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INTRODUCTION

Recent studies showed that dithiocarbamate com�
plexes can be interesting as promising sorbents for the
concentrating and extraction of noble metals from
solutions. We have earlier [1–9] studied the chemi�
sorption properties of the cadmium dialkyl dithiocar�
bamate complexes towards gold(III) solutions in 2 M
HCl in a wide concentration range. Both the het�
eropolynuclear gold(III)⎯cadmium complex and
polynuclear gold(III) complexes were preparatively
isolated from the chemisorption systems at different
stages of saturation. The unusually complicated
supramolecular structures and properties of these
complexes were established by the X�ray diffraction,
MAS NMR (13C, 15N, and 113Cd), and simultaneous
thermal analysis (STA) data. However, in the most part
of cases, gold fixation is accompanied by the escape of

toxic cadmium to the solution, which is a substantial

drawback of the discussed sorbents.
1
 Therefore, it was

of interest to study the chemisorption interaction of
the zinc dithiocarbamate complexes with gold(III)
and to reveal polynuclear complexes as individual fix�
ation modes of gold.

In this work, we studied the interaction of the
freshly precipitated binuclear zinc diisopropyl dithio�
carbamate (Dtc) complex, [Zn2{S2CN(iso�C3H7)2}4]

1 The exceptions are two compounds that bind gold by a special
fixation mode, because this fixation is not accompanied by cad�
mium escape to the solution due to the formation of hexachlo�
rodicadmate ions: [Cd2(S2CNR2)4] + 2H[AuCl4] =
[Au(S2CNR2)2]2[Cd2Cl6] + 2HCl (R = C2H5 [9], C3H7 [1]).
This reaction is reduced to the addition of two molecules of
gold(III) chloride by each binuclear molecule of the complex
chemisorbent with the entire ligand redistribution between three
coordination spheres.
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zinc chloride and the partial formation of ZnS), and the evaporation of ZnCl2. The final products of the ther�
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(chemisorbent), with solutions of Н[AuCl]4 in 2 M
HCl and preparatively isolated the individual fixation
mode of gold(III) from solutions. The binding of
gold(III) caused by chemisorption combined with the
partial ion exchange affords the polymer heteropoly�
nuclear gold(III)–zinc complex (H3O[Au3{S2CN(iso�
C3H7)2}6][ZnCl4]2 ⋅ H2O)n (I). The molecular and
supramolecular structures of hydrated complex I were
determined by X�ray diffraction analysis. The synthe�
sized compound includes two types of isomeric cations
(conformers) [Au{S2CN(iso�C3H7)2}2]

+ in a ratio of
1 : 2. Two noncentrosymmetric (A) and one cen�
trosymmetric (B) complex gold(III) cations are joined
by pairs of secondary Au⋅⋅⋅S bonds to form the linear
trinuclear [Au3{S2CN(iso�C3H7)2}6]

3+ fragment. The
adjacent trinuclear fragments are additionally bound
by pairs of symmetric short Au⋅⋅⋅S contacts into a zig�
zag polymer chain of the (⋅⋅⋅[А⋅⋅⋅В⋅⋅⋅А]3+⋅⋅⋅)n type. The
pairs of the [ZnCl4]

2– anions are joined by Cl(4)⋅⋅⋅O
hydrogen bonds involving the outer�sphere water mol�
ecules and hydronium ions. The conditions for the
regeneration of fixed gold were established by the
study of the thermal behavior of complex I using the
STA method.

EXPERIMENTAL

Sodium diisopropyl dithiocarbamate was synthe�
sized by the reaction of carbon disulfide (Merck) and
diisopropylamine (Merck) in an alkaline medium
[10]. The starting binuclear complex chemisorbent
was synthesized according to published data [11].
Both compounds were identified using the data of 13C
MAS NMR spectroscopy.

Na{S2CN(iso�C3H7)2} ⋅ 3H2O (1 : 2 : 4), δ, ppm:
206.6 (–S2CN=), 58.6, 51.3 (1 : 1, =NCH=), 21.7,
19.8 (3 : 1, –CH3).

