
  1247

The Canadian Mineralogist
Vol. 44, pp. 1247-1255 (2006)

CRYSTAL CHEMISTRY OF MERCURY SULFOHALIDES OF COMPOSITION 
Hg3S2Hal2 (Hal: Cl, Br). II. CRYSTAL STRUCTURES OF TWO POLYMORPHIC 

MODIFICATIONS OF Hg3S2Br2–xClx (x ≈ 0.5)

NATALIE V. PERVUKHINA§

Nikolaev Institute of Inorganic Chemistry, Siberian Branch of Russian Academy of Sciences, 
Lavrentiev Av. 3, Novosibirsk, 630090, Russia

VLADIMIR I. VASIL’EV

United Institute of Geology, Geophysics and Mineralogy, Siberian Branch of Russian Academy of Sciences, 
Koptyug Av. 3, Novosibirsk, 630090, Russia

SVETLANA A. MAGARILL, STANISLAV V. BORISOV AND DMITRII YU. NAUMOV

Nikolaev Institute of Inorganic Chemistry, Siberian Branch of Russian Academy of Sciences, 
Lavrentiev Av. 3, Novosibirsk, 630090, Russia

ABSTRACT

Two polymorphic modifi cations of Hg2+
3S2Br1.5Cl0.5 (I, II) have been prepared in attempts to obtain a synthetic analogue 

of arzakite, Hg3S2(Br,Cl)2 (Br ≥ Cl), a rare supergene sulfohalide mineral of mercury. The structures of the two phases were 
solved by direct methods and refi ned to an R of 0.0513 and 0.0380 using 1539 and 1006 unique observed refl ections (|Fo| > 4�F) 
for compounds I and II, respectively. Compound I is monoclinic, space group C2/m, a 17.824(4), b 9.238(2), c 10.269(2) Å, � 
115.69(1)°, V 1523.8(5) Å3, Z = 8. Compound II is cubic, space group Pm3̄n, a 18.248(2) Å, V 6076.4(1) Å3, Z = 32. In both 
structures, the Hg atoms are covalently bonded to two S atoms each at 2.366(6)–2.430(5) Å [�S–Hg–S 163.03(19)–176.3(2)°]. 
Each S atom is bonded to three mercury atoms to form SHg3 trigonal pyramids with the Hg–S–Hg angles in the range 95.66(19)–
97.60(20)°. In compounds I and II, the SHg3 fragments share the Hg vertices to form isolated cubes with S atoms at the corner 
and Hg atoms in the middle of the edges. Halogen atoms are located both within and in between the [Hg12S8] cubes. As in 
other mercury chalcohalide structures, the halogen atoms determine the structural architecture of the compounds, as they form 
the cubic sublattices that accommodate the Hg–S units. Taking into account the halogen atoms, the Hg atoms are in distorted 
octahedral coordination.

Keywords: mercury sulfohalide, bromine dominance, crystal structure, polymorphism, arzakite, Arzak mercury deposit, Tuva, 
Kadyrel mercury deposit, Russia.

SOMMAIRE

Nous avons préparé deux modifi cations polymorphiques de Hg2+
3S2Br1.5Cl0.5 (I, II) dans un travail visant la synthèse de 

l’arzakite, Hg3S2(Br,Cl)2 (Br ≥ Cl), un sulfohalogénure rare supergène de mercure. Les structures de ces deux phases ont été 
résolues par méthodes directes, et affi nées jusqu’à un résidu R de 0.0513 et 0.0380 en utilisant 1539 and 1006 réfl exions uniques 
observées (|Fo| > 4�F) pour les composés I et II, respectivement. Le composé I est monoclinique, groupe d’espace C2/m, a 
17.824(4), b 9.238(2), c 10.269(2) Å, � 115.69(1)°, V 1523.8(5) Å3, Z = 8. Le composé II est cubique, groupe d’espace Pm3̄n, a 
18.248(2) Å, V 6076.4(1) Å3, Z = 32. Dans les deux structures, les atomes de Hg sont liés de façon covalente à deux atomes de 
soufre chacun à 2.366(6)–2.430(5) Å [�S–Hg–S 163.03(19)–176.3(2)°]. Chaque atome de soufre est lié à trois atomes de mercure 
pour former des pyramides trigonales SHg3, avec les angles Hg–S–Hg entre 95.66(19) et 97.60(20)°. Dans les composés I et II, 
les fragments SHg3 partagent leur coin Hg pour former des cubes isolés ayant les atomes de soufre aux coins et les atomes de Hg 
au centre des arêtes. Les atomes de halogènes sont situés à la fois à l’intérieur et entre les cubes [Hg12S8]. Tout comme c’est le 
cas dans la structure d’autres chalcohalogénures de mercure, les halogènes déterminent l’architecture structurale des composés, 
parce qu’ils forment la sous-maille cubique qui accommode les modules Hg–S. Compte tenu des atomes de halogènes, les atomes 
de Hg font preuve d’une coordinence octaédrique difforme.

