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Structure of Antimony Lead Selenide, Pb4Sb4Selo, a Selenium Analogue of Cosalite 
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Abstract. Mr = 2105"36, orthorhombic, Pnam, a = 
24.591 (8), b =  19.757(8), c=4 .166(8)  A, V = 
2024/~3, Z = 4, D:, = 6.91 gcm -3, Mo Ka radiation, 
A = 0.71069/~, /z = 543.9 cm- i  F(000) = 3487, 
room temperature, R = 0.064 for i562 unique reflec- 
tions. The crystal was prepared by slow cooling in 
vacuum sealed ampoules. The structure is isotypic 
with cosalite, PbaBi4(Ag,Cu)Slo, and is composed of 
ribbons built up of square pyramidal (Pb,Sb)Se5 
groups. The distribution of Sb/Pb atomic positions 
was determined by site occupancy refinement and, 
independently, by bond-valence analysis. 

Introduction. We have previously undertaken deter- 
minations to establish the structural details, includ- 
ing cation distributions, of specific lead antimony 
sulfides (Skowron & Brown, 1990a,b,c). Here, the 
structure of a lead antimony selenide is investigated 
and compared with an isotypic lead bismuth sulfide. 
To obtain a broader view, the results are taken 
together with those from other works, and cation 
environments in a number of selenides and sulfides 
compared. 

Experimental. Single crystals of Pb4Sb4Selo were pre- 
pared from elemental lead, antimony and selenium 
of 'Specpure' grade, supplied by Johnson Matthey 
Ltd. Six samples were prepared by weighing the 
elements in the proportions corresponding to 50-75 
mol % of PbSe. The samples were then sealed in 
evacuated silica tubes, melted at 1073 K and sub- 
sequently slowly cooled over a period of two weeks 

0108-2701/90/122287-05503.00 

to 823 K. Extensive phase separation into regions of 
acicular crystals was observed in all the ampoules. A 
needle-shaped crystal, 0.1 × 0.2 × 0.5 mm, which was 
chosen from the ampoule with the initial composi- 
tion 55 mol % PbSe, was mounted with the needle 
axis along the goniometer axis for the X-ray study. 

The unit-cell parameters were refined from the 
Bragg angles of 15 well centered reflections in the 
range 15 < 20 < 30 ° measured on a Syntex P21 dif- 
fractometer using graphite-monochromated Mo Ka 
radiation, A = 0.71069/~. Intensities of 5308 reflec- 
tions were measured in the range 20 < 50 ° and 0 -< h 
<_26, -20<_k__20,  - 4 _ _ l - - 4  with a 0/20 scan. 
Two standard reflections (621, 10,7~,7.), measured 
every 50 reflections, varied by __ 2-1%. The systema- 
tic absences, Okl." k + l = 2 n + l ;  hOl: h = 2n + l, 
found using precession photographs, indicate space 
groups Pnam or Pna21. The former was chosen and 
led to a satisfactoryy refinement. The absorption 
correction was based on ~ scans of 13 reflections 
(maximum correction was 6.29 for the intensity of 
the 122 reflection). The intensities were corrected for 
Lorentz and polarization effects. Equivalent reflec- 
tions were averaged (Rin t = 0.159 before and Rint = 
0.049 after the absorption correction) to give 1562 
unique reflections. 

The initial atomic positions, found by direct 
methods using S H E L X S  (Sheldrick, 1986), were 
refined using SHELX76 (Sheldrick, 1976) by full- 
matrix least squares with anisotropic atomic dis- 
placement parameters for all the atoms and with 
mixed occupancies for the metal sites. Complex scat- 
© 1990 International Union of Crystallography 
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Table 1. Percentage of Sb (or Bi) on cation sites in 
PbaSbaSem and cosalite 

Pb4Sb4Sel0 Cosalite 
X-ray refinement* Bond-valence Macicek (1988)~" 

method 
M(1) 82 80 54 Bi + 12 Ag~ 
M(2) 0 0 0 
M(3) 0 0 0 
M(4) 32 33 23 
M(5) 88 75 100 
M(6) 60 46 23 
M(7) 88 80 100 
M(8) 92 86 100 
M(9) - -  - -  30 Cu§ 
M(10) - -  - -  24 Cu¶ 

Formula Pb3.ssSb4.42Selo Pb4Sb4Selo Ag~ 12Cuo.54Pb3.54Bi4S lo 

* Standard uncertainties estimated by S H E L X 7 6  are 1% but are 
probably at least a factor of  I0 too small. 

t Determined by bond-valence method. 
This site does not contain lead (it is 34% vacant). 