[Zn2{S2CN(iso�C3H7)2}4], δ, ppm: 203.0 (50)*,
202.8, 199.7 (46)*, 199,6 (1 : 1 : 1 : 1, –S2CN=); 61.8
(27)*, 59.8 (31)*, 52.6 (32)*, 50.8 (36)* (1 : 1 : 1 : 1,
=NCH=); 21.9, 21.7, 21.5, 21.2, 20.5, 20.3, 20.2 (1 :
1 : 1 : 1 : 1 : 1 : 2, –CH3) (* designate asymmetric 13C–
14N doublets [12, 13], in Hz).

Synthesis of compound I. Polymer hexakis(N,N�
diisopropyldithiocarbamato�S,S,S')trigold(III) hydro�
nium�bis(tetrachlorozincate) hydrate (I) was synthe�
sized by the interaction of freshly precipitated binu�
clear zinc diisopropyl dithiocarbamate [11] and a
solution of AuCl3 in 2 M HCl. The heterogeneous
reaction including the chemisorption and partial ion
exchange can be presented as follows:

3/2[Zn2{S2CN(iso�C3H7)2}4] + 3H[AuCl4] + 2H2O  

= H3O[Au{S2CN(iso�C3H7)2}2]3[ZnCl4]2 ⋅ H2O  
+ ZnCl2 + 2HCl.

A solution of AuCl3 (10 mL) in 2 M HCl contain�
ing gold (45.8 mg) was poured to zinc diisopropyl
dithiocarbamate (100 mg), and the mixture was stirred

for 1 h. The resulting lemon�yellow precipitate was fil�
tered off, washed with water, dried on the filter, and
dissolved in acetone. Yellow prismatic crystals of
hydrated complex I suitable for X�ray diffraction anal�
ysis were obtained by the slow evaporation of the sol�
vent.

13C MAS NMR for compound I, δ, ppm: 192.0,
191.4, 189.6 (1 : 1 : 1, –S2CN=); 60.0, 58.9, 57.3,
55.0, 54.3, 54.1 (=NCH=); 25.2, 24.8, 23.3, 22.5,
21.7, 21.2, 20.8, 20.5, 19.7, 19.0, 18.4, 17.8 (–CH3).

Sorption of gold(III) was carried out in the static
mode. A solution of AuCl3 (10 mL) in 2 M HCl (con�
centration 7.05 mg/mL) was poured to portions of the
starting chemisorbent (100 mg), and the mixture was
magnetically stirred for 1 h. After the end of the reac�
tion, 0.1�mL samples were taken from each solution
for the determination of the residual gold concentra�
tion. The degree of extraction (S) was calculated by
the formula

S = [(с – со)/с] × 100%, 

where с and со are the initial and residual contents of
gold in the solution, respectively. The amount of
chemisorbed gold(III) is determined by this differ�
ence. The gold content in solutions was determined on
a Hitachi atomic absorption spectrometer (class I,
model 180�50).

13C MAS NMR spectra were recorded on a
CMX�360 spectrometer (Agilent/Varian/Chemag�
netics InfinityPlus) with a working frequency of
90.52 MHz, a superconducting magnet (В0 = 8.46 T),
and a Fourier transform. Proton cross polarization was
used. The decoupling effect was used to suppress
13C⎯1H interactions using a radiofrequency field at the
resonance proton frequency [14]. A sample (~100 mg)
was placed in a 4.0�mm ceramic rotor of ZrO2. Magic
angle spinning at a frequency of 5500–6000(1) Hz was
used in 13C MAS NMR measurements (scan number
1400–3200, duration of proton π/2 pulses 4.9 μs,
1H⎯13C contact time 2.5 ms, interval between pulses
3.0 s). The 13C isotropic chemical shifts (δ scale in
ppm) are relative to one of the components of crystal�
line adamantane used as an external standard [15] (δ =
38.48 ppm relative to tetramethylsilane [16]).

