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Abstract 

Using chemical and topological rules to describe the 
structural chemistry of Pb 2 + and Sb 3 +, we show that 
the substitution of Sb 3+ into PbS (galena) results in 
four possible topological series of structures, and 
that the conflicting requirements of chemical bond- 
ing and charge neutrality severely limit the number 
of structures that can occur in each series. The model 
accounts for the existence of most of the compounds 
found in the pure Pb-Sb-S phase diagram. It cor- 
rectly predicts the distribution of Pb 2+ and Sb 3÷ 
over the various cation sites and shows why the 
mirror plane is lost in some phases. 

1. Introduction 

Lead and antimony are widely found in nature in the 
form of sulfides and many different mineral forms 
have been reported (Craig, Chang & Lees, 1973). 
Most of the minerals contain impurities and, in 
many cases, these impurities are important in 
stabilizing structures that would not be stable in the 
pure Pb-Sb-S system. For example, the plagionite 
group of minerals: semseyite, heteromorphite, 
plagionite and f/illopite, which have also been 
obtained in hydrosynthesis experiments at tempera- 
tures near 673 K (Robinson, 1948; Jambor, 1968), 
fail to appear in the dry system. Heating experiments 
on natural and synthetic compounds of this group 
cause their decomposition to phases stable in the dry 
system. This may indicate, as suggested by Garvin 
(1973), that the plagionite group minerals contain an 
additional essential component, probably hydrogen, 
liberated during heating. In this paper, we confine 
ourselves to the dozen or so compounds known to 
occur in the pure ternary system. 
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The dry PbS-Sb2S3 system has been the subject of 
several experimental studies (Garvin, 1973; Craig et 
al., 1973; Hoda & Chang, 1975; Salanci & Moh, 
1970; Wang, 1976; Salanci, 1979; Bortnikov 
Nekrasov, Mozgova & Tsepin, 1981). Salanci (1979) 
has published a phase diagram, an adapted form of 
which, shown in Fig. 1, indicates six ternary com- 
pounds between PbS and Sb2S3: II =Pb7Sb4Sl3, 
III = Pb3Sb2S6, IV = boulangerite, PbsSbaSll, V = 

1073 
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Fig. 1. Schematic phase diagram of the PbS-Sb2S3 system after 
Salanci (1979). The phases are I, galena; II, Pb,Sb4S,3; III, 
Pb3Sb2S6; IV, boulangerite; V, Pb.~Sb2S5 (monoclinic); VI, 
robinsonite; VII, zinckenite; VIII, stibnite; IX, Pb:SboS,4; X, 
PbSb2S4; XI, Pb7Sb6S,6. 

Acta Crystallographica Section B 
ISSN 0108-7681 ©1994 



ANICETA SKOWRON AND I. DAVID BROWN 525 

Pb2Sb2S5 ,  VI = robinsonite, Pb4Sb6S13 ,  and VII = 
z i n c k e n i t e ,  P b S b 2 S 4 .  Wang (1976) found that V has 
two polymorphs, one orthorhombic (Vo) and one 
monoclinic (Vm) and he reported two other com- 
pounds: PbsSb6S,4 (IX) and a compound with com- 
position between P b s S b 6 S ~ 4  and Pb2Sb2S5 .  All these 
compounds melt incongruently and, apart from zinc- 
kenite, have relatively narrow and stoichiometric 
composition ranges. Three of them, boulangerite, 
robinsonite and zinckenite, are known as minerals. 
The crystal structures of eight of the ternary com- 
pounds have been reported and, together with Sb2S3, 
can be grouped into four homologous series (Table 
1). The structural motifs of the four series are shown 
in Figs. 2(a)-(d). 

In recent years, various authors have proposed 
schemes whereby the complex structures of these 
compounds are built up conceptually from rather 
simple parent motifs by various symmetry opera- 
tions. For sulfides of As, Sb or Bi with Pb or Sn, this 

approach has been used by Andersson & Hyde 
(1974), Tak6uchi & Takagi (1974), Hyde, Bagshaw, 
Andersson & O'Keeffe (1974), Makovicky & Karup- 
Moiler (1977a,b), Makovicky (1977) & Wuensch 
(1979), Makovicky & Hyde (1979, 1981) and Mako- 
vicky (1981, 1983, 1985a, 1994). Many of these 
schemes are rather complex and different authors 
have developed the structures in different ways. The 
approach used in this paper draws on the ideas 
presented in the above works, but with more 
emphasis on the chemical constraints on the struc- 
ture. By doing so, we are able to predict which 
structures should form, how the cations are distrib- 
uted among the various possible sites and the influ- 
ence that this distribution has on the structure. 

We first compare the structural chemistry of Pb 2 ÷ 
a n d  S b  3 + (§2),  then show how the galena structure of 
PbS (NaC1 type) can be conceptually broken into 
ribbons (§3) which are reassembled under the con- 
straints imposed by the structural chemistry (§§4-7). 
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Fig. 2. The crystal structure of  (a) stibnite, (b) robinsonite, (c) boulangerite, (d) zinckenite and (e) cosalite projected down [001]. In order 

of  decreasing size, the circles indicate S 2 , Pb 2 + and Sb 3. ions. Ions at z = 0.5 and z -- 0.75 are denoted as open and full circles. In (e) 
the sites indicated by squares are occupied by Cu 2 ÷. 
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Name of  the 
series 
Stibnite 

Robinsonite 

Boulangerite 

Phase 
viii  
X 

Vo 

III 
vI 

IX 
xI 
IV 

II 
Zinckenite VII 

The 

Table 1. Reported Pb--Sb-S compounds 

symbolic description given in columns 4 and 5 is explained in the text. 

Short 
Formula Symbol symbol References 
Sb2S3 R4(I,I}-L4(1,1) s414 Bayliss & Nowacki (1972) 
PbSb2S4 Rr(I,I)-Lr(I,I) s6 /6  Tilley et  al. (1986), 

Smith & Hyde (1983) 
Pb2Sb2S~ R8(I, l)-LS(1,1) s8/8  Skowron & Brown (1990a), 

Skowron (1991) 
Pb3Sb2S6 R'°(1,1)-L'°(I,I) sl0/10 Smith & Hyde (1983) 
Pb4SbrS,3 R'2(2,2)-2L4(I,0) r12/4 Petrova et  al. (1978a), 

Skowron & Brown (1990b) 
PbsSbrS.4 R'4(2,2)-2L4(I,0) r14/4 Skowron et  al. (1992) 
PbTSbrSt6 R'4(2,2)-2Lr(1,0) r14/6 Wang (1976) 
PbsSb4St~ R'2(2,2)-Rr(0,0) b12/6 Born & Hellner (1960), 

Petrova et  al. (1978b), 
Skowron & Brown (1990c) 

PbTSb4SI3 Ri4(2,2)-RS(0,0) b!4/7 Skowron et  al. (1994) 
PbSb2S4 Portheine & Nowacki (1975) 

Finally we explore the effect of the ribbon packing 
on the cation distribution and geometry (§8) and 
compare the predictions with observation (~9-10). 