§ A mixture of  Cu 2÷ (52%) and Cu ~÷ (48%) is assumed on this 
site. 

¶ Cu ÷ is assumed on this site. 

tering factors for neutral atoms were taken from 
International Tables for X-ray Crystallography (1974, 
Vol. IV, Tables 2.2B and 2.3.1.). ~ ' s  were weighted 
by w=k/[~ra(Fo)+gF2o], where ~r(Fo) was the 
uncertainty derived from the counting statistics and 
k and g were parameters that refined to 6.5 and 
0.0006 respectively. The Pb occupation numbers of 
sites 1 and 3 quickly refined to values close to 1-0 
and were kept fixed at this value in the subsequent 
stages of the refinement. The refinement converged 
to wR = 0.057, R = 0-062 and S = 1.50. 

The program did not permit a constraint to be put 
on the total number of Pb or Sb atoms in the unit 
cell and the refined occupation numbers, shown in 
column two of Table 1, result in a formula of 
Pb3.58Sb4.a2Selo which is different from the expected 
electrically neutral formula Pb4SbaSel0. In order to 
clarify this discrepancy we determined an indepen- 
dent set of occupation numbers using the bond- 
valence method described by Skowron & Brown 
(1990a). In this we use the refined atomic parameters 
to calculate bond lengths (r) from which bond valen- 
ces (s) were calculated using the equation: 

s = exp[(ro - 0/0"371, (1) 

where ro was determined for Sb--Se (2.598 A) and 
Pb---Se (2.679 A) bonds using the published crystal 
structures of compounds which contained these 
bonds but which contained neither Se--Se, metal- 
metal bonds nor any kind of disorder. Table 2 
summarizes chemical composition and references 
for these structures. The occupation numbers 
obtained correspond to the nearly correct formula 
Pb4.o7Sb3.93Sem. An exactly electroneutral formula 

Table 2. Crystal structures selected for the calculation 
of ro for Sb---Se and Pb--Se bonds 

The structures used in Fig. 3 are labelled with * 

No. of 
positions r0(A)t Reference 

*BaBiSe3 2 (a) 
*Bi2Se3 2 (b) 
*AgBiSe2 2 (c) 

*PbA12Se, 1 2.697 (d) 
*PbGa2Se4 3 2.708, 2.708, 2.650 (at) 
*PbxMo3Sea 1 2.664 (e) 
*PbU2Ses 1 2.663 (D 
*PbSe 1 2"661 (g) 

*Sb2Se3 2 2.583, 2.577 (h) 
KSbSe2 2 2.577, 2.578 (i) 
BaSb2Se4 4 2.589, 2.610, (j) 

2-625, 2.623 
CsSbSe2 2 2.529~/, 2-616 (k) 

References: (a) Volk, Cordier & Sch/ifer (1980); (b) Atabaeva, 
Mashkov & Popova (1973); (c) Geller & Wernick (1959); (d) Klee 
& Sch~ifer (1980); (e) Guillevic, Lestrat & Grandjean (1967); (1) 
Potel, Brochu & Padion (1975); (g) Earley (1950); (h) Tideswell et 
al. (1957); (/) Dittmar & Sch/ifer (1977); (/) Cordier & Sch/ifer 
(1979); (k) Kanishcheva, Mikhailov, Lazarev & Moshchalkova 
(1980). 

t Values of  ro were those that gave valence sums of  two at Pb or 
three at Sb using equation (1). The values of ro used in this study 
were the averages of  those listed. 

