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system of hydrogen bonds interconnecting the 
[Mn(HzO)z(SO4)z]-layers mentioned above. 

The compound investigated by us seems to be 
identical with Mn2(SO4)3.H2SO4.nH20 (n = 4-8)  (Ub- 
belohde, 1935; Kharabadze, 1963), for which so far 
only qualitative properties (colour, crystal shape) have 
been reported. 

Table 1. Positional and thermal parameters and their 
e.s.d. ' s 

Beq = ~ (Bl l  + Bzz + B33). 

x y z Beq(A z) 
Mn 0.0000 0.0000 0.0000 0.96 (8) 
S 0.2325 (8) 0.0858 (5) 0.2835 (2) 1.06 (I) 
0(I) 0.2233 (3) 0.3664 (2) 0.4971 (6) 1.68 (4) 
0(2) 0.2788 (3) 0.1254 (2) 0-0681 (6) 1.95 (5) 
0(3)  0.0873 (3) 0.0564 (2) 0-2446 (5) 1.59 (4) 
0(4)  0.0114 (3) 0•5955 (2) 0.2231 (5) 1.68 (4) 
0(5)  0.3199 (3) 0-0208 (2) 0.3328 (5) 1.51 (4) 
0(6)  0-1349 (6) 0-2500 0•9451 (14) 3.6 (I)  
0(7)  0-3831 (6) 0.2500 0•5665 (20) 5-4 (2) 

Table 2. Interatomic distances (A) and bond angles (o) 
in the MnO 6, SO42- and H5 O+ groups with e.s.d.'s in 

parentheses 

*H 
• Mn 
o_0 
o S  

i . b  

Fig. 1. Projection of the crystal structure of [HsOz]IMn(H20)2- 
(SO4)2] on (001). The numbering of O and H corresponds to 
Table 1. 

• ~ ~: 
; ...- ......- 

/ 

oS 
a 

hc 

Fig. 2. Sheet of composition [Mn(H20)_,(SO4)2]- viewed along 
[010]. 

Mn-O(3) 
Mn-O(4) 
Mn-O(5) 
s-o(1) 
s-o(2) 
s-o(3) 
S-0(5) 
0(1)-0(2) 
O(1)-O(3) 
0(1 ) -0 (4 )  
0 (1 ) -0 (4 )  
o(1)-o(5) 
O(1)-O(7) 

O(3)-Mn-O(3) 
O(3)-Mn-O(4) 
O(3)-Mn-O(4) 
O(3)-Mn-O(5) 
O(3)-Mn-O(5) 
O(4)-Mn-O(4) 
O(4)-Mn-O(5) 
O(4)-Mn-O(5) 
O(5)-Mn-O(5) 

2 × 1.885 (2) 
2x  2.126 (2) 
2 x 1.998 (2) 

x 1.460 (2) 
× 1.453 (2) 
x 1.512 (2) 
x 1.475 (1) 
x 2.416 (3) 
x 2.366 (3) 
x 2.818 (3) 
x 2.922 (3) 
x 2.424 (3) 
x 2.643 (3) 

180.00 (16) 
89.33 (9) 
90.67 (9) 
92.40 (8) 
87.60 (8) 

180-00 (6) 
86.30 (8) 
93.70 (8) 

180.00 (18) 

0(2)-0(3) 1 x 2.431 (3) 
0(2)-0(4) I x 2.820 (3) 
0(2)--0(5) 1 x 2.424 (3) 
0(2)--0(6) 1 x 2.739 (3) 
0(3)-0(4) 1 x 2.825 (3) 
0(3)-0(4) 1 x 2.858 (3) 
0(3)-0(5) I x 2.381 (3) 
0(3)--0(5) I x 2-689 (3) 
0(3)--0(5) I x 2.804 (3) 
0(4)-0(5) 1 x 2.822 (3) 
0(6)--0(7) 2 x 2.426 (6) 
O(6)--H(I) 2 x 0.945 
O(7)-H(2) 2 x 0.907 