2. Why Pb 2 + is a stronger Lewis acid than Sb 3+ 

Where& it is shown that, despite its larger charge, 
some of  the bonds formed by Sb 3 + are weaker than 
those formed by Pb 2 + 

Pb 2÷ and Sb  3+ a r e  both ions that contain a lone 
electron pair in their valence shell. According to the 
VSEPR theory (Gillespie & Hargittai, 1991), such 
ions should form coordination environments in 
which the lone pair occupies one of the bonding 
sites, giving, for six coordination, five bonds to the S 
atoms arranged in a square pyramid and one vacant 
site occupied by the lone pair. The axial bond is 
short and the metal atom lies slightly below the plane 
of the four equatorial ligand as shown in Fig. 3. In 
solids, one, two or occasionally three long (secon- 
dary) bonds are found lying close to the direction of 
the lone pair. Our discussion will focus on these 

S 1 

/ \ 
/ \ 

/ 
/ \ 

S S 

Fig. 3. Bonding around Pb 2÷ or Sb 3÷ with a stereoactive lone 
pair. The metal is seven-coordinated and the axial bond M--S,  
is the shortest with the lone electron pair and two secondary 
bonds opposite. 

secondary bonds as they are the bonds responsible 
for the cohesion and packing in these compounds. 

The steric effects of the lone pair are most pro- 
nounced for the elements lying near the top of the 
periodic table. The anisotropies become less marked 
in the heavier metals and Pb 2 ÷ can, in cases such as 
PbS (galena), be found in regular coordination in 
which the steric effects of the lone pair are com- 
pletely suppressed. The environment of Sb 3+, which 
lies in the period above Pb 2÷, is expected to be more 
distorted, and its secondary bonds are expected to be 
weaker, than those formed by Pb 2÷ . This difference 
can be quantified using the bond-valence model 
(Brown, 1992; Skowron & Brown, 1990b), which 
determines the strength or valence of a bond from its 
length. The valences of the axial and secondary 
bonds in Pb-Sb-S compounds are shown in Fig. 4 as 
a function of the Sb 3 ÷ content of the site. The circles 
show, for seven-coordinate cation sites, the sum of 
the bond valences found for the two secondary 
bonds. The crosses show the valences of the short 
axial bonds which are trans to the lone pair. As 
expected, the latter increase with the effective oxi- 
dation state of the cation, but the average valence of 
each of the two secondary bonds decreases from 
around 0.30/2 = 0.15 v.u. (valence units) for Pb 2÷ to 
0 .04 /2=0 .02v .u .  for Sb 3÷. Thus, we have the 
paradox that the cation with the smaller charge 
(Pb 2 +) forms the stronger secondary bonds. Increas- 
ing the Sb 3÷ content of a cation site in a crystal 
increases the effective charge of the cation at this 
site, but in order for this charge to result in stronger 
secondary bonds it is necessary to increase the pro- 
portion of Pb 2÷. This paradox places strong restric- 
tions on the kinds of compound that can be formed 
in the system since there will be only a limited value 
of the Pb 2÷ :Sb  3 + ratio that can be accommodated at 
any given site. It is this limitation that results in only 
one or two members of each homologous series 
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being known. The effects of these are examined in 
detail in §6. 

It is useful at this point to introduce the concept of 
Lewis acid strength, defined as the expected valence 
(or strength) of the bonds that a cation forms. In the 
following discussion, we will be particularly con- 
cerned with the secondary bonds. We, therefore, take 
the Lewis acid strength of Pb 2+ to be 0.15 v.u. and 
that of Sb 3+ to be 0.02 v.u. In addition, we can 
define the total Lewis acid strength of the cation as 
the sum of the Lewis acid strengths of all the 
secondary bonds it forms. The total Lewis acid 
strength of a cation is thus the cation's valence 
available for forming bonds external to the ribbon. 
When Pb 2+ forms two secondary bonds, its total 
Lewis acid strength is 2 x 0.15 = 0.30 v.u. and when 
Sb 3 + forms two secondary bonds, its total Lewis acid 
strength is 0.04 v.u. We also apply the term to the 
ribbon fragment introduced in the next section. The 
total Lewis acid strength of a ribbon is the sum of 
the total Lewis acid strengths of all the cations in the 
ribbon. Lewis base strengths can be similarly defined 
for atoms carrying negative charge (i.e. the S 2- ions). 
The usefulness of this definition lies in the valence- 
matching principle (Brown, 1992), which states that 
bonds will tend to form when the cation has a Lewis 
acid strength equal to the Lewis base strength of the 
anion. In the present case, Pb 2 ÷ will tend to bond to 
S 2- ions with a larger Lewis base strength (i.e. those 
with a larger residual charge) and Sb 3 + will bond to 
S 2- ions with a smaller Lewis base strength. 
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X X  
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x X  X 

• 0 ° • 
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Fig. 4. The observed bond valences (s) v e r s u s  the effective oxi- 
dation state (V) of  the seven-coordinated cation sites in 
Pb-Sb--S compounds. The valences of the axial bonds are 
shown as crosses and the sum of  the bond valences of  the two 
secondary bonds opposite to the axial by dots. Bond valences 
are calculated from the bond lengths using ro(Pb--S)= 2.451 
and ro(Sb--S) = 2.522 A. 

3. How the building blocks (ribbons) of Pb-Sb-S 
compounds are formed from the galena structure 

Wherein it is shown that the basic building blocks 
(ribbons) of the Pb-Sb-S compounds are derived from 
the structure of  galena (PbS) by allowing the lone 
electron pair to become stereoactive and partially 
substituting Sb 3 + for Pb 2 + 

The structures of solids in the Pb-Sb-S system can 
be conceptually derived from the galena (NaC1) 
structure of PbS by the following simple steps first 
proposed by Hofmann (1935) and extended by 
Hellner (1958) and Petrova, Pobedimskaya & Belov 
(1980). 

The galena structure is first broken into (100) 
sheets, as shown by the broken lines in Fig. 5(a), in 
order to give the cations the square pyramidal 
coordination expected around atoms with stereo- 
active lone pairs. So that the secondary bonds link- 
ing the sheets can avoid the lone-pair direction, the 
sheets are sheared by half a cell along the galena 
[011] direction (perpendicular to the plane of Fig. 5 
and corresponding to the short c axis in the Pb-Sb-S 
compounds), thereby replacing the single long bond 
by two secondary bonds and giving the ions a 5 + 2 
coordination. This is the structure found for TI' 
(Helmholtz, I936), where the lone pair is expected to 
be stereochemically expressed, as pointed out by 
Makovicky (1985b). 

[ 100] 0 = ¢ = 0  = • = O = o - = O = - =  

I I I I I 1 1  I 
o = 0 = o - - - - - 0 = o =  0 = o = 0 =  

I I f , ~ 1 I 
I 1 I I I I I { 

t I I s ~ J i 1 

I I I I [ 1 [  I 
o ~ 0 = o  = 0 = o = 0 = o - ~ - 0 =  

I l I i I t I I 

[ I I I I I I I 

(a) 

[ ]  0=o=0~---o~0 I--I • = o = 0 ~ - o - - - - - •  

( b )  

Fig. 5. (a) The crystal structure of  galena (PbS) viewed down [0l l] 
and split into (100) sheets. The large circles represent S 2-, the 
small circles represent. Pb 2÷ . Open and filled circles lie at 
different levels. The cations have square pyramidal coordination 
within the sheets. The sheets are linked only by long bonds. 
(b) Ordering of the cation vacancies splits the sheets into 
ribbons. The squares represent cation vacancies and the ribbons 
are extended perpendicular to the plane of  the figure. 
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I f  S b  3+ is substituted for Pb 2+, three Pb 2+ ions 
must be replaced by two S b  3 + ions plus a vacancy in 
order to maintain charge neutrality. If the vacancies 
are ordered, the sheets will break into ribbons as 
shown in Fig. 5(b). The width of the ribbons will 
depend on the proportion of Sb 3 ÷ present, the higher 
the concentration of Sb 3÷ the narrower the ribbon. 
The ribbons in the observed structures are infinitely 
extended along the galena [011] direction with a 
short repeat distance of 4 A as shown in Fig. 6. All 
the structural variety in the series lies in the plane 
perpendicular to this axis. Consequently, the 
remainder of the discussion will be restricted to two 
dimensions. The structure will be displayed viewed 
down this short axis and the ribbon will be rep- 
resented by a single repeat as shown in Fig. 5(b), 
corresponding to the formula unit of the ribbon. 

