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Abstract—New heteronuclear gold(III)–mercury(II) compounds are synthesized by the chemisorption reac-
tion of freshly precipitated mercury dimethyl (MeDtc) and diethyl dithiocarbamates (EtDtc) with [AuCl4]−

anions in a medium of 2 M HCl. The crystals of complexes [Au{S2CN(CH3)2}2]2[HgCl4] (I) and
([Au{S2CN(C2H5)2}2]2[Hg2Cl6] ⋅ OC(CH3)2)n (II) are obtained from solutions in methanol and acetone,
respectively. The crystal and supramolecular structures of the preparatively isolated compounds are deter-
mined by X-ray diffraction analysis (CIF files CCDC nos. 1452118 (I) and 1452119 (II)). The structure of
ionic complex I is built of alternating binuclear [Au2{S2CN(CH3)2}4]2+ cations and [HgCl4]2− anions. A more
complicated structure of compound II contains centrosymmetric isomeric [Au{S2CN(C2H5)2}2]+ cations
(A and B) and centrosymmetric binuclear [Hg2Cl6]2− anions. The supramolecular structure of compound II
is formed due to pairs of Au⋅⋅⋅S secondary bonds between the adjacent gold(III) complex cations resulting in
the formation of linear polymeric chains [⋅⋅⋅A⋅⋅⋅B⋅⋅⋅]n (directed along the x crystallographic axis). Isomeric
cations A and B are alternated along the chains. The character of thermolysis of the complexes is studied and
the regeneration conditions of bound gold are revealed by the simultaneous thermal analysis data. The ther-
mal destruction of compounds I and II occurs simultaneously at the cationic and anionic moieties of the
compounds to reduce gold(III) accompanied by the release and subsequent sublimation of mercury(II) chlo-
ride. The final product of the thermal transformations of the complexes is reduced elemental gold.

Keywords: chemisorption binding of gold(III) from solution, mercury(II) dialkyldithiocarbamates, hetero-
nuclear gold(III)-mercury(II) complexes, supramolecular self-organization, secondary interactions
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INTRODUCTION
Dialkyl dithiocarbamate complexes of transition

metals are used in various areas of chemistry and
chemical technology, agriculture, and medicine [1–
8]. They are promising precursors for the preparation
of film and nanosized metal sulfides and heteropoly-
metallic sulfides with the semiconducting and lumi-
nescence properties [1–4]. The complexes bearing
dithiocarbamate ligands exhibit anticancer [5, 6] and
antibacterial [7, 8] activities. In addition, transition
metal dithiocarbamates are capable of efficient

chemisorption binding of gold(III) from solutions to
form complicatedly organized in the structural respect
heterometallic dithiocarbamatochloride complexes,
which are interesting for coordination and experimen-
tal chemistry. We have previously obtained a whole
series of heterometallic complexes of the ionic type
including along with gold(III) zinc [9–11], cadmium
[12–14], bismuth(III) [15, 16], thallium(I) [17, 18],
and iron(III) [19]. The structures and properties of the
synthesized compounds were established by the X-ray
diffraction, MAS NMR (13C, 15N, and 113Cd), and
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simultaneous thermal analysis (STA) data. Continu-
ing the studies on the chemisorption binding of
gold(III) by dithiocarbamates (Dtc) of metals of the
zinc subgroup, it seemed interesting to prepare new
gold(III)–mercury(II) heteropolynuclear complexes
as individual forms of Au3+ binding from solutions of
mercury(II) dialkyl dithiocarbamates.

New heterometallic gold(III)–mercury(II) dialkyl
dithiocarbamatochloride complexes,
[Au2{S2CN(CH3)2}4][HgCl4] (I) and
([Au{S2CN(C2H5)2}2]2[Hg2Cl6] ⋅ OC(CH3)2)n (II),
were synthesized in this work. The structures of the
obtained compounds were solved by X-ray diffraction
analysis, and the thermal behavior was studied on the
STA data.