:1: Rejected from the calculation of  the mean value of  ro. 

was obtained by changing ro(Sb--Se) to 2.602 A. The 
valence analysis using this value of ro is presented in 
Table 3 and the occupation numbers inferred from 
this analysis in column three of Table 1. 

Because the occupation numbers determined from 
the bond valences correspond to an electrically 
neutral crystal we consider these values to be more 
reliable. We used them as fixed parameters in 
SHELX76 and refined all positional and atomic 
displacement parameters to obtain wR = 0.059, R = 
0.064 and S = 1.58. Maximum final shift/e.s.d. = 
0.072, mean=0.017,  maximum density in the 
final difference Fourier map=2 .81 ,  minimum = 
-3 .11  e A -3. This refinement was used to generate 
the final atomic coordinates listed in Table 4. The 
interatomic distances are given in Table 5.* 

Discussion. The structure of Pb4Sb4Selo (Figs. 1 and 
2) is composed of ribbons (shaded in Fig. 2) made of 
back to back square pyramidal (Pb,Sb)Se5 groups. 
The ribbons extend indefinitely in the c direction, are ,  
one pyramid thick and their width equals four times 
the basal distance of the (Pb,Sb)Se5 pyramid. They 
can be obtained from the unit ribbon, Sb4Se6, found 

* A Standard Crystallographic File (Brown, 1983) has been 
deposited with the British Library Document Supply Centre as 
Supplementary Publication No. SUP 53164 (33 pp.). Copies may 
be obtained through The Technical Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CH 1 2HU, England. 
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Tab le  3. Valence analysis in Pb4Sb4Selo 

The bond valences are an average of valences calculated as Pb--Se and Sb--Se weighted according to X-ray occupation 
number. V is the atomic valence similarly weighted. 

M(1) M(2) M(3) M(4) M(5) M(6) M(7) M(8) ~s 
%Sb 82 0 0 32 88 60 88 92 

Se(1) 0.49 0.10 x 2 0-55 x 2 - 1-79 
Se(2) 0.28 0-43 × 2 0.33 × 2 - 1.80 
Se(3) 0-43 0.26 x 2 0.45 × 2 - 1.85 
Se(4) 0.38 0.18 x 2 0.51 x 2 0-14 - 1.90 
Se(5) 0.18 × 2 0.43 × 2 0.88 -2.12 
Se(6) 0.35 x 2 0.34 × 2 0.78 -2-16 
Se(7) 0.31 × 2 0.32 × 2 0.84 -2.10 
Se(8) 0.33 × 2 0.28 × 2 0.79 -2.01 
Se(9) 0.38 + 0.62 × 2 0.43 - 2-05 
Se(10) 0.18 0-09 0-69 × 2 0.25 - 1.90 

Zs 2.77 2.00 2.06 2.35 2-62 2.32 2.61 2.80 

v 2.82 2.00 2.00 2.32 2.88 2.60 2-88 2-92 

Tab le  4. Atomic coordinates and equivalent isotropic 
displacement parameters for Pb4Sb4Selo 

Table  5. Interatomic distances (t~) less than 3-6/~ in 
Pb4Sb4Selo 

Ueq = ~(U~l + U22 +/-/33). M(1)--Se(9) × 2 2-793 (3) M(5)--Se(5) 2.656 (4) 
Se(1) 2.879 (4) Se(10) × 2 2-750 (4) 