 (Traduit par la Rédaction)

Mots-clés: sulfohalogénure de mercure, dominance de brome, structure cristalline, polymorphisme, arzakite, gisement de mercure 
d’Arzak, Tuva, gisement de mercure de Kadyrel, Russie.
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INTRODUCTION

Arzakite, Hg3S2(Br,Cl)2, is one of several known 
mercury sulfohalide minerals in the system Hg3S2Cl2 
– Hg3S2Br2 – Hg3S2I2. Other minerals are: lavrentievite, 
Hg3S2(Cl,Br)2 (Vasil’ev et al. 1984, 1986), kenhsuite, 
�-Hg3S2Cl2 (McCormack & Dickson 1998), cord-
eroite, �-Hg3S2Cl2 (Puff & Küster 1962, Aurivillius 
1967, Frueh & Gray 1968), radtkeite, Hg3S2Cl1.0I1.0 
(McCormack et al. 1991, Pervukhina et al. 2004), and 
grechishchevite, Hg3S2(Br,Cl,I)2 (Vasil’ev et al. 1989). 
From a mineralogical viewpoint, within the Hg3S2Cl2 
– Hg3S2Br2 solid-solution series, all Br-dominant 
members are referred as arzakite, whereas Cl-dominant 
members are considered as lavrentievite.

In the fi rst paper of the series (Pervukhina et al. 
2006), we reported structures of two Cl-dominant 
compounds with the composition Hg3S2Cl2–xBrx (x ≈ 
0.5), i.e., compounds that are probably closely related 
(though not identical) to lavrentievite. The aim of this 
work is to report crystal structures of two novel poly-
morphic Br-dominant modifi cations, Hg3S2Br2–xClx (x ≈ 
0.5), obtained in attemps to prepare a synthetic analogue 
of arzakite (Br > Cl).

EXPERIMENTAL

Powder-diffraction study

X-ray powder-diffraction (XRPD) patterns of arza-
kite can be indexed using two possible sets of unit-cell 
parameters: (i) monoclinic, a 8.99(4), b 5.24(1), c 
18.45(8) Å, � 92.28(15)°, V 868.1 Å3, possible space-
groups P2/m, P2, or Pm; and (ii) triclinic, a 8.95(4), 
b 5.25(2), c 18.49(9) Å, � 89.57(24)°, � 88.74(24)°, 
� 92.16(32)°, V 868.6 Å3, possible space-groups P1 
or P 1̄ (Vasil’ev et al. 1984, 1986). The calculated 
formulas of the both phases, based on results of the 
electron-microprobe analyses, are nearly identical: 
Hg3.02S2.04Br1.49Cl0.45 for I and Hg3.00S2.04Br1.47Cl0.48 
for II.

Synthesis

The synthesis of arzakite was performed by crystal 
growth from a gaseous phase (pyrosynthesis) in an 
evacuated silica ampoule. A mixture of HgS, HgBr2, 
and HgCl2 corresponding to the Hg3S2Br1.5Cl0.5 stoi-
chiometry was used. This composition is close to the 
average composition of arzakite from the Arzak mineral 
deposit (Vasil’ev et al. 1984, 1986). The synthesis 
resulted in sparkling dark yellow single crystals of two 
polymorphs, monoclinic (I) and cubic (II), which were 
studied by single-crystal diffraction.

Single-crystal analysis of the structures

The unit-cell parameters were refi ned and X-ray-
diffraction data were obtained for monoclinic (crystal 
size 0.10 � 0.08 � 0.07 mm) (I) and cubic (crystal size 
0.20 � 0.20 � 0.20 mm) (II) phases using single-crystal 
Bruker Nonius X8 APEX diffractometer equipped with 
a 4K CCD detector. Diffraction data were collected by a 
standard technique at 293 K (MoK� radiation, graphite 
monochromator). Absorption corrections were applied 
using XPREP (Bruker 2004) (analytical method) 
according to the real shape of the crystals of phases 
I and II. The structures were solved using the SIR97 
program package (Altomare et al. 1999). The atom 
coordinates were refi ned anisotropically by the full-
matrix least-squares procedure in SHELX97 (Sheldrick 
1998). In compound II, the best R value was obtained 
for the structure model with some of the halogen posi-
tions statistically occupied by Br and Cl anions in a ratio 
of Br : Cl = 3 : 1. Experimental data for compounds 
I and II are given in Table 1, fi nal atomic coordinates 
and thermal parameters Ueq are in Table 2, and selected 
bond-lengths and angles are in Table 3. Calculated and 
observed structure-factors and anisotropic displace-
ment factors are available from the Depository of 
Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ontario K1A 0S2, Canada.