It requires two vacancies (one on each face) to 
separate each ribbon from the sheet (Fig. 5b). Each 
ribbon thus contains four Sb 3+ ions to give the 
composition SbaS6.nPbS = Sb4PbnSn+6 for an elec- 
trically neutral ribbon. In principle, n can have any 
value but, as shown below, there are constraints that 
prevent it from becoming too large. In structures 
with two or more different ribbons, each individual 
ribbon need not be electrically neutral providing that 
the whole structure is neutral. The formula of a 
ribbon can more generally be written as 

[Sb4 + cPbN - 4 - cSN + 2]",  ( 1 ) 

where N is the total number of cations in the ribbon 
and the charge, c, may be positive or negative. 

4. How the ribbons bond to each other 

Wherein it is shown that the principal bonding between 
the ribbons occurs from the Pb 2 ÷ ions on the face of 
one ribbon to the S 2- ions on the edge of the other, 

[100,,~] f[Oll] 

~ "x 

!'I 
! 

¢ 

z ' %  i tol j 

T 

I i 

Fig. 6. A three-dimensional view of part of  a ribbon. Directions 
are given relative to the galena unit cell. 

and that the high charge but small Lewis acid strength 
of Sb 3 + restricts the widths of the ribbons that can be 
formed 

(1) shows that the ribbons may be positively or 
negatively charged depending on the relative 
amounts of Sb 3+ and Pb z+ present. If only one kind 
of ribbon is present in the crystal, it must be elec- 
trically neutral and, therefore, contain exactly four 
Sb 3 + ions combined with, in principle, any number 
of Pb 2+ ions. If two different types of ribbon are 
present, they must have equal and opposite charge. 
Pauling's principle of parsimony suggests that struc- 
tures with many different types of ribbon will not be 
found. For this reason, we assume that only struc- 
tures with one or two different types of ribbon will 
occur. 

The ribbons will be linked by Lewis acid-Lewis 
base bonds formed between the anions (S 2-) of one 
ribbon and the cations (Sb 3+ and Pb 2 +) of its neigh- 
bour. As is apparent from Fig. 5(b), the edges of the 
ribbons will always carry a negative charge since they 
consist only of S 2- ions which, since they form only 
two or three bonds to cations within the ribbon, will 
carry a larger unsatisfied negative charge than the 
five-coordinated S 2- ions on the faces. Since the 
strongest bonds will be formed between the strongest 
Lewis base (edge S 2-) and the strongest Lewis acid 
(Pb 2÷), the principal cohesive force between ribbons 
will occur where the S 2- ions on the edge of one 
ribbon meet the Pb 2+ ions on the face of another, 
forming an edge-to-face junction. Weaker bonds will 
also be formed between the weakly basic S 2- ions on 
the face of one ribbon and the weakly acidic S b  3+ 

ions on the face of an adjacent ribbon, forming a 
face-to-face junction. The ribbons will, therefore, 
arrange themselves in a tiling which provides for 
edge-to-face (Pb--S) and face-to-face (Sb---S) bond- 
ing, and the relative proportions of Pb 2 ÷ and S b  3÷ 

present will depend on the relative amounts of each 
of these types of bonding. Note that edge-to-edge 
bonding will not occur as the edges contain only 
Lewis bases ($2-). Even though the face-to-face 
bonds are important in determining the tilings of the 
ribbons, they are very weak and can be ignored in a 
quantitative analysis of the bond valences. We shall 
assume that the Lewis acid strength of a ribbon is 
contributed only by Pb 2+ and the Lewis base 
strength only by S 2- on the edges. 

The total Lewis acid strength, A, and the total 
Lewis base strength, B, of a ribbon measure the sum 
of the positive and negative charges, respectively, 
localized on the surface of the ribbon. The sum of A 
and B will, therefore, equal the net charge, c, on the 
ribbon (2) 

A + B = c. (2) 

B, by definition a negative number, is roughly con- 
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stant ranging between - 0 . 8  and - 1 . 2  v.u. The 
Lewis acid strength, however, will depend on the 
number of Pb z + ions in the ribbon. From Fig. 4 we 
expect that A =0 .30  v.u. x number of Pb 2+ ions 
present. 

Consider a ribbon whose faces bond only to the 
faces of other ribbons, i.e. a ribbon that does not 
bond to the edge of any neighbouring ribbon. We 
can designate this ribbon as R(0,0), where the two 
integers in the parentheses give the number of edges 
bonding respectively to each of its two faces. Such a 
ribbon should contain no Pb 2+ (since there are no 
edge-to-face junctions) and its faces should, there- 
fore, carry no acid strength (A = 0). However, the 
S 2- ions at the edge carry a base strength of 
- 1 . 0  v.u. The ribbon should, following (2), have a 
charge of -1 .0 .  (1) shows that such a ribbon will 
have the formula Sb3Sh- .  

Consider now the ribbon R(1,1), each of whose 
faces bond to one edge of a second ribbon. Fig. 7(c) 
shows that three bonds link the two S 2- ions on an 
edge to Pb 2 ÷ ions on a face. Assuming that each of 
the three bonds has a valence of 0.15 v.u., the total 
positive charge on each face will be 3 x 0.15 = 
+ 0.45 v.u., contributing a total charge of + 0.9 v.u. 
when both faces are included. If the ribbon is 
neutral, each of the two edges will carry the comp- 
lementary charge of -0 .45  v.u. Such ribbons contain 
three Pb 2+ ions (1.5 on each face) and, according to 
(1), will have the composition Sb4Pb3S9. 

In order to meet the charge and bonding 
requirements as the ribbon is further widened, there 
must be o n e  S b  3+ ion (to provide one extra unit of 
charge) for every three Pb 2+ ions (to provide the 
locations on the surface for the charge to reside). So, 
to widen the ribbons while maintaining a Pb 2+ :Sb 3+ 
ratio consistent with these requirements, it is neces- 
sary to add SbPb3S4 +. Widening the uncharged 
SbaPb3S9 ribbons by adding one such unit gives 
SbsPb6S]~. The six Pb 2+ ions will form 14 bonds to 
the edges of adjacent ribbons, requiring that two 
edges bond to each face as shown in Fig. 7(d).* 
These ribbons can be described as R(2,2). Increasing 
the width further by adding a second unit gives 
Sb6Pb9S~7 +, requiring three edges to bond to each 
face [R(3,3)]. Most triple edge-to-face arrangements 
require tilings with at least three distinct types of 
ribbon and are, therefore, not expected to occur. The 
exception is a tiling in which an R(0,0) ribbon is 
sandwiched between two R(3,0) ribbons, all three 
ribbons having the same width. Such an arrangement 
is not possible since the R(3,0) ribbons would have to 
be at least 12 cations wide in order to form a triple 
junction and no R(0,0) ribbon is known wider than 
ten cations. 