X�ray diffraction analysis of compound I was carried
out from prismatic single crystals on a Bruker�Nonius
X8 Apex CCD diffractometer (MoK

α
 radiation, λ =

0.71073 Å, graphite monochromator) at 100(2) K.
The data were collected according to a standard pro�
cedure: ϕ and ω scan modes for narrow frames.
An absorption correction was applied empirically
(SADABS) [17]. The structure was solved by a direct
method and refined by least squares (for F 2) in the
full�matrix anisotropic approximation of non�hydro�
gen atoms. The positions of hydrogen atoms were cal�
culated geometrically and included into refinement in
the riding model. The oxygen atoms of the solvating
Н2О molecule and Н3О

+ hydronium ion were ran�
domly distributed between two positions with equal
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populations (0.50). The hydrogen atoms in Н2О and
Н3О

+ were not localized. The residual electron density
was found in the expected range between ⎯2.59 and
2.13 e/Å3.

Data collection and editing and the refinement of
unit cell parameters were performed using the APEX2
and SAINT programs [17]. Calculations on structure
determination and refinement were performed using
the SHELXTL program package [17]. The main crys�
tallographic data and refinement results for structure I
are listed in Table 1. Selected bond lengths and angles
are given in Table 2. The coordinates of atoms, bond
lengths, and angles were deposited with the Cam�
bridge Crystallographic Data Centre (no. 908263;
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk).

Thermal behavior of compound I was studied by the
STA method including the simultaneous detection of
thermogravimetry (TG) and differential scanning cal�
orimetry (DSC) curves on a STA 449C Jupiter instru�
ment (NETZSCH) in capped corundum crucibles
with a hole in the cap providing a vapor pressure of
1 atm in the course of the thermal decomposition of
the sample. The heating rate was 5°C/min to 1100°С
in argon. In addition, recording was carried out in alu�
minum crucibles to reveal more distinctly the heat
effects at the initial stage. The weight of the samples
ranged from 1.932 to 3.734 mg. The accuracy of the
temperature measurement was ±0.7°С, and that of the
weight change was ±1 × 10–4 mg. When recording the
TG and DSC curves, the correction file was used as
well as temperature sensitivity calibrations for the
specified temperature program and heating rate. The
independent determination of the melting point of
compound I was carried out on a PTP(M) instrument
(OAO Khimlaborpribor, Russia).

RESULTS AND DISCUSSION

The restructuring of sorbent precipitates with a
change in their color from white to stramineous and
gradual deepening of the color to lemon�yellow were
observed in the course of the interaction of the samples
of the starting [Zn2{S2CN(iso�C3H7)2}4] complex with
the working solution of gold(III) chloride. These
changes indicate the formation of new compounds in
the system studied. The working solution was com�
pletely decolorized in parallel. The degree of extrac�
tion of gold from the solution was 99.23%. The sorp�
tion capacity of zinc diisopropyl dithiocarbamate cal�
culated from the formation of the heteropolynuclear
gold(III)–zinc complex was 471.2 mg of Au3+ per 1 g
of the sorbent.

The 13C MAS NMR spectrum (Fig. 1) of com�
pound I isolated from the chemisorption system
exhibits multicomponent groups of resonance signals
in the region of the =NC(S)S–, =CH–, and –CH3
groups (see Synthesis of compound I). The modeling
of the spectrum from fragment to fragment made it

possible to attribute the 13C signals (1 : 1 : 1) to three
nonequivalent =NC(S)S– groups, which indicates a
complicated character of the structure of new com�
pound I formed in the sorption system.

The molecular and supramolecular structures of
complex I were determined by X�ray diffraction anal�
ysis to verify the above conclusions.

The structure of ionic complex I is shown in Fig. 2.
The cationic part of the compound is presented by the
hydronium ion and three complex ions [Au{S2CN(iso�
C3H7)2}2]

+ including the planar chromophores [AuS4]
corresponding to the low�spin (intraorbital) dsp2

hybrid state of gold (Fig. 3a). In the [ZnCl4]
2– anions,

the metal atom exists in the tetrahedral environment
of four chlorine atoms (Fig. 3b) (sp3 hybrid state of the
central atom).