RESULTS

The structure of phase I contains four crystallograph-
ically independent Hg atoms, each covalently bonded 
to two S atoms at 2.366(6)–2.430(5) Å [�S–Hg–S 
163.03(19)–176.3(2)°]. As in the structures of other 
mercury sulfohalides (Pervukhina et al. 2003), the 
S–Hg–S angles essentially deviate from 180°, which 
is typical of Hg2+ compounds (Aurivillius 1965). Each 
S atom is bonded to three Hg atoms to form SHg3 
trigonal pyramids with the Hg–S–Hg angles in the 
range of 96.3(2)–97.6(2)°. The Hg–Cl and Hg–Br 
distances are 2.826(10)–2.854(7) and 2.923(5)–3.697(2) 
Å, respectively.

The structure of phase II contains four crystal-
lographically independent Hg atoms bonded to two 
S atoms at the distances of 2.385(7)–2.414(5) Å 
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[�S–Hg–S 165.2(3)–175.0(3)°]. As in the structure 
of phase I, each S atom is bonded to three Hg atoms 
forming the SHg3 trigonal pyramids, with the S–Hg–S 
angles of 95.7(2)–96.5(4)°.

In both structures, the SHg3 fragments share the Hg 
vertices to form isolated cubes with S at the corners 
and Hg at the center of the edges. The halogen atoms 
are located both within and in between the [Hg12S8] 
cubes (Figs. 1, 2). In the structure of II, the Br(3), Br(4), 
Br(5), Br(6), and Br(7) sites are statistically occupied by 
halogen atoms (Br > Cl), with the Hg – (Br,Cl) distances 
in the range of 2.773(1)–3.537(2) Å. The Hg(2)–Br(1) 
and Hg(3)–Br(2) distances are 3.591(1) and 3.318(2) 
Å respectively. Taking into account the halogen ions, 
the Hg atoms in structures I and II are in distorted 
octahedral coordination, similar to those in other Hg 
sulfohalides (Pervukhina et al. 2003) (Figs. 3, 4).

In the cubic modifi cation, 64 Br atoms are located 
in the sublattice nodes with the a/4 parameter, and eight 
[Hg12S8] groups reproduce the �-W structure-type. 
They are located at the vertices, center and centers of 
faces of the cubic unit-cell (Fig. 5).

We note that monoclinic modifi cation (I) is isostruc-
tural with synthetic �-Hg3S2Br2 (Voroshilov et al. 
1996a), whereas the cubic modifi cation (II) is isostruc-
tural with synthetic �-Hg3S2Cl2 (Voroshilov et al. 
1996b).

DISCUSSION

The structures of the Hg3X2Hal2 compounds (X = 
S, Se; Hal = Cl, Br, I) can be understood in terms of 
the “modular” principle. According to Borisov et al. 
(2001), in these structures, the Hal anion sublattice is 
close to the primitive cubic arrangement. This sublattice 
is body-centered by the X anions and face-centered by 
the Hg cations. If we estimate the refl ection intensities 
of the sublattice, the {1’1’1’}, {2’0’0’}, and {2’2’0’} 
reflections (the braces denote that all equivalent 
planes of the cubic symmetry are considered) would 
be the most intense, as the Hg and Hal atoms form a 
distorted face-centered sublattice. Taking a’ = 4.5 Å as 
an average sublattice parameter, the {1’1’1’}, {2’0’0’} 
and {2’2’0’} intense refl ections should be observed at 
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FIG. 1. The crystal structure of monoclinic modifi cation of Hg3S2Br1.5Cl0.5 (phase I).

FIG. 2. The fragment of cubic structure of Hg3S2Br1.5Cl0.5 (phase II).
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d ~2.60, 2.25 and 1.60 Å, respectively. In the real struc-
tures, the sublattice parameters (a’≠ b’≠ c’) may vary 
from 4 to 5 Å depending upon the size of the Hal anion 
and other factors. Thus, each characteristic refl ection is 
split into two or three refl ections that occupy a certain 
d interval in the XRPD pattern. Even if the structure is 
unknown, the size and orientation of the pseudocubic 
subcell can be determined using the unit-cell parameters 
obtained from the indexing of the XPRD pattern. This 
may be of help in the solution of the structure.