x y z Ueq(A 2) Se(9) 2.970 (4) Se(4) × 2 3.236 (3) 
M(I) 0.4359 (1) 0.5389 (1) 0.75 0.027 (1) Se(8) × 2 3-028 (3) Se(2) 3.415 (4) 
M(2) 0.2954 (1) 0.3910 (1) 0.75 0.033 (1) M(2)--Se(7) × 2 3.109 (2) M(6)--Se(6) 2.728 (4) 
M(3) 0.1273 (1) 0.2976 (1) 0.75 0.031 (1) Se(8) × 2 3.146 (3) Se(4) × 2 2.883 (3) 
M(4) 0-0434 (1) 0.7710 (I) 0.25 0-021 (1) Se(2) 3-163 (4) Se(3) x 2 3.131 (3) 
M(5) 0-1741 (1) 0-6872 (1) 0-75 0-023 (1) Se(5) × 2 3-308 (3) Se(3) 3.509 (4) 
M(6) 0"0099 (1) 0-5912 (1) 0-75 0.028 (1) Se(10) 3-313 (4) M(7)~Se(7) 2.673 (4) 
M(7) 0.1560 (1) 0.4841 (1) 0-25 0.024 (1) M(3)--Se(3) 2.989 (4) Se(3) × 2 2-908 (3) 
M(8) 0.3034 (1) 0.5929 (1) 0.25 0.022 (1) Se(6) × 2 3"069 (2) Se(2) × 2 2.923 (3) 
Se(1) 0.3641 (1) 0.6548 (2) 0.75 0.036 (2) Se(7) × 2 3.096 (2) Se(4) 3.324 (4) 
Se(2) 0.2310 (1) 0.5296 (2) 0.75 0.022 (2) Se(1) × 2 3.528 (3) M(8)--Se(8) 2.692 (4) 
Se(3) 0.0821 (1) 0.4380 (2) 0.75 0.018 (2) Se(10) 3-557 (3) Se(l) × 2 2.830 (3) 
Se(4) 0.0855 (1) 0.6275 (2) 0.25 0.021 (2) M(4)--Se(9) 2.969 (4) Se(2) × 2 3.011 (3) 
Se(5) 0.1249 (1) 0.8069 (2) 0.75 0.024 (2) Se(5) x 2 2.976 (2) Se(10) 3-118 (4) 
Se(6) 0.0346 (1) 0.2833 (2) 0.25 0.026 (2) Se(4) 3-019 (5) 
Se(7) 0.2043 (1) 0.3628 (2) 0.25 0.029 (2) Se(6) x 2 3.055 (2) 
Se(8) 0.3614 (1) 0-4774 (2) 0-25 0.026 (2) 
Se(9) 0.5002 (2) 0.5886 (2) 0.25 0.026 (2) 
Se(10) 0.2390 (1) 0-7289 (2) 0.25 0-034 (2) 

in Sb2Se3 (Tideswell ,  Kruse  & McCu l lough ,  1957), 
by spl i t t ing the SbaSe6 r i bbon  and  i n c o r p o r a t i n g  four  
PbSes py ramids  in to  the middle .  The  s to ich iomet ry ,  
d e t e r m m e d  by the n u m b e r  o f  PbSe units  in t ro-  
duced in the r ibbon ,  is: Sb2Se3 + (PbSe)4 + Sb2Se3 = 
PbaSb4Sel0. 

Two  paral lel  r ibbons  c o m b i n e  to fo rm a r i bbon  
pa i r  in which  meta l  a t oms  on  the facing sides o f  the 
r ibbons  are six coo rd ina t ed .  On the o the r  sides o f  the 
r ibbons  two sites are eight  c o o r d i n a t e d  and  the o the r  
two six coo rd ina t ed .  The  Sb a toms  are only  found  on  
the s ix -coord ina ted  sites. As a result  each r ibbon  pa i r  
is rich in lead on  the outs ide  and  rich in a n t i m o n y  on  
the inside. All ca t ion  sites show the d i s to r t ions  
expected f rom s tereoact ive  lone e lect ron pairs. 

Pb4Sb4Selo is i so typic  with cosal i te  (S r ik r i shnan  & 
Nowack i ,  1974; Macicek ,  1988), t r ad i t i ona l ly  given 
the idealized fo rmu la  Pb4BiaSlo. A l t h o u g h  bo th  have  
the same geomet r ica l  f r amework ,  cosal i te  con ta ins  
add i t iona l  Cu a toms  in sites near  the edges o f  the 
r ibbons  and  also differs in the detai ls  o f  the meta l  
occupancies  (Macicek ,  1988), see c o l u m n  four  o f  
Tab le  1. The  two ca t ion  sites which  are eight  coordi -  
na ted  are fully occupied  by lead in b o t h  structures.  
In the selenide, mixed occupancies  are found  in the 
r ema in ing  six sites, four  o f  which  con ta in  mos t ly  
a n t i m o n y .  