O(1)-S-O(2) 112-06 (13) 
O(1)-S-O(3) 105.49 (12) 
O(1)-S-O(5) 111.34(13) 
O(2)-S-O(3) 110.14 (13) 
0(2)-S-0(5) I 11-73 (13) 
0(3)-S-0(5) I05.70 (12) 
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The Homologous Series Sb2Sa.nPbS: Structures of Diantimony Dilead Pentasulphide, 
Pb2Sb2Ss, and the Related Phase Diantimony Ditin Pentasulphide, Sn2Sb2S 5 
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Abstract. Pb2Sb2S 5, Mr = 818.2, Pnma, a = 
19.808(5),  b = 4 . 0 4 2 ( 2 ) ,  c = 1 1 . 3 5 3  (4) A, V =  
9 0 9 . 0 A  3, Z = 4 ,  F ( 0 0 0 ) =  1384; Sn2SbzS 5, M, .=  

0108-2701/83/i 11498-05501.50 

641.2, Pnma, a = 19.,59 (3), b =  3.938 (3), c =  
11.426(3)./~, V = 8 8 1 A  3, Z = 4 ,  F ( 0 0 0 ) = 1 1 2 8 ;  
2(Cu Kct 1) = 1.54056/~, room temperature. A 
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homologous series Sb2Sa.nPbS is ,obtained by the 
introduction of layers of thallium iodide (B33) type 
structure into the stibnite structure, parallel to (100)of 
the latter (Pnma setting). For the nth member of the 
series a sheet of B33 n-trigonal-prisms wide is inserted 
into the stibnite structural motif, giving the approximate 
lattice parameters a = l l . 3 1  +4 .22n ,  b = 4 . 0 ,  c =  
11.3 ,&, space group Pnma. Meneghinite CuPb13SbvS24, 
or its Cu-free analogue Pb3Sb2S6, corresponds to n = 3. 
Pb2Sb2S 5 and the isostructural Sn2Sb2S 5 are shown to 
represent the n = 2 member of this structural series. 

Table 1. Unit-cell data for members of  the series 
Sb2S3.nPbS 

n a (k) b(A) c(A) 
Sb:S, (Bayliss & Nowacki. 1972) 0 I 1.3107 3.8363 11.2285 
PbSb,S4, hypothetical 1 15.53 3.92 I 1.3 
Pb:Sb:S~. predicted 2 19.76 4.01 11.3 
Pb:Sb~S~ (Wang, 1973)* 2 19.80 4.04 11.40 
Pb:Sb:S,, this study 2 19.808 4.042 11.353 
Pb~Sb2S~, (Wang, 1977)* 3 23.98 4.10 11.36 
CuPb~Sb~S:4 (Euler & Hellner, 1960)*+ 3 24-057 4. 128 11.363 

* Axes interchanged to correspond to Pnma setting. 
+ Subcell dimensions. 

Introduction. The system PbS-Sb2S 3 includes at least 
17 intermediate minerals and has consequently been the 
subject of several experimental studies (Garvin, 1973; 
Hoda & Chang, 1975; Salanci, 1979; Bortnikov, 
Nekrasov, Mozgova & Tsepin, 1981). As a result of 
these studies the phase diagram for the system above 
673 K is reasonably well established, but the structural 
relationships between the various phases are as yet 
incompletely described. Cho & Wuensch (1974) 
showed that the minerals of the plagionite group 
constitute a homologous series whose compositions 
may be expressed by the formula (3 + 2n)PbS.4SbzS 3 
with n taking the values 0 to 3. We describe here a 
structural relationship between stibnite Sb2S 3 and 
meneghinite CuPb~aSbvS24 (or its Cu-free analogue 
PbaSbES6). These compounds are shown to be members 
of a second homologous series Sb2S3.nPbS. From this 
result we predict the structure of Pb2Sb2S 5 (n = 2) and 
that of the analogous phase Sn2Sb2S 5. 

The series Sb2Sa.nPbS. The structure of meneghinite 
CuPblaSbvS24 was determined by Euler & Hellner 
(1960). Ordering of the Cu atoms leads to a superstruc- 
ture which need not concern us here; the subcell (Fig. 1) 
was refined in space group Pnma with a = 24.057, 
b = 4 . 1 2 8 ,  c =  11.363,&. Copper appears to be an 
essential constituent of all natural meneghinites, but 
Wang (1973, 1977) synthesized a Cu-free analogue of 
meneghinite having the metal-rich formula 
4(Pb3+xSb2S6) with 0 < x _< 0.15 and Salanci (1979) 
reported a Cu-free meneghinite lying on the PbS-Sb2S3 
join at the composition 26 mol% Sb2S3. It is thus 
apparent that the stoichiometry of the Cu-free 
meneghinite approximates closely to SbzSa.3PbS, cop- 
per being incorporated into the natural mineral by 
means of the substitution of Cu + Pb for Sb. The 
Cu-free phase has the same space-group symmetry as, 
and virtually identical lattice parameters to, those of the 
subcell of natural meneghinite (Table 1). 