* In real structures, two of the six Pb 2 + ions are found to form 
three instead of  two external bonds, i.e. they are eight-coordinate 
as shown in Fig. 7(d). This coordination will be assumed in all our 
discussions of  the arrangements with two edges bonding to a face, 
an arrangement later referred to as a double junction. 

\D:ze----0 = Q = O---e--- (X 

<,[ I I I I I',, 
v@ :O----O=O----_Q=O----~A 

(a) 

' ,o=-7-o= :=o=:=c2  
k l  I ] I I /  

~!_----o ---- • = o: 

(b) 

7=t i=i' i=" 
\ \\ 7<o7 o :° 
?\:o . . 

• 0 ~O • \ \ ,  

< ;\o 

:O :o----O:o----O=o:O O----o----O=o---- 

I I I I 
O=e=O~--e=O= 

U 

(c) (d) (e) 

Fig. 7. Ribbons with (a) even and (b) odd numbers of  cations per unit repeat (even and odd ribbons) viewed down the c axis. The cross 
section of  an even ribbon is a 60 ° parallelogram, while that of  an odd ribbon is a 60 ° trapezium. (c)-(e) Edge-to-face junctions of  
ribbons. In (c) one ribbon joins to another ribbon through three bonds of  valence 0.15 v.u. each (a single junction), in (d) two ribbons 
join to another ribbon through eight bonds (double junction). (e) Bonding of a ribbon edge to the acute end of  a ribbon face brings 
the strongly basic S 2- ions too close. 
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Table 2. Ideal ribbon types 

These ribbons are the only ones that obey (2), where each Pb 2 ÷ 
ion contributes ca 1/3v.u. to the Lewis acid strength. The 
numbers in parentheses refer to the number of edges bonding to 
each of the faces of  the ribbon. The ribbons indicated by *, and 
other ribbon types not included in the table, cannot be incor- 
porated in tilings with less than three distinct types of ribbon. 

Label Composition Width Charge 
R(0,0) Sb3S5 3 - 1.0 
R(I,0) Sb3 5Pb, ~$7 5 - 0.5 
R(I,I) Sb4Pb3S9 7 0 
R(2,0) Sb4Pb3S9 7 0 
R(2, ! )* Sb4.sPb4 ~St, 9 0.5 
R(2,2) SbsPb6S, 3 11 1.0 
R(3,3)* Sb6PbgSj7 15 2.0 

Table 2 lists the characteristics of the ideal ribbons 
described above. For topological reasons discussed 
below, not all the chemically possible ribbons can 
exist in real structures. In particular, as shown in the 
next section, it is not possible to pack ribbons with 
odd numbers of cations. This, in practice, rules out 
all the ideal ribbons listed in Table 2. However, it is 
usually possible to substitute some Pb 2+ onto the 
Sb 3 + sites (or vice versa), allowing for some variation 
in the compositions and charges shown in Table 2, as 
discussed in the next section, but the further the 
composition differs from these ideal values, the more 
unstable the ribbon becomes. 

5. How the ribbons pack together 

Wherein it is shown that only four tilings are possible 
for even ribbons and none for odd ribbons 

Exploring the different ways in which the ribbons 
can pack together to form three-dimensional struc- 
tures is a problem in two-dimensional tiling. We 
assume three conditions that the tilings must satisfy. 

Rule 1. The tiling o f  the ribbons must fi l l  space. 
Rule 2. The Lewis acid sites (Pb 2÷ ) must be concen- 

trated in the region of  the edge-to-face junctions. 
Rule 3. The facing parts o f  parallel ribbons must be 

sheared to ensure that the face-to-face (Sb3+--S 2-) 
bonds avoid the lone-pair direction. 

If all the ribbons have the same orientation desig- 
nated as R, all will be parallel, resulting in edge-to- 
edge connections of the type shown in Fig. 5(b). 
These are not expected to occur since they bring the 
strongly basic S 2- ions together. Therefore, it is 
necessary for the ribbons to occur in at least two 
different orientations, labelled R and L. In the plane 
perpendicular to the ribbon axis, ribbons with an 
even number of cations have a cross section that is a 
60 ° parallelogram as shown in Fig. 7(a), those with 
an odd number of cations have a cross section that is 
a 60 ° trapezium shown in Fig. 7(b). Odd and even 
ribbons, therefore, form different tilings, which it is 
convenient to discuss separately. 

5.1. Tilings with odd ribbons 

Odd ribbons, having a trapezium as cross section, 
can pack in three orientations which we label R, L 
and T. The ribbons will form triangles as shown in 
Fig. 8(a). However, examination of the edge-to-face 
junction shown in Fig. 7(c) shows that the three 
trapezia cannot be related by a threefold axis because 
each is displaced by c/2 with respect to its two 
neighbours. Thus, closed figures, such as that shown 
in Fig. 8(a) can only occur if they contain an even 
number or ribbons. Further, as shown in Fig. 7(e), 
edge-to-face junctions cannot occur at acute corners 
as this brings strongly basic S 2- ions into contact 
without providing any suitable Pb--S bonds. The 
long face, being bounded by acute corners must, 

X 

(a) (b) 

Z 

(c) (d) 

(e) 

Fig. 8. (a) A triangular packing of  
three odd ribbons. (b)- (d)  The 
three types of  stacking of paral- 
lel ribbons that can form single 
and double junctions through 
their edges. (e) A tiling with 
edges forming a junction to the 
middle of a face. 
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therefore, pack with another long face, which does 
not lead to space-filling tiling. For these two reasons 
no tiling is possible with odd ribbons. 

5.2. Tilings with even ribbons 

The 60 ° angle between adjacent sides of the paral- 
lelogram requires that edge-to-face bonded ribbons 
pack at 60 ° to one another. Therefore, at least two 
ribbon orientations, R and L inclined at 60 ° to each 
other, are required, with the edges of the L ribbons 
bonding to the faces of the R ribbons and vice versa. 

>/ 

XX (stibnite) XY (robinsonite) 

(a) (b) 

ZZ (boulangerite) YY (sheared cosalite) 

(c) (a) 
Fig. 9. Space-filling tilings constructed from the stacks X, Y and 

Z. The shown ribbons are close to their ideal size. Comparison 
with Fig. 2 shows that X X  tiling corresponds to stibnite, X Y  to 
robinsonite and Z Z  to boulangerite arrangement. The X Y  tiling 
is similar to that present in cosalite shown in Fig. 2(e). 

The face-to-face bonding between the R ribbons will 
result in the R ribbons forming stacks of the types 
illustrated in Figs. 8(b)-(d). The L ribbons will form 
similar stacks. For reasons noted above, in drawing 
Figs. 8(b)-(d) we assumed that the edge-to-face 
bonds will only occur at the obtuse corner of the 
long edge of the parallelogram. Tilings in which the 
edges bond to the centres of faces are conceptually 
possible, but they impose impossible restrictions on 
the chemistry. In the tiling shown in Fig. 8(e), for 
example, the L(2,2) ribbons would have the formula 
Pb6 $4-,  which would require a negative charge of at 
least - 2  on each edge. 