Table 1. Crystallographic data and the experimental and re�
finement parameters for structure I

Parameter Value

Empirical formula C42H89N6O2S12Cl8Au3Zn2

M 2100.15

Crystal system Triclinic

Space group P
–
1

a, Å 11.6473(3)

b, Å 12.2273(3)

c, Å 13.9410(4)

α, deg 92.5180(10)

β, deg 96.6120(10)

γ, deg 113.5800(10)

V, Å3 1798.67(8)

Z 1

ρcalcd, g/cm3 1.939

μ, mm–1 7.436

F(000) 1019

Crystal size, mm  0.18 × 0.08 × 0.06

Data collection in θ range, deg 1.83–30.14

Range of reflection indices –14 ≤ h ≤ 16, –16 ≤ k ≤ 6,
–19 ≤ l ≤ 19

Measured reflections 14242

Independent reflections 10358 (Rint = 0.0146)

Number of reflections 
with I > 2σ(I)

9062

Refinement variables 351

Goodness�of�fit 1.066

R factors on F 2 > 2σ(F 2) R1 = 0.0257, wR2 = 0.0596

R factors on all reflections R1 = 0.0328, wR2 = 0.0615

Residual electron density 
(min/max), e Å–3

–2.589/2.134



466

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 39  No. 6  2013

LOSEVA et al.

Table 2. Selected bond lengths (d) and bond (ω) and torsion (ϕ) angles in structure I*

Bond d, Å Bond d, Å

Cation A
Au(1)–S(11) 2.3285(8) N(11)–C(13) 1.505(4)
Au(1)–S(12) 2.3393(8) C(12)–C(121) 1.517(5)
Au(1)–S(13) 2.3309(8) C(12)–C(122) 1.525(5)
Au(1)–S(14) 2.3369(8) C(13)–C(131) 1.524(5)
Au(1)···S(21) 3.5863(9) C(13)–C(132) 1.520(5)
Au(1)···S(13)a 3.8119(8) N(12)–C(14) 1.305(4)
S(11)–C(11) 1.738(3) N(12)–C(15) 1.500(4)
S(12)–C(11) 1.742(3) N(12)–C(16) 1.501(4)
S(13)–C(14) 1.739(3) C(15)–C(151) 1.524(4)
S(14)–C(14) 1.742(3) C(15)–C(152) 1.516(5)
N(11)–C(11) 1.311(4) C(16)–C(161) 1.515(5)
N(11)–C(12) 1.502(4) C(16)–C(162) 1.524(4)

Cation B
Au(2)–S(21) 2.3307(8) N(21)–C(22) 1.499(4)
Au(2)–S(22) 2.3361(8) N(21)–C(23) 1.505(4)
Au(2)···S(12) 3.6032(8) C(22)–C(221) 1.516(5)
S(21)–C(21) 1.735(3) C(22)–C(222) 1.521(5)
S(22)–C(21) 1.740(3) C(23)–C(231) 1.523(5)
N(21)–C(21) 1.308(4) C(23)–C(232) 1.525(5)

Anion
Zn(1)–Cl(1) 2.2840(10) Zn(1)–Cl(3) 2.2601(10)
Zn(1)–Cl(2) 2.2445(10) Zn(1)–Cl(4) 2.2706(17)

Angle ω, deg Angle ω, deg

Cation A
S(11)Au(1)S(12) 75.04(3) S(11)C(11)N(11) 126.7(3)
S(11)Au(1)S(13) 103.89(3) S(12)C(11)N(11) 123.7(3)
S(11)Au(1)S(14) 172.60(3) S(13)C(14)S(14) 109.46(17)
S(12)Au(1)S(14) 106.17(3) S(13)C(14)N(12) 123.2(2)
S(12)Au(1)S(13) 178.60(3) S(14)C(14)N(12) 127.3(2)
S(13)Au(1)S(14) 75.00(3) C(11)N(11)C(12) 123.9(3)
Au(1)S(11)C(11) 87.91(11) C(11)N(11)C(13) 118.8(3)
Au(1)S(12)C(11) 87.48(11) C(12)N(11)C(13) 117.1(3)
Au(1)S(13)C(14) 87.29(11) C(14)N(12)C(15) 119.4(3)
Au(1)S(14)C(14) 87.03(11) C(14)N(12)C(16) 123.5(3)
S(11)C(11)S(12) 109.53(18) C(15)N(12)C(16) 116.6(2)