EXPERIMENTAL
The starting mercury complexes

[Hg{S2CN(CH3)2}2] [20] and [Hg2{S2CN(C2H5)2}4]
[21] were obtained by the precipitation of Hg2+ cations
from the aqueous phase with solutions of
Na{S2CN(CH3)2} ⋅ xH2O (Aldrich) and
Na{S2CN(C2H5)2} ⋅ 3H2O (Sigma–Aldrich), respec-
tively, taken in stoichiometric ratios. The individual
states of all compounds were confirmed by the follow-
ing data of 13C CP/MAS NMR spectroscopy
(δ, ppm):

Na{S2CN(CH3)2} ⋅ xH2O: 209.7 (51)*, 207.4 (43)*
(−S2CN=); 47.5 (39)*, 47.0 (31)* (–CH3).

[Hg{S2CN(CH3)2}2]: 201.9 (48)* (−S2CN=);
49.5 (35)* (–CH3).

Na{S2CN(C2H5)2} ⋅ 3H2O (1 : 2 : 2): 206.5 (51)*
(−S2CN=); 48.6 (71)* (=NCH2−); 13.2 (−CH3).

[Hg2{S2CN(C2H5)2}4]: 204.0 (42)*, 201.1 (39)*
(1 : 1, −S2CN=); 53.5, 52.3 (1 : 1, =NCH2−); 14.1,
12.7 (1 : 3, −CH3).

(*Asymmetric 13C−14N doublets [22, 23], in Hz).
Syntheses of compounds I and II. Tetrakis(N,N-

dimethyldithiocarbamato-S,S')digold(III) tetra-
chloromercurate(II) (I) and polymeric bis(N,N-
diethyldithiocarbamato-S,S')gold(III) hexachlorodi-
mercurate(II) (II) were synthesized by the reactions of
freshly precipitated mercury(II) dimethyl (MeDtc)
and diethyl (EtDtc) dithiocarbamates with solutions
of AuCl3 in 2 M HCl. A solution (10 mL) of AuCl3 (in
2 M HCl) containing gold (44 or 39 mg) was poured to
mercury(II) MeDtc/EtDtc (100 mg), and the mixture
was stirred for 15 min. The residual content of gold in
the solution was determined on an atomic absorption
spectrometer (class 1, Hitachi, model 180−50). The
obtained yellow precipitates were filtered off, washed
with water, and dried on the filter. The yields were 95
and 92%, respectively. Gold(III) binding from solu-
tions can be presented by the following heterogeneous
reactions:

2[Hg{S2CN(CH3)2}2] + 2H[AuCl4] 
= [Au2{S2CN(CH3)2}4][HgCl4] + HgCl2 + 2HCl,

[Hg2{S2CN(C2H5)2}4] + 2H[AuCl4] 
= [Au{S2CN(C2H5)2}2]2[Hg2Cl6] + 2HCl.

It is important that gold(III) binding is not accom-
panied, in the second case, by the partial escape of
mercury(II) to the solution and is formally reduced to
the addition of two AuCl3 molecules to the binuclear
molecule of the complex-chemisorbent.

The crystals for X-ray diffraction analysis were
obtained by the dissolution of the precipitates in meth-
anol (I) or acetone (II) followed by the slow evapora-
tion of the solvents. Crystallization gave yellow trans-
parent prismatic crystals of compounds I and II.

Elemental analyses to C, H, and N for compounds
I and II were carried out on a Euro EA-3000 auto-
mated elemental analyzer.

Compound II was also characterized by the data of
13C MAS NMR spectroscopy (δ, ppm): 196.4, 194.4
(1 : 1, −S2CN=); 52.5, 50.5, 49.3, 48.1, 45.4 (–CH2–);
16.2, 15.5, 15.1, 13.8 (−CH3); 206.9 (=CО), 34.5
(−CH3, OC(CH3)2).

(We failed to obtain the 13C MAS NMR spectrum
of satisfactory quality for compound I.)