A r m b r u s t e r  & H u m m e l  (1987) have  examined  the 
e n v i r o n m e n t s  o f  lead, b i smuth  and  a n t i m o n y  in a 
n u m b e r  o f  sulfides to s tudy the d i s to r t ion  o f  the 
ca t ion  c o o r d i n a t i o n  p o l y h e d r a  caused  by the in- 
fluence o f  the lone e lect ron pair .  To  measure  this 
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distortion and to compare the sizes of the environ- 
ments around the cations they plot the mean of the 
three shortest interatomic distances against the mean 
of the two next shortest. 

We have constructed a similar diagram for lead, 
antimony and bismuth in selenides, Fig. 3, using only 
the sites in the compounds listed in Table 2 that have 
coordination numbers greater than four. We used 
three structures with Bi (six Bi sites) and five struc- 

a o , , /  o \, • 
I o .  • // / \ \  

. ' O ~  , / \ \ / 0  ( ~'~.// / \  / ,, . . o :  \ / /  o • \\/\\ • 

¢ o ~  / / %  / % _  \ /  ~ ,  

k , ~ / /  o 
i \ i  , 9 ~ / "  \ , P ~  II 
LII • XX / o . . _  H /R  lifo"\ 

I_///"%__ ~ b ~ ' \ \  / ,-,//" 

I m / , \ \  ~ /  \\ J , Q ,  _// 

Fig. 1. The unit cell of  Pb4Sb~Se~o projected down [001]. In order 
of decreasing size, the circles denote Se, Pb and mixed sites. 
Atoms at z = 0.25 and z = 0.75 are indicated by open and fdled 
circles respectively. 

,'- ~ f l / %  3 ; / ' `  K\ k J i  ~ ) . J " -  ~ \  \ \ / Q  .o % "-.<. \ k / ~  . -# .~  % / ~" 
\\/o ~v /  / ~  / \\ __o: \ # 

~// o.._ / , ,  o~\\'//- ..~ o / x  o ~ 
//,\\W,m //,~ / -  "~o //~- 

' o ,x // • 

,,_,/-o~1/~,./ ~1/.~. Y~ .,.,.t-:',/111,%/I//./4~ 

7-. 

S " i . . - " %  0 • 
_/ /%e.~  o -  " o / ~  ', I ^*S~ ,\>/"'~- • o / ~ / . . / / \  • ~ . . / K / ' L  --"%.\Y • " " I  % " x 
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b 
Fig. 2. Four unit cells of  the crystal structure of Pb4SbaSelo projec- 

ted down [001] with the ribbons indicated by shading. Conven- 
tions for indicating the atoms are the same as in Fig. 1. 

tures with Pb (seven Pb sites). The only suitable 
compound containing Sb in higher than four coordi- 
nation was Sb2Se3 (two Sb sites). In Fig. 3 we 
compare our results with those of Armbruster & 
Hummel after correcting for the difference in size of 
the Se and S atoms (rse - rs = 0-13/~). 

Good agreement between distortion fields of sul- 
fides and selenides can be reached if the Armbruster 
& Hummel region of Sb is extended to include 
regular coordinations (dashed line in Fig. 3). The 
octahedral sites in cosalite (Macicek, 1988) and in 
P b a S b a S e l o  lie in the same part of the diagram, a part 
which corresponds to short Bi--S and long Sb--Se 
distances but with comparable distortion. 