Cation B
S(21)Au(2)S(22) 74.83(3) S(21)C(21)N(21) 126.4(2)
S(21)Au(2)S(22)b 105.17(3) S(21)C(21)N(21) 126.4(2)
S(21)Au(2)S(21)b 180.00(4) S(22)C(21)N(21) 124.2(2)
S(22)Au(2)S(22)b 180.00(4) C(21)N(21)C(22) 120.5(3)
Au(2)S(21)C(21) 88.04(11) C(21)N(21)C(23) 123.3(3)
Au(2)S(22)C(21) 87.73(10) C(22)N(21)C(23) 116.2(2)
S(21)C(21)S(22) 109.37(17)

Anion
Cl(1)Zn(1)Cl(2) 114.59(4) Cl(2)Zn(1)Cl(3) 113.77(4)
Cl(1)Zn(1)Cl(3) 109.92(4) Cl(2)Zn(1)Cl(4) 105.61(5)
Cl(1)Zn(1)Cl(4) 103.35(5) Cl(3)Zn(1)Cl(4) 108.84(5)
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In each gold(III) cation, the both dithiocarbamate
ligands are characterized by a nearly S,S'�isobidentate
coordination mode (Au–S 2.3285–2.3393 Å), due to
which two four�membered metallocycles [AuS2C]
joined by the common gold atom are formed. The
cycles are small: the Au⋅⋅⋅C 2.842–2.857 Å) and S···S
2.836–2.843 Å interatomic distances are substantially
shorter than the sums of the van der Waals radii of the
corresponding pairs of the atoms (Au, C 3.36 Å
and 2S 3.60 Å [18–20]). These data indicate a high
general degree of binding of the atoms in the bicyclic
group [Au(S2C)2] due to the high concentration of the
π�electron density delocalized inside the sterically
strained four�membered metallocycles. The cycles are
almost planar, and only one of them in the noncen�
trosymmetric Au(1) cation exhibits a significant tetra�
hedral distortion (torsion angles AuSSC 167.7° and
SAuCS 168.8° (Table 2)). The gold polygons [AuS4]
are rectangles (the deviation of the S⋅⋅⋅S⋅⋅⋅S angles
from 90° does not exceed 1°) with the S⋅⋅⋅S sides equal
to 2.836–2.843 and 3.669–3.739 Å (intraligand and

interligand distances, respectively). The N–C(S)S
bonds (1.305–1.311 Å) in the Dtc groups are substan�
tially shorter than N–CH (1.499–1.505 Å) due to the
mesomeric effect. For the same reason, the atoms in
the C2N⎯C(S)S groups are nearly coplanar, and the
maximum deviation from the plane is characteristic of
the C(12) and C(16) atoms (see the values of the cor�
responding torsion CNCS angles in Table 2).

Of three complex cations [Au{S2CN(iso�
C3H7)2}2]

+ of the discussed heteropolynuclear com�
pound, two noncentrosymmetric cations (cations A

Table 2. (Contd.)

Angle ϕ, deg Angle ϕ, deg

Cation A

Au(1)S(11)S(12)C(11) –177.9(2) S(12)C(11)N(11)C(12) –171.3(2)

Au(1)S(13)S(14)C(14) 167.7(2) S(12)C(11)N(11)C(13) 3.7(4)

S(11)Au(1)C(11)S(12) –178.1(2) S(13)C(14)N(12)C(15) 0.5(4)

S(13)Au(1)C(14)S(14) 168.8(2) S(13)C(14)N(12)C(16) –170.9(2)

S(11)C(11)N(11)C(12) 11.2(5) S(14)C(14)N(12)C(15) 179.0(2)

S(11)C(11)N(11)C(13) –173.8(2) S(14)C(14)N(12)C(16) 7.5(4)

Cation B

Au(2)S(21)S(22)C(21) –178.5(2) S(21)C(21)N(21)C(23) 5.4(4)

S(21)Au(2)C(21)S(22) –178.6(2) S(22)C(21)N(21)C(22) 3.4(4)

S(21)C(21)N(21)C(22) –176.1(2) S(22)C(21)N(21)C(23) –175.1(2)

* Symmetry transforms: a 2 – x, –y, 1 – z; b 2 – x, 1 – y, 1 – z.