13C MAS NMR spectra were recorded on a CMX-
360 spectrometer (Agilent/Varian/Chemagnetics
InfinityPlus) with a working frequency of 90.52 MHz,
a superconducting magnet (В0 = 8.46 T), and Fourier
transformation. Proton cross polarization was used,
and the decoupling effect was applied to suppress
13C−1H interactions using the radiofrequency field at
the resonance field of protons [24]. A sample of com-
pound II (~40 mg) was placed in a 4.0-mm ZrO2
ceramic rotor. When measuring 13C MAS NMR spec-
tra, rotation at the magic angle at frequencies of
10100–10700(1) Hz was used (scan number 3800–
5400, duration of proton π/2 pulses 5.0 μs, 1H−13C
contact time 2.0 ms, interval between pulses 2.0 s).
The isotropic chemical shifts (δ) of the 13C nuclei
(ppm) are given relative to one of the components of
crystalline adamantane used as an external standard
(δ = 38.48 ppm relative to tetramethylsilane).

X-ray diffraction analyses were carried out from
single crystals of compounds I and II on a Bruker-
Nonius X8 Apex CCD diffractometer (MoKα radia-
tion, λ = 0.71073 Å, graphite monochromator) at

For C12H24N4S8Cl4Au2Hg (I)
anal. calcd., %: C, 11.84; H, 1.99; N, 4.60.
Found, %: C, 11.9; H, 2.0; N, 4.6.
For C23H46ON4S8Cl6Au2Hg2 (II)
anal. calcd., %: C, 16.65; H, 2.79; N, 3.38.
Found, %: C, 16.2; H, 2.6; N, 3.4.
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296(2) and 150(2) K, respectively. Data collection was
performed using a standard procedure: ϕ and ω scan
modes of narrow (0.5°) frames. An absorption correc-
tion was applied empirically using the SADABS pro-
gram [25]. The structures were determined by a direct
method and refined by least squares (on F2) in the full-
matrix anisotropic approximation of non-hydrogen
atoms. The positions of the hydrogen atoms were cal-
culated geometrically and included into the refine-
ment in the riding model. The solvate molecule of ace-
tone in compound II is disordered between two equiv-
alent positions with equal populations.

Data were collected and edited and the unit cell
parameters were refined using the APEX2 [25] and
SAINT programs [25]. The calculations on structure
determination and refinement were performed using
the SHELXTL program package [25]. The main crys-

tallographic data and refinement results for the struc-
tures of compounds I and II are presented in Table 1.
Selected bond lengths and angles are given in Table 2.

The coordinates of atoms, bond lengths, and bond
angles were deposited with the Cambridge Crystallo-
graphic Data Centre (CIF files CCDC nos. 1452118
(I) and 1452119 (II); deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

The thermal behavior of compounds I and II were
studied by the STA method with simultaneous record-
ing thermogravimetry (TG) and differential scanning
calorimetry (DSC) curves. The study was carried out
on a STA 449C Jupiter instrument (NETZSCH) in
corundum crucibles under a cap with a hole providing
a vapor pressure of 1 atm during the thermal decom-
position of the sample. The heating rate was 5°C/min
to 1100°C in an argon atmosphere. The samples were

Table 1. Crystallographic data and experimental and refinement parameters for the structures of compounds I and II

Parameter
Value

Compound I Compound II

FW 1217.16 1658.93
Crystal system Monoclinic Triclinic
Space group C2/c P1
a, Å 15.8238(4) 9.3664(2)
b, Å 10.2824(3) 10.3762(2)
c, Å 18.7160(7) 12.5463(3)
α, deg 90 72.2940(10)
β, deg 107.8750(10) 72.5590(10)
γ, deg 90 81.1380(10)

V, Å3 2898.22(16) 1105.52(4)

Z 4 1

ρcalcd, g/cm3 2.789 2.492

μ, mm–1 16.341 14.303

F(000) 2232 768
Crystal size, mm 0.15 × 0.07 × 0.05 0.25 × 0.15 × 0.07
θ Range, deg 4.04–27.52 4.02–27.50
Ranges of reflection indices –17 ≤ h ≤ 20, –7 ≤ h ≤ 12,