Macicek (1988) points out that copper and silver 
play an important role in stabilizing cosalite as the 
phase cannot be synthesized in the Pb-Bi-S system 
without their presence. Chang, Walia & Knowles 
(1980), on the other hand, reported the synthesis of a 
phase with composition Pb2(Bi0.sSb0.2)2S5 which they 
identified as cosalite from its powder diffraction 
pattern. However, the cosalite analogue grows 
readily in the undoped Pb-Sb-Se system. The toler- 
ance on the size of metals that can be incorporated 
into cosalite is apparently not very large. It seems 
that the 'ideal' cation to form the structure is one 
that prefers a weakly distorted environment, and 
that is bigger than antimony but smaller than bis- 
muth. In this respect, antimony in the selenide has an 
advantage over bismuth in sulfide, since it can, by 

° •  
3.C' 

3.~ 
i 

~o~ 

2'8 i 

Sb-S 

Y Bi-S PbS 

\ 
, [ " ~  I ~  - rOet~aulahe~lrtm 

," octahedron 

C]Pb 

0 Bi ~sb 
I $b/F~O in Po4Sb4Selo 

X Bi in cosal i te  

. . . . . . .  extension of 
A & H  regions 
into regular  
coordination 

Fig. 3. The mean value of  the three shortest M- -Se  distances vs 

the mean value of the next two shortest. The distances are 
obtained from the published structures of  compounds labelled 
with * in Table 2. The distortion fields for Pb, Sb and Bi 
coordination polyhedra in sulfides are indicated with solid lines 
(after Armbruster & Hummel, 1987). The distortion fields for 
M- -Se  bonds are drawn in broken lines. 

2.6 / 2.8 3,0 3.2 se len ides 
t 

2 :5 / /  , 2.7, 2r9 3.1, ' . . . . . . . . . .  su l f ides 
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partial occupation with lead, adapt to the necessary 
metal size. Bismuth, however, needs substitution by a 
smaller cation to reduce its average size. As a result 
stabilizers, like copper or silver, or substitution by 
antimony are necessary in the sulfide. In the struc- 
ture obtained by Macicek the Bi is replaced on half 
the No. 1 sites by either Ag or one or two Cu atoms 
at nearby interstitial positions. 

We are indebted to Dr J. Macicek for letting us 
quote his results prior to publication and to the 
National Science and Engineering Research Council 
of Canada for an operating grant. R. Faggiani's help 
in the data collection is also gratefully acknowl- 
edged. 
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Ciinoelase and the Geometry of [5]-Coordinate Cu e + in Minerals 
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Abstract. Tricopper arsenate trihydroxide, Cu3- 
(AsO4)(OH)3, Mr = 380"58, monoclinic, P2Jc, a = 
7.257(2), b=6.457(2) ,  c=12.378(3) A, /3= 
99.51 (2) °, V= 572-0 (3) A 3, Z = 4, Ox = 
4.42 gcm -3, a(Mo Ka) = 0-71073 A, /z  = 175 cm-l  
F(000)=716, T = 2 9 7 K ,  R=0.044 for 1404 
observed reflections. The structure is a hetero- 
polyhedral framework of AsO4 tetrahedra, CuO3- 
(OH)3 octahedra and CuO2(OH)3 square pyramids. 
[5]-coordinated Cu 2 ÷ is common in minerals, and the 
salient features of square pyramidal and trigonal 
bipyramidal coordinations are examined in these 
structures. 

Introduction. We have a systematic study of the 
stereochemistry of Cu 2÷ oxysalt minerals currently 
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underway (Eby & Hawthorne, 1989a,b; Hawthorne 
& Eby, 1985; Hawthorne & Groat, 1985, 1986; Haw- 
thorne, 1985a,b, 1986a,b; Groat & Hawthorne, 1987; 
Hawthorne, Groat & Eby, 1989), focused primarily 
on the heteropolyhedral connectivity of these struc- 
tures, and the interaction between local Jahn-Teller 
distortion, polyhedral connectivity and structural 
periodicity. As part of this work, a refinement and 
reconsideration of the structure of clinoclase was 
initiated. 

Experimental. Clinoclase from Roughton Gill, 
England, National Mineral Collection catalogue 
number 18291, was obtained from the Geological 
Survey of Canada. Crystal size: 0.24 × 0.28 x 
0.32 mm; unit-cell parameters refined from 25 reflec- 
tions (5< 0 <  15 ° ) automatically aligned on a 
Nicolet R3m diffractometer at 297 K. Data collec- 
tion: 1187 reflections, 3 < 20 < 60 °, h 0 -  13, k 0-14, 
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