Labelling the three possible stacks shown in Figs. 
8(b)-(d) as X, Y and Z, the only tilings that fill space 
are XX, YY, X Y  and ZZ, shown in Fig. 9. X Z  and 
YZ are excluded because they involve at least three 
different types of ribbon. 

6. How chemical constraints limit the size of the 
ribbons 

Wherein the chemical constraints are summarized by a 
set of  five rules 

In addition to the three topological rules given in 
the previous section, there are five chemical condi- 
tions which must also be satisfied. These are given as 
rules which can be expressed mathematically. Rules 4 
to 6 are obeyed exactly, rules 7 and 8 need only be 
obeyed approximately. 

Rule 4. The charge on the ribbon (c) is determ&ed by 
its composition 

The relationship between the net charge, c, carried 
by a ribbon having a total of N cation sites, of which 
Npb contain Pb z+ and Nsb contain Sb 3+, can be 
obtained from (1) 

Nsb = 4 + c, (3a) 

and 

Npb = N -  4 - c. (3b) 

Rule 5. The total Lewis acid strength, A, plus the total 
Lewis base strength, B, o f  a ribbon equals the charge, 
c, (2) 

A R + BR = CR. (2) 

Note that the base strength, B, is negative and the 
subscript R refers to ribbon R. A similar equation 
occurs for ribbon L. 

Rule 6. The total acid strength of  the R ribbons equals 
the total base strengths of  the L ribbons and vice versa 

This is expressed by (4), which can be derived from 
(2) by setting the total charge of all ribbons equal to 
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zero and recognizing that the acid parts of one 
ribbon bond to the base parts of the other and vice 
versa 

nRAR = -- nLBL (4a) 

hi_Am = -- nRBR, (4b) 

where nR and nL are the numbers of R and L ribbons 
in the formula unit, respectively. 

Rule 7. The total acid strength o f  a ribbon is given by 
its Pb 2 + content and the types o f  junction it forms 

We assume to a first approximation that, as shown 
in Fig. 4, each seven-coordinated Pb 2+ ion contri- 
butes 0.3 v.u. to the total acid strength of the ribbon 
and the Sb 3 ÷ ions make no contribution. For eight- 
coordinated Pb 2+ (see footnote) we assume that the 
coordination polyhedron is essentially regular with 
each bond having a valence of 2/8 v.u. The contri- 
bution of such Pb z ÷ ions to the total acid strength is 
then 3 x 2/8 = 0.75 v.u. 

The total Lewis acid strength of a ribbon contain- 
ing Npb Pb 2+ ions, all of which are seven- 
coordinated (i.e. the ribbon forms only single junc- 
tions, shown in Fig. 7c), is A = 0.3Npb. Where the 
ribbon forms a double junction (Fig. 7d), one of the 
Pb 2+ ions is found to be eight-coordinate. In this 
case the total Lewis acid strength of the ribbon is 
increased by 0.75 - 0.30 = 0.45 v.u. for every double 
junction. Therefore, in general, the total Lewis acid 
strength of a ribbon can be written as 

A = 0.30Npb + 0.45No, (5) 

where ND is the number of double junctions formed 
by the ribbon. Substituting for Npb in (5) from (3b) 
and rearranging using (2) yields 

A = 0 . 2 3 ( N -  B + 1.50No - 4). (6) 

Substitution of (6) into (2) gives the corresponding 
net charge on the ribbon (7) 

c = - 1.69 + 0.23N + 0.35No. (7) 

From this equation, one can see that any ribbon 
with N > 7 must be positive, i.e. it must have more 
S b  3+ than a corresponding neutral ribbon, and any 
ribbon with N < 4 must be negative, i.e. it must have 
more Pb z+ than a corresponding neutral ribbon. In 
between the charge will depend on the number of 
double junctions. Except, therefore, for structures 
composed of electrically neutral ribbons with N = 
6--7, we expect to find structures composed of 
negatively charged narrow ribbons having N < 6 
cations combined with positively charged wide 
ribbons with N > 7. 

Since the acid strength of a ribbon is a measure of 
the strength of its external bonds, Pb 2 + will concen- 
trate at the cation sites which lie at the edge-to-face 

junctions between the ribbons. A maximum of two 
Pb 2+ ions can be accommodated in a single junction 
and three in a double junction, regardless of the 
width of the ribbon. Thus, the maximum acid 
strength a junction can have is the strength it has 
when these sites are fully occupied by Pb 2 +, namely 
A max= 0.6 v.u. for a single junction and A max= 
1.35 v.u. for a double junction. The maximum total 
acid strength for a ribbon can thus be written as 

A max = 0.60Ns + 1.35No, (8) 

where N~ is the number of single junctions and No is 
the number of double junctions. (8) places an upper 
limit on the values of A that can be found using (6). 

Rule 8. The non-junction cation sites may conta& up 
to 50% Pb 2+ 

Increasing the ribbon width while keeping the 
charge constant requires that the Pb 2 + content of the 
ribbon also increases. Quite quickly the number of 
Pb z+ ions in the ribbon becomes larger than the 
number needed to fill the sites at the junctions, and 
A, as calculated from (5), will exceed A max. It will 
only be possible to increase the width of the ribbons 
further if Pb 2+ can be placed in non-junction sites. 
This will strengthen the face-to-face bonding between 
the ribbons, but we ignore such bonds in our defi- 
nition of the Lewis acid strength of the ribbon. 
Therefore, the Pb z+ content of a ribbon can exceed 
that required to provide the total Lewis acid 
strength. If a structure has, say, up to 50% Pb 2+ 
substituted on an Sb 3 + site, (5) will give a value for 
A which is too large, but the limit on the Pb 2+ con- 
tent can be calculated by recognizing that the value 
of (5) cannot exceed A max + 0 . 1 5 N n ,  i.e. 

A max -t- 0.15N,, >_ 0 .30Nmb + 0.65ND, (9a) 

where 0.15 is the contribution of a half-filled Pb 2+ 
non-junction site to the acid strength [according to 
(5)] and iV, is the number of non-junction sites 
capable of accepting Pb 2 + 

These include all the sites except those that form 
junctions and the two sites at the acute corner of 
each ribbon. The latter are normally occupied only 
by Sb 3+ because Pb 2+ cannot form strong enough 
bonds to the terminal S 2- ions. Hence 

A m a x > - A ' = A - O . 1 5 ( N - 2 - 2 N s - 3 N D ) .  (9b) 

7. Predicting which compounds can be formed in the 
Pb-Sb-S  system 

Wherein it is shown that the chemical constraints in 
rules 4-8 restrict the widths o f  the ribbons that can be 
found in each o f  the four possible tilings. 

Rules 1-3 define the geometries of the four 
allowed tilings, rules 4-8, summarized by (6), (8) and 
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(9), permit us to predict the widths of the ribbons 
that will be stable for each of these tilings. For 
convenience, we shall refer to the tilings by the name 
of the principal representative Pb-Sb-S compound 
having that tiling. The tilings are shown in Fig. 9 and 
their structures in Fig. 2. Stibnite (Fig. 2a) is the 
archetype of the structures that adopt the X X  tiling, 
robinsonite (Fig. 2b) that of the X Y  tiling and 
boulangerite (Fig. 2c) that of the Z Z  tiling. No 
Pb-Sb-S structure is known which adopts the X Y  
tiling, but cosalite (Srikrishnan & Nowacki, 1974) 
has a similar structure in which the pairs of face- 
sharing ribbons are not sheared (Fig. 2e). We refer, 
therefore, to X Y  as the 'sheared cosalite' structure. 