For the purpose of comparison the structure of 
stibnite, Sb/S 3, as determined by Bayliss & Nowacki 
(1972), is shown in Fig. 2. These authors reported the 
space group of stibnite to be Pnma, but a recent report 
by Orlyukas & Grigas (1975) suggests that this is only 
true above a phase transition at 490K,  the low- 
temperature form having space group Pn21a. However, 

Y = O  O~p b Ol½Pb+½Sbet~pb+~Sb@lCu ols 
Y = 0 . 5  0~ o~ ~1 o l  ,~ 

Fig. 1. The structure ofmeneghinite projected on (010). 

r---_____~ x 

i 

' \o 

\\ ' , , . .  

Sb S 
Y 0 o o 
Y O ' 5 o  • 

Fig. 2. The structure ofstibnite projected on (010). 
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any departures from the ideal Pnma symmetry are likely 
to be extremely small and we shall ignore them here. 

Stibnite contains two crystallographically distinct 
SbS 6 trigonal-prism coordination polyhedra: one with 
its axis perpendicular to the mirror plane ('upright') and 
one lying parallel to the mirror plane ('horizontal'). The 
characteristic structural motif of stibnite is formed from 
two trigonal prisms of each type by edge sharing (Fig. 
3a), forming a rod that extends parallel to the b'axis by 
means of face sharing between the triangular faces of 
the upright prisms and edge sharing between the 
horizontal prisms. In stibnite these rods are linked by 
edge sharing between upright and horizontal prisms of 
adjacent rods. 

Returning to Fig. 1 we see that the structure of 
meneghinite may be derived from that of stibnite by 
inserting three pairs of horizontal trigonal prisms into 
the stibnite motif, giving the meneghinite structural unit 
depicted in Fig. 3(d). This is equivalent to the insertion 
of a slab of thallium iodide type structure 
(Strukturbericht symbol B33) parallel to (100) of 
stibnite. Thus the required Sb2S3.3PbS stoichiometry is 
obtained from Sb2S3 by the addition of three formula 
units of TII type structure. As anticipated from this 
structural relationship the b and c cell parameters of 
stibnite and meneghinite are similar, but the a parameter 
increases from 11-31 to 23.98/k in going from stibnite 
to (Cu-free)meneghinite (Table 1). 

This relationship between stibnite ( n = 0 )  and 
meneghinite (n -- 3) suggests that other structures may 
be formed by varying the width of the B33 slab, 
corresponding to various values of n. Structures 

produced in this way would also have space-group 
symmetry Pnma, with b and c lattice parameters close 
to those of stibnite and an a parameter given by 
a,, = 11.31 + 4.22n A. Lattice parameters are listed in 
Table 1 for hypothetical n =  1 and n = 2  phases, 
obtained by' interpolation from the lattice parameters of 
stibnite and Cu-free meneghinite; observed lattice 
parameters for the n = 2 phase are given for 
comparison. 

Wang (1973) synthesized a phase of composition 
Pb2Sb2S 5, with probable space group Pnma and lattice 
parameters very close to those that we predict for the 
n = 2 member of the SbzS3.nPbS series (Table 1). Wang 
(1973) in fact reported that the single-crystal X-ray 
diffraction patterns obtained from this phase are very 
similar to those obtained from meneghinite; inspection 
of the lattice parameters suggests that the structures are 
related in the manner described above. In a study of the 
system S n - S b - S  Wang & Eppelsheimer (1976) syn- 
thesized a phase of composition Sn2Sb2S s with space 
group Pnma or Pn2~a and lattice parameters a =  
19.66, b = 3 . 9 6 ,  c =  11.42A. Single-crystal X-ray 
patterns indicated that this phase is isostructural with 
Pb2SbzS 5, but the structure was not determined for 
either phase. 

(a) N = 0 

Fig. 3. Structural motifs of the first four members of the series 
Sb2S3.nPbS. 

r = u  u ~ o 

Y = O - 5  • @ • 

Fig. 4. The structure of Pb2Sb2S 5 projected on (010). 