175200 5060 40 30 20 10

δ, ppm

Fig. 1. 13C MAS NMR spectrum of complex I (scan num�
ber/spinning frequency 3200/6000).

x
z

y

Fig. 2. Projection of the (H3O[Au3{S2CN(iso�
C3H7)2}6][ZnCl4]2 ⋅ H2O)n structure (I) on the xy plane.
Secondary bonds Au···S are shown by double dashed lines;
short contacts between the trinuclear structural fragments
are designated by dotted lines. The iso�C3H7 groups,
H3O+ cations, and H2O molecules are omitted.
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with the Au(1) atom) are structurally nonequivalent
with respect to the third centrosymmetric one
(cation B including the Au(2) atom) (Fig. 3a, Table 2).
Thus, as expected from the 13C MAS NMR data,
compound I includes three (1 : 1 : 1) structurally non�
equivalent Dtc ligands. The structural similarity of
complex cations A and B is consistent with their non�
equivalence, and the character of the structural differ�
ences observed (Table 2) makes it possible to classify
them as conformational isomers.

The further structural ordering of complex I at the
supramolecular level occurs due to relatively weak sec�

ondary Au⋅⋅⋅S bonds
2 between the isomeric cations

[Au{S2CN(iso�C3H7)2}2]
+. Each centrosymmetric

cation B forms a pair of nonequivalent secondary

2 The concept of secondary bonds was proposed [21] for the
description of interactions characterized by distances compara�
ble with the sums of the van der Waals radii of the corresponding
atoms.

(а)

(b)

Au(1)c S(13)c

Au(1)b

S(12)b

S(21)b
S(22) C(22)

C(222) C(232)

C(23)
N(21)

S(21)

C(162)

Au(2)
S(22)b

S(14)

C(221)
C(231)

C(132) C(122)

S(12)

C(14)

C(16)

C(13)

C(12)
C(11) S(11)

S(13)

C(15)

C(151)

C(152)

N(12)

C(161)

C(131)
C(121)

N(11) Au(1)

Au(1)a
S(13)a

Cl(1)

Cl(2)

Cl(3)
O(2)

Cl(4)

O(1)d

O(2)d

Cl(3)d

Cl(2)d
Cl(4)d

O(1)

Cl(1)d

Zn(1)

Zn(1)d

2.822(9)Å

2.
73

5(
8)

Å

Fig. 3. (a) Trinuclear structural fragment [Au3{S2CN(iso�C3H7)2}6]3+. Intercationic secondary Au···S bonds are shown by double
dashed lines; short contacts between the trinuclear structural fragments are designated by dotted lines. (b) Mutual spatial arrange�
ment of the [ZnCl4]2– anions, H3O+ cations, and Н2О molecules; hydrogen bonds are shown by dashed lines. Ellipsoids with the

70% probability (symmetry transforms: c x, 1 + y, z; d 1 – x, 1 – y, 2 – z).



RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 39  No. 6  2013

A FIXATION MODE OF GOLD(III) 469

bonds with each of two adjacent noncentrosymmetric
cations A: Au(2)⋅⋅⋅S(12), Au(2)⋅⋅⋅S(12)b 3.6032 and
Au(1)⋅⋅⋅S(21), Au(1)b⋅⋅⋅S(21)b 3.5863 Å. The length of
these bonds somewhat exceeds the sum of the van der
Waals radii of the gold and sulfur atoms (3.46 Å) [18–
20]. As a result, trinuclear structural fragments
[Au3{S2CN(iso�C3H7)2}6]

3+ of the [A⋅⋅⋅B⋅⋅⋅A] type are
formed (Au(1)⋅⋅⋅Au(2) 4.129 Å, angle
Au(1)Au(2)Au(1) 180°) in which cations A are anti�
parallel (Fig. 3a). The trimers formed are joined by
pairs of short contacts between cations A:
Au(1)⋅⋅⋅S(13)a and Au(1)a⋅⋅⋅S(13) 3.8119 Å. This leads to
the formation of zigzag polymer chains
(⋅⋅⋅[A⋅⋅⋅B⋅⋅⋅A]⋅⋅⋅)n along the crystallographic axis y. The
Au(1)⋅⋅⋅Au(1) distance is 4.494 Å, and the
Au(1)⋅⋅⋅Au(1)⋅⋅⋅Au(2) angle is 145.43°.