7.1. Stibnite series (XX tiling) 

In the X X  tiling, the R(1,1) and L(1,1) ribbons are 
joined by single junctions, as shown in Fig. 9(a). 
Labelling the ribbons so that NR I> NL, and eliminat- 
ing B using (4) with nR = 1 and nt  = 1, (6), (8) and 
(9b) reduce to 

AR = 0.24NR + 0.06NL -- 1.21 (10a) 

A max = 1.20 (10b) 

A ' =  A - 0 .15 (N-  6). (10c) 

These equations are plotted in Fig. 10(a) for NR = 
NL. The ideal composition, i.e. the composition of 
the most stable compound, lies at the intercept of the 
A and Ama× lines (NR -- 8), for here the junction sites 
are exactly filled with Pb 2+ Some additional Pb 2+ 
can be placed on Sb 3+ sites corresponding to posi- 
tions along the A max line, but only as far as the 
intersection with A'. The presence of excess Sb 3+ 
occupying the Pb 2+ sites corresponds to positions 
along the A line, the limit being reached when A = 0 
(no Pb 2+ present in the structure). The allowed 
compounds are shown with a heavy line and the 
further their composition lies from the ideal com- 
position, the less stable they are. If we represent the 
compound by Ru(1,1)---LN(1,1) = sN/N, where s 
indicates the stibinite series and N indicates the 
ribbon widths, Fig. 10(a) indicates that structures 
R4(1,1)-L4(1,1) = s4/4 to Rt°(1,1)-L'°(1,1)= sl0/10 
are possible with Rs(1,1)-LS(1,1) = s8/8 being the 
most stable. 

Similar plots for NR > Nz_ and N/. = 4, 6, 8... 
predict that s6/4 to s12/4, s8/6 to sl0/6 and s10/8 are 
also possible. All the four predicted members of the 
series with NR = N/_ have been reported, but none 
with NR > NL. The observed acid strengths of the 
ribbons in s4/4 (VIII) and s8/8 (V), indicated as 
squares in Fig. 10(a), are close to those predicted by 
the model. 

7.2. Robinsonite series ( X Y  tiring) 

In the X Y  tiling, there is one R(2,2) for every two 
L(1,0) ribbons joined by double and single junctions 
on their faces as shown in Fig. 9(b). The R ribbon 
must be at least eight cations wide if it is to form 
double junctions, hence, topologically NR-> 8 and 
the ribbon will carry a positive charge. The L ribbon 
must, therefore, carry a negative charge which 
restricts NL - 6. Since NR > NL and recognizing that 
in (4) nR = 1 and n/_ = 2, (6), (8) and (9b) take the 
form given in (1 la)-(1 l f )  

AR = 0.24NR + 0.12NL -- 0.68 (1 la) 

AL = 0.24N/_ + 0.03NR - 1.03 (1 lb) 

A~ '"x= 2.70 ( l lc)  

A 

2.0' 

1.0 

I11 
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Fig. 10. (a) Plot of  equations 10(a)-10(c) for the stibnite series (XX 
tiling), where NR = NL. Structures with N = 4-10 are possible 
with N = 8 being the most stable. The observed acid strength 
for compounds with N = 4 and 8 are indicated by the squares. 
(b) Plot of  equations l l (a)-1109 for the robinsonite series (XY 
tiling). Nt  = 4 and values of  NR between 8 and 18 are possible. 
The observed acid strengths for NR = 12 and 14 are indicated as 
squares. (c) Plot of equations 13(a)-13(c) for the boulangerite 
series (ZZ tiling). N = 10 should exist and N = 12 is predicted to 
be marginally stable. The squares indicate the observed A for 
the structures with N = 12 and 14. (d) Plot of  L(a)-(c) for the 
sheared cosalite series (YY tiling). The tiling requires that for 
both ribbons, NR = Nz,-> 8. Only N = 8 is allowed. 
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A~'a" = 0.60 ( l l d )  

A~= AR-- 0.15(NR-- 8) ( l ie )  

A~. = Az. - 0.15(NL -- 4). (1 If) 

The acidity of the R ribbons is shown in Fig. 10(b) as 
a function of NR for NL = 4. 

For N/. = 4, the most stable structure will occur 
for NR = 12, the structure for robinsonite (VI), but 
any value between 8 and 18 should be possible. 
The observed acid strengths of the wider ribbons 
of R~2(2,2)-2La(1,O)=r12/4 (VI) and R~4(2,2)- 
2L4(1,0) = r14/4 (IX) are shown as squares in Fig. 
10(b). For NL = 6, NR can lie in the range 8-16 with 
12 being the most stable value. 

7.3. Boulangerite series ( Z Z  tiling) 

In the Z Z  tiling, Fig. 9(c), there are two different 
R ribbons [R(2,2) and R(0,0)] and two different L 
ribbons [L(2,2) and L(0,0)]. Since we have assumed 
that only two chemically distinct ribbons occur, 
R(2,2) and L(2,2) must be identical, as must R(0,0) 
and L(0,0). Therefore, it is only necessary to consider 
the R(2,2) and R(0,0) ribbons. 

The tiling requires that as the width of one ribbon 
increases, the width of the other must increase by the 
same amount (12) 

NR(z,2) - NR(O,O) = 6. (12) 

Solving (6), (8) and (9b) using (12) and a suitably 
modified form of (4) yields (13a)-(13f) 

AR(z.2) = 0.56NR(2.z) -- 3.29 (13a) 

A m a x  R(2,2) 2.70 (13b) 

A,~(2,2) = AR(2,2) - 0.15[NR(2,2) - 8] (13c) 

AR(o,o) = 0.23[NR(o,o) -- BR(o,o) -- 4] = 0 (13d) 

A m a x  R(O,O) 0 (13e) 

A,~(o,o) = AR(o,o) -- 0.15[NR(o,o) -- 2]. (13f) 

AR(z,2) is plotted against NR(Z,2)and NRo,o)in Fig. 
10(c). Since base strengths are taken to be negative, 
(13d) yields Nn(o.o) -- 4, hence NR(Z.2) >-- 10. According 
to Fig. 10(c) only R~°(2,2)-R4(0,0)= b10/4 should 
exist with b12/6 (IV) being possibly stable. The 
former compound is not known but the latter is the 
stable compound boulangerite and the next member 
of the series, RIa(2,2)-R8(0,0)= b14/8 (II), is also 
known. The observed boulangerite structures have 
longer chains than our simple rules predict, corre- 
sponding to excess Pb 2 + content. The reason for this 
is discussed in §8. The observed acid strengths of the 

wider ribbons in b12/6 (IV) and b14/8 (II) are 
indicated as squares in Fig. 10(c). 

7.4. Sheared cosalite series ( Y Y  tiling) 

In Y Y  tiling, the R(2,0) and L(2,0) ribbons are 
joined by double junctions as shown in Fig. 9(d) and, 
again assuming NR I> Nr, (6), (8) and (9b) reduce to 
(14a)-(14c) 

AR = 0.24NR + 0.06N/. - 0.75 (14a) 

A rnax-- 1 .35  ( 1 4 b )  

A' = A - 0 . 1 5 ( N -  5). (14c) 

These equations are plotted in Fig. 10(d) for NR = 
N/. Because of the double edge-to-face junctions, the 
tiling in this structure requires both ribbons to be at 
least eight cations wide, indicated by the vertical line. 
The only possible structure with the Y Y  tiling is 
R8(2,0)-L8(2,0) = c8/8. This is close to the limit of 
stability and is not likely to be observed for reasons 
discussed in §9 below. 