–13 ≤ k ≤ 13, –13 ≤ k ≤ 13,
–24 ≤ l ≤ 19 –15 ≤ l ≤ 16

Measured reflections 11153 11089
Independent reflections (Rint) 3318 (0.0285) 5001 (0.0323)
Reflections with I > 2σ(I) 2870 4409
Refinement parameters 145 235
GOOF 1.013 0.978

R factors for F2 > 2σ(F2) R1 = 0.0201, wR2 = 0.0432 R1 = 0.0259, wR2 = 0.0481

R factors for all reflections R1 = 0.0267, wR2 = 0.0447 R1 = 0.0316, wR2 = 0.0497

Δρmax/Δρmin, e/Å3 –0.558/1.191 –1.056/0.955
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Table 2. Selected bond lengths (d) and bond (ω) and torsion (ϕ) angles in the structures of compounds I and II*

Compound I

Bond d, Å Bond d, Å

Au(1)–S(1) 2.3288(10) N(1)–C(1) 1.304(5)
Au(1)–S(2) 2.3481(11) N(1)–C(2) 1.478(5)
Au(1)–S(3) 2.3343(10) N(1)–C(3) 1.461(5)
Au(1)–S(4) 2.3433(10) N(2)–C(4) 1.299(5)

Au(1)···S(2)a 3.4247(10) N(2)–C(5) 1.449(5)

S(1)–C(1) 1.717(4) N(2)–C(6) 1.463(5)
S(2)–C(1) 1.734(4)
S(3)–C(4) 1.736(4) Hg(1)–Cl(1) 2.5456(10)
S(4)–C(4) 1.732(4) Hg(1)–Cl(2) 2.4596(11)

Angle ω, deg Angle ω, deg

S(1)Au(1)S(2) 75.39(4) Au(1)S(4)C(4) 86.13(13)
S(1)Au(1)S(3) 102.99(4) S(1)C(1)S(2) 111.9(2)
S(1)Au(1)S(4) 177.58(4) S(3)C(4)S(4) 111.7(2)
S(2)Au(1)S(3) 175.82(4)
S(2)Au(1)S(4) 105.76(4) Cl(1)Hg(1)Cl(2) 105.25(4)
S(3)Au(1)S(4) 75.72(3) Cl(1)Hg(1)Cl(1)b 108.37(5)
Au(1)S(1)C(1) 86.81(13) Cl(1)Hg(1)Cl(2)b 108.71(4)
Au(1)S(2)C(1) 85.83(14) Cl(2)Hg(1)Cl(2)b 120.15(6)
Au(1)S(3)C(4) 86.31(14)

Angle ϕ, deg Angle ϕ, deg

Au(1)S(1)S(2)C(1) 178.2(2) S(2)C(1)N(1)C(2) –178.9(3)
Au(1)S(3)S(4)C(4) –176.5(2) S(2)C(1)N(1)C(3) 2.0(5)
S(1)Au(1)C(1)S(2) 178.4(2) S(3)C(4)N(2)C(5) 1.1(5)
S(3)Au(1)C(4)S(4) –176.9(2) S(3)C(4)N(2)C(6) –175.0(3)
S(1)C(1)N(1)C(2) 0.1(5) S(4)C(4)N(2)C(5) –179.6(3)
S(1)C(1)N(1)C(3) –178.9(3) S(4)C(4)N(2)C(6) 4.3(5)

Compound II

Bond d, Å Bond d, Å

Cation A Cation В

Au(1)–S(1) 2.3349(11) Au(2)–S(3) 2.3257(11)
Au(1)–S(2) 2.3406(10) Au(2)–S(4) 2.3418(10)

Au(1)···S(3)b 3.8794(11) Au(2)···S(2) 3.5421(11)
S(1)–C(1) 1.733(4) S(3)–C(6) 1.729(4)
S(2)–C(1) 1.727(4) S(4)–C(6) 1.728(4)
N(1)–C(1) 1.301(5) N(2)–C(6) 1.302(5)
N(1)–C(2) 1.488(6) N(2)–C(7) 1.475(5)
N(1)–C(4) 1.477(5) N(2)–C(9) 1.478(5)
C(2)–C(3) 1.511(7) C(7)–C(8) 1.513(7)
C(4)–C(5) 1.487(7) C(9)–C(10) 1.516(6)