Table 2. Atomic coordinates (x 103)for Pb2Sb2S 5 and 
SnzSb2Ss 

All atoms in sites 4(c) at x, ¼, z; Y~, l, 2; (½-x), ~, (½ + z); (½ + x), 
¼, (½- z). 

M(I)  = Pb/Sn 
M(2) = Pb/Sn 
M(3) = Sb 
M(4) = Sb 

X Z X Z 

207 171 S(1) 267 491 
100 496 S(2) 869 681 
370 376 S(3) 168 744 
477 693 S(4) 477 130 

S(5) 080 068 
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Fig. 4 shows the structure of PbzSbzS 5 and Sn2Sb2S 5 
as predicted for the homologous series Sb2S3.nPbS; the 
structure is traced from that of meneghinite with the 
central B33 type (horizontal) trigonal prism eliminated. 
Atomic coordinates for this structure are given in Table 
2. By analogy with the structure of meneghinite we 
tentatively assign Pb in Pb2Sb2S5 to cation sites M(1) 
and M(2), in the upright prism and the adjacent 
horizontal prism at the end of the structural motif 
defined in Fig. 3(¢) (i.e. the two sites in the stibnite-like 
portion of the structure). In meneghinite these are the 
two largest cation sites, supporting the assignment of 
Pb to them, although we note that Euler & Hellner's 
(1960) refinement of meneghinite was relatively insen- 
sitive to the cation distribution. The Snn-S and Sbm-S 
bond lengths compiled by Jumas, Olivier-Fourcade, 
Philippot & Maurin (1979) indicate that Sn in Sn2Sb2S5 
will also prefer the larger M(1) and M(2) sites, but the 
difference in bond lengths is smaller than is the case for 
PbzSb2Ss. 

Experimental. (1) Pb2SbzSs: Wang (1976) reported that 
the orthorhombic Pb2Sb2S 5 phase is not strictly 
stoichiometric, having a solubility range extending from 
34-0 to 36.5 mol% Sb2S 3 at 863 K. We synthesized this 
phase from PbS and Sb2S 3 using charges of com- 
position 34.0 and 35.9 mol% Sb283.* The reactants 
were ground together under acetone and heated in 
evacuated silica tubes for 17 days at 858 K. X-ray 
powder diffraction patterns were obtained using a 
Guinier camera and Cu Ka~ radiation (2 = 1.54056 A) 
with silicon as an internal standard (a = 5.4305 A). 
The two compositions gave products with identical 
powder patterns corresponding to Wang's (1973) 
Pb2Sb2S 5. Least-squares refinement of the observed d 
spacings gives the unit-cell parameters shown in the 
Abstract.  

(2) Sn2Sb2Ss: This phase may also contain an excess 
of Sb2S 3 over that of the ideal formula, having a 
maximum Sb2S 3 content of about 39 mol% at 780 K 
(Wang & Eppelsheimer, 1976). An attempted synthesis 
at 778 K from a charge containing 36.1 mol% Sb2S 3 
gave the 'Sn3Sb2S 6' phase of Wang & Eppelsheimer 
(1976), which they reported to have a solubility range 
from 25 to about 34 mol% Sb2S3 at a temperature a few 
degrees above 773 K. Noting their comment that a 
trace amount of sulphur will transform the '3:1' phase to 
the '2:1' phase, we heated the sample, with 0.6 wt% sul- 
phur added, for 10 days at 768 K. This indeed produced 
the orthorhombic Pnma Sn2Sb2S 5 phase, indicating that 
it may lie slightly off the SnS-Sb2S 3 join. The unit-cell 
dimensions (Abstract) obtained for this phase are in 

good agreement with the values reported by Wang & 
Eppelsheimer (1976). 

Relative peak intensities on the Guinier powder 
diffraction patterns of Pb2Sb2S 5 and Sn2Sb2S 5 were 
measured with a Joyce-Loebl scanning microden- 
sitometer. In Tables 3 and 4* these are compared with 
intensities calculated for the structure as given in Table 
2. The overall agreement is good in both cases and 
confirms the structural model, although we have made 
no attempt to refine the structure further. We note here 
that the calculated intensities for Sn2Sb2S 5 are insen- 
sitive to the M-site cation distribution, since the 
scattering factors for Sn and Sb are very similar. 