8. How the cation distribution in the ribbons affects 
the geometry and stability 

Wherein it is shown that the distribution of  Pb 2 ÷ and 
Sb 3+ over the cation sites causes the ribbons to curl, 
and that the strain introduced by straightening them 
leads to the loss o f  the mirror plane and additional 
substitution of  Pb 2 ÷ into the Sb 3 + sites 

The rules in the previous section allow one to 
predict the distribution of Pb 2 + and Sb 3 ÷ atoms over 
the different cation sites within a ribbon. The 
agreement between predicted and observed site 
occupation numbers, shown in Table 3 and Fig. 11, 
[(obs - calC)rms = 0.16], is quite satisfactory given the 
uncertainty in the measurements. Because Pb z+ is 
needed to form the face-to-edge junctions, it is con- 
centrated in the faces near the obtuse corner of the 
ribbon while Sb 3 + concentrates on the opposite side. 
This arrangement causes the ribbons to curl, since 
the Pb- -S  bonds on one face are longer than the 
Sb--S bonds on the opposite face (Fig. 12a). The 
effect will be larger for double junctions, which 
require three Pb ~-+ ions, than for single junctions 
that require only two. Curled ribbons do not pack 
well but, in order to straighten them, the bonds in 
the Sb 3+ face must be stretched and those in the 
Pb 2+ face compressed, leaving the atoms on the 
Sb 3 + side underbonded (bond-valence sums less than 
the atomic valence) and those on the Pb 2 + side to be 
overbonded. In order to relieve this strain, the com- 
pressed Pb 2+ face buckles, with Pb 2+ moving out- 
ward towards the neighbouring ribbon edge and S 2- 
moving inwards to form stronger bonds with the 



A N I C E T A  S K O W R O N  A N D  I. D A V I D  B R O W N  535 

Table 3. Observed and predicted cation distribution in 
Pb-Sb-S compounds 

Predicted Observed 
occupations occupations 

Composition Symbol (% Sb) (% Sb) 

Stibnite series (XX) 

Sb2S3 R4(1,1)-L*(I,I) M(I) 100 100 
M(2) 100 100 

PbSb2S4 /~'(1,1)--L6(I,I) M(1) 100 Not known 
M(2) 50 
M(3) 50 

Pb2Sb2S5 Rs(i,I)-L8(I,1) M(I) 100 100 
M(2) 100 82 
g(3) 0 10 
M(4) 0 8 

Pb3Sb2S6 RJ°(1,1)-L~°(I,1) M(I) 100 Not known 
M(2) 50 
M(3) 50 
M(4) 0 
M(4) 0 

Robinsonite series (XY) 

Pb,Sb6S~3 R~2(2,2)-2L4(l,O) M(1) 100 80 
M(2) 0 18 
M(3) 100 100 
M(4) I00 100 
M(10) 100 100 
M(I 1) I00 80 
M(12) 100 78 
M(13) 0 0 
M(14) 0 0 
M(15) 0 36 

PbsSb6SL, R"(2,2)--2L'(1,0) M(i) 100 55 
M(2) 0 10 
M(3) 100 100 
M(4) 75 100 
M(10) 100 100 
M(1 l) 75 80 
M(12) 75 70 
M(13) 75 65 
M(14) 0 0 
M(15) 0 0 
M(16) 0 20 

Boulangerite series (ZZ) 

PbsSb4S~ Rt2(2,2)-R6(0,0) M(I) 100 70 
M(2) 33 30 
M(3) 33 38 
M(lO) lO0 lO0 
M(I 1) 67 100 
M(12) 67 56 
M(I3) 0 0 
M(14) 0 0 
M(15) 0 0 

Pb~Sb4Sm3 Rt4(2,2)-RS(0,0) M(I) 100 M(I) 100 
M(2) 22 M(2) 28 
M(3) 22 M(3) 17 
M(4) 22 M(4) 14 
M(lO) 100 M(IO) lO0 
M(ll) 44 M(ll) 65 
M(12) 44 M(12) 36 
M(13) 44 M(13) 40 
M(14) 0 M(14) 0 
M(15) 0 M(15) 0 
M(16) 0 M(16) 0 

(Skowron, Corbett, Boswell & Taylor, 1994). The 
tensile strain on the Sb 3 + side is relieved in two ways. 
Firstly, more Pb 2÷ can substitute for the smaller 
Sb 3 + than is allowed by rule 8, thereby increasing the 
stability of  the Pb 2 ÷-rich phases, and, secondly, Sb 3 ÷ 
can move away from the centre of  its coordination 
sphere according to the prediction of  the distortion 
theorem (Brown, 1992). The only off-centre dis- 
placement that does not affect the bonding around 
the neighbouring cations is a displacement that 
breaks the mirror plane characteristic of  so many of  
these structures. This accounts for some of the 
anomalies observed in the wider R(2,2) ribbons of 
the boulangerite and robinsonite series, anomalies 
such as the loss of  the mirror plane in the boulan- 
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Fig. l l .  Predicted and observed Sb 3÷ occupation of the cation 
sites in the Pb-Sb-S compounds. 
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underbonded Sb 3+ on the opposite face (Fig. 12b). 
Although this reduces the under- and over-bonding 
at the cations, it increases it for S 2- ,  a phenomenon 
that has been observed in a number of  structures 

(b )  

Fig. 12. (a) A ribbon showing the curling (exaggerated) produced 
by the required distribution of Pb 2 ÷ and Sb 3 ". (b) The result of 
the strain introduced when the ribbon is straightened. In order 
of decreasing size, the circles indicate S 2-, Pb 2 + and Sb 3 + ions. 
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gerite phase, II =b14/6, and possibly also in the 
robinsonite phase, I X = r l 4 / 4 ,  and the unusual 
stability of the higher (Pb-rich) homologues of bou- 
langerite. A similar increase in stability would be 
expected for the Pb-rich members of the robinsonite 
series, but these compounds will not be observed for 
reasons discussed in the next section. 

9. How well have we done? 

Wherein it is shown that we can correctly predict most 
o f  the compounds in the Pb--Sb-S phase diagram, as 
well as their structures and relative stabilities 

Table 4 lists all the predicted structures arranged 
by structural series with the most stable structures 
underlined. The observed structures are indicated in 
the last column. Table 5 gives the same list ordered 
by composition (vertically) and approximate relative 
stability (horizontally). The stabilities have been esti- 
mated qualitatively from the graphs shown in Fig. 
10, allowing for the tendency of the uncurling strain 
to stabilize higher Pb 2+ concentrations in R(2,2) 
ribbons. Table 5 lists 14 compositions in the 
Pb-Sb-S system that correspond to predicted struc- 
tures. For some compositions, several structures are 
predicted and, in these cases, the structure predicted 
to be most stable is the one observed. Further, the 
predicted stabilities correspond roughly to the exist- 
ence ranges observed in the phase diagram (Fig. 1), 
the more stable structures occurring over a wider 
temperature range. The clustering of the composi- 
tions listed in Table 5, particularly in the 20-30% 
range, agrees with the general features of the phase 
diagram. Notable are the large regions in the Pb- and 
Sb-rich regions where ternary compounds are neither 
predicted nor observed. 