Anion

Hg(1)–Cl(1) 2.5671(12) Hg(1)–Cl(3) 2.4157(11)
Hg(1)–Cl(2) 2.4045(11) Hg(1)–Cl(1)c 2.6896(11)
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* Symmetry transformations: a1/2 – x, 1/2 – y, 1 – z; b –x, y, 1/2 – z (I); a –x – 1, 1 – y, 1 – z; b –x, 1 – y, 1 – z; c –x, 1 – y, –z (II).

Compound II

Angle ω, deg Angle ω, deg

Cation A Cation В

S(1)Au(1)S(2) 75.27(4) S(3)Au(2)S(4) 75.30(4)

S(1)Au(1)S(2)a 104.73(4) S(3)Au(2)S(4)b 104.70(4)
Au(1)S(1)C(1) 86.78(14) Au(2)S(3)C(6) 87.1(2)
Au(1)S(2)C(1) 86.75(14) Au(2)S(4)C(6) 86.56(14)
S(1)C(1)S(2) 111.2(2) S(3)C(6)S(4) 111.1(2)

Anion

Cl(1)Hg(1)Cl(2) 115.69(4) Cl(2)Hg(1)Cl(1)c 110.03(4)
Cl(1)Hg(1)Cl(3) 110.31(4) Cl(3)Hg(1)Cl(1)c 105.09(4)

Cl(1)Hg(1)Cl(1)c 87.58(3) Hg(1)Cl(1)Hg(1)c 92.43(3)
Cl(2)Hg(1)Cl(3) 122.04(4)

Angle ϕ, deg Angle ϕ, deg

Cation A Cation В

Au(1)S(1)S(2)C(1) 178.5(2) Au(2)S(3)S(4)C(6) 179.8(3)
S(1)Au(1)C(1)S(2) 178.7(2) S(3)Au(2)C(6)S(4) 179.8(2)
S(1)C(1)N(1)C(2) –1.5(6) S(3)C(6)N(2)C(7) 1.8(6)
S(1)C(1)N(1)C(4) 179.8(3) S(3)C(6)N(2)C(9) –177.1(3)
S(2)C(1)N(1)C(2) 178.9(3) S(4)C(6)N(2)C(7) –179.8(3)
S(2)C(1)N(1)C(4) 0.3(6) S(4)C(6)N(2)C(9) 1.3(6)

Table 2. (Contd.)

additionally recorded in aluminum crucibles to reveal
more distinctly thermal effects in the low-temperature
region. The weight of the samples was 1.726–3.003 (I)
and 2.073−8.043 mg (II). The accuracy of tempera-
ture measurements was ±0.8°C, and that of a mass
change was ±1 × 10−4 mg. When recording the TG and
DSC curves, the correction file and calibrations by
temperature and sensitivity for specified temperature
program and heating rate were used. The melting
points of the complexes were independently deter-
mined on a PTP(M) instrument (OAO Khimlaborpri-
bor).

Electron scanning microscopy and electron-probe
X-ray microanalysis. The studies were carried out at
the Analytical Center of the Institute of Geology and
Nature Management (Far East Branch, Russian
Academy of Sciences). The dispersion and morpho-
logical features of the samples were determined by
high-resolution scanning electron microscopy on a
JSM-35C JEOL analytical scanning electron micro-
scope equipped with a 35-SDS spectrometer with
wave dispersion. The secondary electron image was
used (morphology and microstructure). The qualita-
tive determination of elements was carried out by elec-
tron-probe X-ray microanalysis on a RONTEC

energy dispersive spectrometer integrated with a LEO-
1420 scanning electron microscope.