Discussion. The powder diffraction data demonstrate 
that the structure of Pb2Sb2S 5 is consistent with the 
model described for the homologous series Sb2S3.nPbS. 
The series thus contains the members n = 0, 2, 3. No 
phase of composition PbSb2S 4 ( n =  1) has been 
reported, but it is interesting to consider here the 
mineral twinnite Pb(Sb,As)2S 4 in which the Sb/As ratio 
varies from 0.80 to 1.92 (Mozgova, Bortnikov, 
Borodaev & Tzepine, 1982). Jambor (1967) showed 
that twinnite is the antimonian analogue of scleroclase, 
PbAs2S4. 

The structure of scleroclase is perhaps best described 
as an intergrowth of layers of PbCI 2 type (C23) 
structure and a rather distorted NaCI type structure 
(Fig. 5) with Pb in the trigonal prisms of the PbCl2-1ike 
layer. However, in Fig. 5 we also present an alternative 
description of scleroclase in which the n = 
I Sb2S3.nPbS motif can be identified, albeit in a 
somewhat sheared form. The linkage of these units in 
scleroclase clearly differs from that found in the 
stibnite-meneghinite series, and in fact corresponds 
to the linkage of the stibnite-like units in o,-Gd2S 3 
(Fig. 6). Thus the structure of scleroclase can be 
derived from that of 0t-Gd2S 3 by the insertion of one 
pair of 'horizontal' trigonal prisms (followed by the 
shear mentioned above), in a manner analogous to the 
derivation of Pb2Sb2S 5 and meneghinite from stibnite. 

The B33 structure may be derived from B1 by a 
simple shear; the same operation transforms the CairO 3 
structure type to the stibnite type ('unit-cell twinned' B 1 
to twinned B33; Hyde, Andersson, Bakker, Plug & 
O'Keeffe, 1979). In exactly the same way the Cu-free 
meneghinite structure is derived from the lillianite 
(Bi2S3.3PbS) type. In a rather similar way the structure 
of scleroclase may be related to that of Ru4Si 3, which 
belongs to a group of structures derived from B I by 
glide-reflection unit-cell twinning (Hyde et al., 1979). 

* Sb2S 3 was prepared from the elements, both obtained from the 
American Smelting and Refining Company, New Jersey. PbS and 
SnS w~re obtained from Hudson Laboratories, Florida. All starting 
materials were 99-999% pure. 

* These tables have been deposited with the British Library 
Lending Division as Supplementary Publication No. SUP 38803 (2 
pp.). Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 5 Abbey Square, Chester 
CH 1 2HU, England. 
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No compounds  have been reported for n _> 4 in the 
Sb2S3.nPbS sys tem,  such composi t ions being represen- 
ted by two-phase mixtures of  galena with either 
boulangerite,  Cu-free meneghinite,  or the uncharac-  
terized phase II (Salanci, 1979). Wang & Eppelsheimer 
(1976) synthesized compounds  corresponding to n = 
1,2 and 3 in the system Sb2S3.nSnS, but  of these only 
n = 2 belongs to the structural  series described in the 
present paper. 

After initial submission of  this paper we received the 
structure determinat ion of  BixSb2_xSn2S 5 by Kup~ik & 
Wendschuh  (1982). The structure of  this phase corres- 
ponds to that  proposed for Pb2Sb2S 5 and Sn2Sb2S 5 in 
the present study; the a tom positions listed in our Table 
1 (determined graphically) are all within 0.3 A of  those 
reported by Kup~ik & Wendschuh  (1982). This clearly 
serves as indirect p roof  of  our structural model, and 
demonstra tes  that  Pb2Sb2S 5 and Sn2Sb2S 5 are isostruc- 
tural with BixSb2_xSn2S 5. 

I 'D ~S ~, 

Z = 0  0 o o 

Z = 0 . 5  • • • 

Fig. 5. The structure of scleroclase (Iitaka & Nowacki, 1961) 
projected on (001). In the upper part of the figure the structure is 
depicted as alternating layers of PbCl 2 type and distorted NaCl 
type structures. In the lower part of the diagram the structure is 
depicted as a derivative of the ct-Gd2S 3 structure type (see Fig. 6). 

F 

GO S 
Y-0  O O 
Y=O-S • • 

Fig. 6. The structure of ct-Gd2S 3 projected on (010) (Prewitt & 
Sleight, 1968). 
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