(I) Galena 

Galena stands at the beginning of the series and is 
the model on which the other structures are based. 

(II) Pb7Sb4Sl3 

This structure, b14/8, is stabilized only by the 
uncurling strain and has quite a small existence range 
in the phase diagram. 

(III) Pb3Sb2S6 

Predicted only to be moderately stable, this com- 
pound, sl0/10, also has a limited existence range. 

PbsSb6S17 

A robinsonite homologue, r16/6, is predicted to be 
marginally stable at this composition. It has not been 
observed perhaps because it will have only a small 

Table 4. Predicted and observed Pb-Sb-S structures 
arranged by structure type 

T h o s e  p r e d i c t e d  t o  be  t h e  m o s t  s t a b l e  

T i l i n g  Se r i e s  

X X  Stibnite, 
sN R / N  L, 
RNR(I,1)-L~L(I,1) 

X Y  

Z Z  

Y Y  

Robinsonite ,  
r N R / N L ,  
R••(2,2)-2L•L(I,0) 

Boulangerite,  
bN 1/N2 
R(2,2) Nj R(0,0) N2 
Sheared cosalite, 
c N R / N L  
Rr~R(2,0)--LNL(2,0) 

Zinckenite  

a r e  in b o l d  t ype .  

C o m p o s i t i o n  S h o r t  O b s e r v e d  

% Sb  s y m b o l  h o m o l o g u e s  

100 s 4 / 4  v i i i  
50 s 6 / 6  X 

33 s 8 / 8  v o  

25 s l0 /10 l I l  
67 s6/4 - -  
50 s814  - -  

40 s 10/4 - -  
33 sl 2/4 - -  
40 s 8 / 6  - -  

33 s10/6 - -  
29 s10/8 - -  
60 r 8 / 4  - -  

50 r10/4 - -  
43 r12/4 VI 
38 r14/4 IX 
33 r16/4 - -  
30 r18/4 - -  
43 r 8 / 6  - -  

38 r10/6 - -  
33 r12/6 - -  
30 r !4 /6  XI 
27 r16/6 - -  
40 blO/4 - -  
29 b 12/6 IV 
27 b14/8 II 
33 c 8 / 8  - -  

50 - -  VII 

existence range and is very close to the composition 
of the much more stable boulangerite. 

(IV) Boulangerite 

Two structures are possible with this composition, 
the observed structure of boulangerite = b12/6 being 
clearly more stable than the structure in the stibinite 
series, s10/8, which is not known. 

(XI) Pb7Sb6Sl6 
Wang (1976) reports a compound at this composi- 

tion that has the correct unit cell for the r14/6 
structure in the robinsonite series. However, this 
structure has yet to be confirmed. 

(V) PbzSbzS5 

Six different predicted structures have this com- 
position and two are expected to be relatively stable. 
The only confirmed structure is the orthorhombic 
member of the stibinite series, s8/8, but Wang also 
reports a monoclinic polymorph whose structure is 
unknown. The only compound with a sheared cosa- 
lite structure is predicted to have this composition. 
Given the number of competing structures with 
higher stability, it is clear why no members of this 
series have been observed. 
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Table 5. Predicted compounds and structures arranged by composition 

Those observed are shown in bold type and are also listed in Table 1 where the references can be found. The symbols refer to the 
structural series stibnite (s), robinsonite (r), boulangerite (b), and sheared cosalite (c), the numbers refer to the widths of the ribbons. 

Observed 
% Sb Phase Composition 

0 I PbS 
22 II Pb7Sb4S,3 
25 III Pb~Sb2S6 
27 PbsSbrS,7 
29 IV PbsSb4S,, 
30 XI PbTSb6S~6 
33 Vo Pb2Sb2S5 

38 IX PbsSbrSt4 
40 Pb3Sb4S9 

43 VI Pb4SbrS~3 
50 VII PbSb2S4 Zinekeaite 

X 
60 Pb2SbrS~ 
67 PbSb4S7 

100 VIII Sb2S3 

Other Most stable 
Galena 

Predicted (short symbol) 
Stable Least stable 

b14/8 
slO/lO 
r16/6 

b12/6 slO/8 
r14/6 r18/4 
s818 rl6/4 c8/8 
r12/6 slO/6 

s12/4 
rl4/4 rl0/6 

b10/4 
s10/4 

s8/6 

r12/4 r8/6 
rlO/4 
s8/4 s616 

r8/4 
s6/4 
s414 

(IX) Pb5Sb6S14 

Two structures are predicted for this composition, 
both in the robinsonite series. The more stable of the 
two, r14/4, is that observed. 

Pb3Sb4S9 

It is surprising that no compound has been 
observed at this composition, given that we predicted 
two moderately stable structures in the boulangerite 
and stibinite series. 

(VII) Zinckenite 

Three structures are predicted by our model, but 
the observed structure is zinckenite, which is con- 
structed on a different principle from the series we 
discuss in this paper. Zinckenite contains a sixfold 
axis, close to which the atoms can be disordered. 
This allows zinckenite to have a relatively wide com- 
position range and may account for its stability. A 
member of the stibinite series predicted to be 
moderately stable, s6/6, has been seen in the electron 
microscope but is not known as a macroscopic 
crystal. 

P b 2 S b 6 S l i  a n d  PbSb4S7  

Both these compositions are predicted to be margi- 
nally stable, the first in the robinsonite series, the 
second in the stibinite series. Neither is known. 

(VIII) Stibinite 

The final member of the series is, according to our 
model, only marginally stable. This reflects the devia- 
tions between the bonding properties of Sb in the 

observed stable Sb2S 3 and the simple assumptions of 
our model. 

I0. Concluding remarks 

Our model predicts the existence of four homologous 
series of Pb-Sb-S compounds, each with a limited 
number of stable structures. Not all of these struc- 
tures will be observed because many of them have 
the same composition and only the most stable 
structure at each composition will appear in the 
phase diagram. Of the 12 ternary compounds that we 
predict, eight are known, though one of these, zinc- 
kenite, has a structure that belongs to the galena- 
derived structures of a differently defined type to 
those described here (Makovicky, 1985c). The 
remaining four compounds are not expected to be 
very stable and may either not exist or have such a 
limited existence field that they have so far been 
missed. Our model accounts for the distribution of 
Pb 2+ and Sb 3+ over the various cation sites and 
shows how this distribution can lead to strains in 
structures with double junctions that both stabilize 
the Pb-rich phases and lower the crystallographic 
symmetry. 

The chief value of our approach lies not in the 
absolute precision with which it makes predictions 
since, necessarily, simplifications are made, but 
rather in the way in which it shows that chemical as 
well as topological constraints limit the number of 
possible structures. These constraints are expressed 
as a number of rules which not only allow us to 
understand the main features of the phase diagram, 
but also to account for much of the detailed 
geometry of the structures. 
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Abstract 

The crystal structures of a flux-grown crystal, 
Ko.86Rbo.14TiOPO4, and an Rb/Ba ion-exchanged 
KTiOPO4 crystal, Ko.84Rbo.~6TiOPO4, are refined 
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and compared. Both crystals are isostructural with 
potassium titanyl phosphate, KTiOPO4. In both 
crystals, Rb substitutes for K only on the K(2) site 
with the crystallographically distinct K(1) site being 
solely occupied by K. However, in the ion-exchanged 
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