RESULTS AND DISCUSSION

The starting mercury MeDtc and EtDtc complexes
are finely crystalline lemon-colored and pale yellow
precipitates, respectively. According to the electron-
probe X-ray microanalysis data, their qualitative com-
positions are shown by the Hg, C, N, and S spectral
lines (Figs. 1a, 1a'). The contact of mercury(II) Dtcs
with solutions of AuCl3 in 2 M HCl leads to the refor-
mation of the precipitates with color deepening to
golden-yellow and the simultaneous decoloration of
the working solutions. The chemisorption interaction
is rather fast, and the degree of binding of gold(III)
from solutions achieves 99.5 (I) and 98.2% (II) already
in 15 min. The changes observed indicate the forma-
tion of new compounds in the systems studied. The
energy dispersive spectra of the formed compounds I
and II contain additional signals due to the presence
of gold and chlorine in the samples studied
(Figs. 1b, 1b').

The 13С MAS NMR spectrum of crystalline com-
plex II (Fig. 2) exhibits resonance signals of the
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=NC(S)S–, –CH2–, and –CH3 groups of the Dtc
ligands and the =CO and –CH3 groups of the outer-
sphere acetone molecule ((see Section ‘Syntheses of
compounds I and II’). As compared to the starting
mercury(II) EtDtc complex, the δ(13С) chemical
shifts of the dithiocarbamate groups in complex II are
characterized by substantially lower values because of
the redistribution of the Dtc ligands over the internal
coordination sphere of gold, whose electron system

can participate more efficiently in the additional
shielding of the carbon nuclei of the =NC(S)S–
groups. Two (1 : 1) resonance signals of the 13С
=NC(S)S– groups indicate that the structure of com-
plex II contains two structurally nonequivalent
ligands. The crystal and supramolecular structures of
compounds I and II were resolved by X-ray diffraction
analysis in order to establish the structural organiza-
tion of the complexes.

The unit cells of compounds I and II include 4 and
1 formula units (Figs. 3, 4). The cationic moiety of
compound I is presented by the [Au{S2CN(CH3)2}2]+

noncentrosymmetric complex ion. The structure of
compound II includes two isomeric centrosymmetric
[Au{S2CN(C2H5)2}2]+ cations: cation A with the Au(1)
atom and cation B with Au(2) (Table 2), which is com-
pletely consistent with the NMR data. In each com-
plex cation, the gold atom coordinates two Dtc ligands
through the S,S'-bidentate mode to form the tetrago-
nal [AuS4] chromophore with the low-spin inner-
orbital dsp2-hybrid state of the gold atom. The anionic
moiety of the complexes is presented by the distorted
tetrahedral [HgCl4]2– (I) and centrosymmetric [Hg2-

Cl6]2– (II) anions (Figs. 5b, 6b). In each complex
anion, the metal atom (sp3-hybrid state) is surrounded
by four chlorine atoms. The ClHgCl bond angles lying
in the ranges 105.25°−120.15° (I) and 87.58°−122.04°
(II) (Table 2) considerably deviate from the purely tet-
rahedral value, which is typical of halogenomercu-
rate(II) ions [26, 27]. The Hg–Cl bonds in the

Fig. 1. (a, b) Size and shape of particles and (a', b') the energy dispersive spectra for complexes (a, a') [Hg{S2CN(CH3)2}2] and
(b, b') [Au{S2CN(CH3)2}2]2[HgCl4]. 
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[HgCl4]2– ion are nonequivalent in pairs. In the binu-
clear anion, the bonds of the cadmium atom with the
terminal chlorine atoms are noticeably stronger
(2.4045 and 2.4157 Å) than those with the bridging
atoms (2.5671 and 2.6896 Å).

In each of two complexes, the gold atom coordi-
nates two Dtc ligands nearly through the isobidentate
mode: the Au−S bond length lies in a narrow range of
2.3257−2.3481 Å. This coordination mode is accom-
panied by the formation of small four-membered
metallocycles [AuS2C] with the distances Au⋅⋅⋅C
2.815–2.829 Å and S⋅⋅⋅S 2.851–2.871 Å, which are sig-
nificantly shorter than the sums of the van der Waals

radii of the corresponding pairs of atoms: 3.36 and
3.60 Å [28–30]. The atoms in the [AuS2C] groups are
nearly coplanar: the AuSSC and SAuCS torsion
angles slightly (by 0.2°−3.5°) deviate from 180° or 0°
(Table 2).

