NEt4][Au(Me-thiazdt)2] and on D8 VENTURE for [Au(Me-thiazdt)2], Bruker-AXS 

diffractometer, Mo-Kα radiation (λ = 0.71073 Å) for all compounds. For [NEt4][Au(Me-

thiazdt)2] the structure was solved by dual-space algorithm using the SHELXT program27  and 

for [Au(Me-thiazdt)2] the structure was solved by direct methods using the SIR97 program28, 

and then refined with full-matrix least-square methods based on F2 (SHELXL-97).29 All non-

hydrogen atoms were refined with anisotropic atomic displacement parameters. H atoms were 

finally included in their calculated positions. Details of the final refinements are given in 

Table S1. 

Resistivity measurements. The resistivity measurements were performed along the long axis 

of the needles (b crystallographic axis) of [Au(Me-thiazdt)2]. Gold pads were evaporated on 

the crystals in order to improve the quality of the contacts and gold wires were glued with 

silver paste on these contacts. Then a standard four points technique was used with a low 

frequency lock-in detection (Iac = 10 µA). Low temperature was provided by a homemade 

cryostat equipped with a 4 K pulse-tube. 

Magnetic measurements. The magnetic susceptibility measurements were performed in a 

Quantum Design SQUID magnetometer MPMS-XL. Measurements were realized on 13.2 mg 

of polycrystalline samples of [Au(Me-thiazdt)2] under a magnetic field of 5000 G in the 

temperature range 1.8-300K. The magnetization data were corrected for the sample holder 

and the diamagnetic contributions. 
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Computational details. We have carried out both spin-polarized and non spin-polarized 

calculations using the Generalized Gradient Approximation 30  to Density Functional 

Theory31,32 (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP).33 We 

used the Projector Augmented Wave 34 , 35  method to represent the ionic cores, solving 

explicitly for the following electrons: 5d and 6s of Au, 3s and 3p of S, 2s and 2p of N and C, 

and 1s of H. Electronic wave functions were represented with a plane wave basis truncated at 

400 eV. Γ-centered 4×8×4 k-point grids for the simulation cell with 4 molecules were used to 

converge the calculations. The Fermi surfaces were plotted by interpolating a four orbital 

tight-binding Hamiltonian computed from our DFT results using the maximally localized 

Wannier function (MLWF) method36,37 as implemented in the wannier90 code.38 

 

Supporting Information  

X-ray crystallographic files in CIF format and cyclic voltammogram of [NEt4][Au(Me-

thiazdt)2]. This material is available free of charge via the Internet at http://pubs.acs.org. 
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