Table 4 lists parameters of the halogen sublattice, 
characteristic refl ections, and the indices and intensi-
ties on the XPRD patterns for some mercury minerals 
and their analogues. No crystal structure is known for 
kenhsuite, �-Hg3S2Cl2 (McCormack & Dickson 1998), 
but the presence of the halogen sublattice and the impor-
tance of the “modular” principle in it are very likely. 
This is confi rmed by the whole set of the intense sublat-
tice refl ections present in the XPRD pattern. The same 
is true for radtkeite, Hg3S2ClI (McCormack et al. 1991), 
for which we have determined the crystal structure of 
a lower-symmetry synthetic analogue (Pervukhina et 
al. 2004). There are strong grounds to believe that the 
structures of radtkeite and its analogue at least differ 
very slightly, since a similar sublattice of halogen anions 
should be present in both structures, and there is a good 

agreement between the intensities of refl ections in the 
corresponding sublattices.

For lavrentievite and arzakite (Vasil’ev et al. 1984, 
1986), Table 4 shows that the experimental XPRD 
patterns exhibit strong refl ections that confi rm the pres-
ence of the halogen sublattice centered by the S and 
Hg atoms discussed above. However, we were unable 
to fi nd an agreement between the lattice parameters 
of these minerals determined by Vasil’ev et al. (1984, 
1986) and their sublattice parameters. One can suggest 
that the indexing of the experimental XPRD patterns 
was poor owing to the problems associated with large 
unit-cell parameters and low symmetry. This can be 
justifi ed by the unit-cell volume V’, which is essentially 
smaller than the expected value for a Br-containing 
compound.

A check of the sublattice parameters indicates that 
even in more simple cases, the indexing of the XPRD 
pattern fails. For instance, the experimental XPRD 
pattern of orthorhombic radtkeite (McCormack et al. 
1991) lacks the strongest (442) reflection, and the 
pattern of synthetic cubic �-Hg3S2Cl2 [an analogue 
of corderoite (Puff & Küster 1962, Aurivillius 1967, 
Frueh & Gray 1968)] lacks the strong (044) refl ec-
tion observed in its single-crystal-diffraction data. 
Data on grechishchevite, Hg3S2(Br,Cl,I)2 (Vasil’ev et 

FIG. 3. The environments of the Hg2+ cations in Hg3S2Br1.5Cl0.5 (phase I).
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al. 1989) and the synthetic orthorhombic polymorph 
Hg3S2Br1.0Cl0.5I0.5 (Pervukhina et al. 2003) are similar 
and are combined in Table 4 (the orthorhombic version 
in parentheses). The lack of the crystal-structure deter-
mination surely hinders indexing of the tetragonal and 
orthorhombic variants with a ≈ b, but this does not 
warrant the absence of the (042) (d = 2.65 Å) and (004) 
(d = c/4 = 2.171 Å) refl ections in the tetragonal modifi -
cation, which must be attributed to two intense lines of 
the XPRD pattern. The reason for the absence is perhaps 
that the programs of the automatic indexing of XPRD 
patterns fi rst treat the refl ections with small indices, i.e., 
maximal dexp, as basic, whereas the remaining part of 
the pattern is used to refi ne the parameters and to reject 
poor choices. Data on the suggested substructures allow 
the middle section of the experimental patterns to be 
used as well. In our case, this is the 2.5 > dhkl > 1.5 Å 
range and, as shown in Table 4, all sublattice refl ections 
over this dhkl interval are rather intense. As a rule, the 
(h’k’l’) ~ (111) refl ection with d ≈ 2.65 Å is the most 
intense in the XPRD patterns.

CONCLUSIONS

A special feature of the natural and synthetic 
Hg3S2Hal2 (Hal = Cl, Br, I) compounds studied is a 
stronger ordering of the anions, as compared to the 

cations, owing to the strong covalent Hg–X (X = S, 
Se) bonds. These bonds form various confi gurations 
(Borisov et al. 2001) with virtually the same fi xed bond-
lengths. The less “fi xed” halogen anions form regular 
sublattices in which the isomorphous Cl–Br–I substitu-
tions are plausible over a wide range of compositions. At 
the same time, the presence of the “hinge-joint” bonds 
in the covalent –S–Hg–S–Hg–S– radical results in the 
appearance of many polymorphic modifi cations.
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