The C2NC(S)S groups in the Dtc ligands are also
planar, which is indicated by the SCNC torsion
angles, whose values are close to 180° or 0° (Table 2).
The only significant deviation from the plane is
demonstrated by the С(6) atom in compound I: the
torsion angles are S(3)C(4)N(2)C(6) –175.0° and
S(4)C(4)N(2)C(6) 4.3°. The strength of the N−C(S)S
bonds (1.299−1.304 Å) is much higher than that of

Fig. 3. Projection of the structure of compound I on the xz plane.

x

z
y

Fig. 4. Projection of the structure of compound II on the yz plane.

x z

y
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N−CH2 (1.449−1.488 Å) because of the contribution
of double bonding to the formally ordinary bond and
the admixing of sp2 to the sp3-hybrid state of the nitro-
gen and carbon atoms due to the mesomeric effect.

The organization of the structures  of compounds I
and II differs substantially. The gold(III) complex cat-
ions in compound I are unified by pairs of the second-
ary1 Au⋅⋅⋅S bonds to form centrosymmetric dimers
[Au2{S2CN(CH3)2}4]2+ with the antiparallel orienta-
tion of the mononuclear fragment and an Au⋅⋅⋅Au dis-
tance of 4.247 Å (Fig. 5a). In each cation, only one
sulfur atom, S(2) of one of the MeDtc ligands, partic-
ipates in secondary interactions. The lengths of the
paired secondary bonds Au(1)⋅⋅⋅S(2)a and
Au(1)a⋅⋅⋅S(2) (3.4247 Å) are somewhat shorter than
the sum of the van der Waals radii of the gold and sul-
fur atoms (3.46 Å) [28–30]. In the crystal structure of
compound I, the gold(III) binuclear cations discussed
alternate with the [HgCl4]2– discrete anions forming
piles oriented along the y crystallographic axis (Fig. 3).

Complex II demonstrates a more complicated
character of the structure. Two isomeric cations, A and

1 The concept of secondary bonds was proposed [31] for the
description of interactions characterized by the distances com-
parable with the sums of the van der Waals radii of the corre-
sponding atoms.

B, are involved in its supramolecular self-organiza-
tion. Each of the cations forms two pairs of nonequiv-
alent secondary Au⋅⋅⋅S bonds with two adjacent cat-
ions due to the gold atom and two diagonally arranged
sulfur atoms: Au(1)···S(3)b and Au(1)···S(3)с 3.8794,
Au(2)···S(2) and Au(2)···S(2)b 3.5421 Å. This interac-
tion leads to the formation of linear polymeric chains
[⋅⋅⋅А⋅⋅⋅В⋅⋅⋅]n (angle Au(1)Au(2)Au(1)d 180°) oriented
along x crystallographic axis, and isomeric cations A
and B are alternated along the chains (Fig. 6a). The
strength of binding between the adjacent cations in the
chain discussed is lower than that in the
[Au2{S2CN(CH3)2}4]2+ binuclear cation, resulting in
an expected elongation of the Au(1)⋅⋅⋅Au(2) distance
(to 4.683 Å).

The thermal behavior of compounds I and II was
studied by the STA method in an argon atmosphere
with the simultaneous detection of the TG and DSC
curves. The complexes show different characters of
thermal destruction (Figs. 7, 8). The thermolysis of
compound I formally proceeds in one stage in a range
of ~215–365°С (Fig. 7a). The main mass loss (64.70%
of the initial value) falls onto the steeply descending
region of the TG curve, indicating that the thermolysis
proceeds simultaneously at the cation and anion. The
subsequent f lat region (~365–800°С) shows the