The complex anions [ZnCl4]
2–, outer�sphere water

molecules, and hydronium ions are localized between
the polymer chains (Figs. 2 and 3b). Two adjacent
[ZnCl4]

2– anions are joined by hydrogen bonding
involving the chlorine atom, solvating H2O molecule,
and H3O

+ ion (Fig. 3b). The Cl(4)d⋅⋅⋅O(1) 2.735 and

Cl(4)⋅⋅⋅O(2) 2.822 Å distances are substantially shorter
than the sums of the van der Waals radii of the oxygen
and chlorine atoms (3.27 Å) [18–20]. Probably, the
positively charged H3O

+ ion forms a stronger hydro�
gen bond with the negatively polarized chlorine atom
than the water molecule does [22]. Therefore, it seems
reasonable that the O(1) oxygen atom is in the compo�
sition of the hydronium ion.

The conditions for the regeneration of fixed gold
were established by the STA study of the thermal
behavior of compound I (parallel recording of the TG
and DSC curves) under an argon atmosphere. The TG
curve shows the multistage mass loss by the studied
complex (Fig. 4a). At the initial stage of thermolysis
(below ~145°С), the TG curve detects two small mass
loss steps of 0.74 and 0.98% (totally 1.72%) corre�
sponding to the two�step dehydration of the complex
(calcd. 0.86 × 2 = 1.72%). The main mass loss
(60.17%) is presented by the next steeply descending
region of the TG curve with several inflection points
indicating the consecutive occurrence of several pro�
cesses. The stage discussed (145–340°С) is related to
the reduction of metallic gold (in the cation), the lib�
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Fig. 4. (a) TG and (b, c) DSC curves for complex I (b is the low�temperature (below 280°С) DSC fragment of the curve recorded
in an aluminum crucible); (d) enlarged fragment of the crucible bottom at the thermolysis completion.
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eration of zinc chloride, and its partial transformation

into ZnS (in the anion).
3
 The completing third stage

(340–600°С) is caused by the evaporation of ZnCl2

(mp = 317°C and bp = 733°C [24]). The considerable
content of sulfur (18.32%) in the complex, which
manifests a high affinity to gold, suggests that the
direct precursor of reduced gold is Au2S (Tdecomp =
240°C [24]). This is indirectly confirmed by the corre�
sponding inflection point in the TG curve.

The residual weight at 1100°С (33.89% of the ini�
tial value) exceeds the expected one for reduced gold
(calcd. 28.14%) by 5.75%. When assigning this exces�
sive weight to ZnS (sublimes only at 1185°С [24]), one
should take into account that its formation requires
61.96% zinc existing in the complex. Therefore,
38.04% zinc remained in the form of ZnCl2. The cor�
responding amount of zinc chloride is 4.94% of the
initial weight of the complex, which is rather close to
the experimentally observed mass loss at the third
stage (4.22%). After the crucible was opened, gold
balls (from 0.004 to 0.05 mm in diameter) and zinc
sulfide colored in reddish�brown due to the incorpora�
tion of finely dispersed particles of reduced gold were
found on the bottom (Fig. 4d).

The low�temperature region of the DSC curve
contains three weakly pronounced endotherms (with
extremes at 78.3, 131.7, and 195.8°С) corresponding
to two dehydration steps of the complex followed by
melting of its dehydrated form (Fig. 4b). (The phase
transition was found in the temperature range from
188 to 190°C by the determination of the melting
point of complex I pressed in a glass capillary.) The
next region of the DSC curve corresponding to the
active thermolysis zone shows several overlapped heat
effects, indicating a complicated character of the ther�
molysis. The high�temperature region includes the
endotherm of gold melting (Fig. 4c): the extrapolated
melting point is 1061.1°C.
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