Fig. 5. Structures of the (a) [Au2{S2CN(CH3)2}4]2+ binuclear complex cation and (b) [HgCl4]2– anion of compound I. Ellipsoids
of 50% probability; the Au⋅⋅⋅S secondary bonds are shown by dash. 
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desorption of volatile thermolysis products. The resid-
ual mass at 1100°С is 32.25%, which is consistent with
the calculated value (32.36%) for reduced gold. Gold
balls 60–340 μm in size without visible slag traces were
observed on the crucible bottom after the end of the
process (Fig. 7c). The intense endotherm in the low-
temperature region of the DSC curve (Fig. 7b) is due
to the melting of the complex with decomposition (the
extrapolated temperature of the process is 281.9°С). It
was found by the independent determination of mp in
a glass capillary that the melting of the complexes in a
range of 274–276°С was accompanied by vigorous gas
evolution. The high-temperature region of the DSC
curve exhibits an endotherm showing the melting of
reduced gold (extrapolated mp = 1062.9°С).

The TG curve detects several stages of mass loss
and indicates a more complicated character of the
thermal destruction of complex II (Fig. 8a). The mass
loss in the first (low-temperature) region (~107–
136°С) is 3.52%, which is consistent with the calcu-
lated value (3.50%) for a solvate acetone molecule.
The desolvation of compound II is shown in the DSC
curve by the endotherm with an extreme at 113.6°С
(Fig. 8b). Then, when the mass of the sample was sta-
bilized, the DSC curve detected the next endotherm
with an extreme at 171.8°С assigned to the melting of

the non-solvated form of the complex (extrapolated
m.p. = 169.9°С). The melting of complex II was inde-
pendently established in a range of 168–170.0°С.

The region of the TG curve from 187 to 455°С
detects the main mass loss (68.59%), which substan-
tially exceeds the calculated value for the “dithiocar-
bamate” moiety of compound II (35.75%). This indi-
cates the thermolysis of the complex simultaneously at
the cationic and anionic moieties: with the reduction
of gold(III) to the metal and the release and subse-
quent evaporation of HgCl2. Several inflection points
in the TG curve indicate a complicated character of
the occurred processes. The DSC curve in the dis-
cussed region is presented by a broadened asymmetric
thermal effect. The complicated internal structure of
the latter revealed by differentiation is caused by the
superposition of the exo- and endotherms with
extremes at 247.7 and 284.6°С, respectively (Fig. 8b).
The exotherm is most pronounced when recording in
an aluminum crucible (Fig. 8c). The problem of
HgCl2 evaporation required a more detailed consider-
ation. The matter is that 32.73% of the total weight of
complex II fall onto the fraction of formed mer-
cury(II) chloride. However, it follows from an analysis
of the TG curve that the residual mass is only 13.15%
(except for reduced gold) when the boiling point of

Fig. 6. (a) Fragment of the ([Au{S2CN(C2H5)2}2]+)n polynuclear chain in complex II and (b) the structure of the [Hg2Cl6]2–

binuclear cation. Ellipsoids of 50% probability; the Au⋅⋅⋅S secondary bonds are shown by dash. 
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HgCl2 is achieved (301.8°С [32]). Therefore, the ther-
mal behavior of compact HgCl2 (11.415 mg) was stud-
ied to check the possibility of the quantitative evapora-
tion of mercury(II) chloride far from its bp. It was
found that the first indications to sublimation were
observed already at 170°С and the sublimation was
completed to 270°С when the mp of HgCl2 even was
not achieved (280.0°С [32]).

The final, third stage (~455–1020°С) with a mass
loss of 3.69% is caused by the final desorption of vola-
tile thermolysis products of complex II. The residual
mass at 1100°С (23.80%) only insignificantly exceeds
the value calculated for reduced gold (23.75%). Thus,
the final thermolysis product for compounds I and II
is metallic gold (the DSC curve detects the endotherm
of its melting, and the extrapolated mp is 1062.3°C),

Fig. 7. (a) TG and (b) DSC curves for complex I; (c) balls of reduced gold after the completion of the process.
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Fig. 8. (a) TG and (b) DSC curves for complex II; (c) the low-temperature DSC region detected in an aluminum crucible. 
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which is quantitatively regenerated under relatively
mild conditions.
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