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The structures of many binary solid-state chalcogenides (chalcogen = S, Se, Te) 
are known along with the structures of the related ternaries formed by addition of 
an alkali metal. Similarly, the structures of many ternary solid-state chalcogenides 
are known along with the structures of the related quaternaries formed by addition 
of an alkali metal. The dimensionality of such compounds has been examined 
through a review of the literature. It is found in general that addition of the alkali 
metal lowers the dimensionality of the resultant structure. This trend, which appears 
to be general, is illustrated and discussed. 

Key Words: binary chalcogenide, ternary chalcogenide, quaternary chalcogenide, 
solid state, structure, dimensionality 

INTRODUCTION 

Beyond doubt, synthesis is the frontier area of research in solid- 
state chemistry, for it is self-evident that if a material has not been 
synthesized its physical properties cannot be measured! And often 

Comments Inorg. Chem. 

Reprints available directly from the publisher 
Photocopying permitted by license only 

1993, VOI. 14, NO. 4, pp. 229-243 
8 1993 Gordon and Breach. 

Science Publishers S.A. 
Printed in Singapore 

229 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
4
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



the properties that newly synthesized materials possess lead to 
potentially wide applications.’-8 The difficulties of predicting the 
existence, composition, structure, and physical properties of po- 
tential solid-state compounds are well known,’ many (some would 
say most) new materials are formed serendipitiously. lo Although 
some rational approaches to the synthesis of new solid-state ma- 
terials exist, including the Zintl concept”-’4 and the notion of 
coordination  preference^,'^ these are of limited applicability. Much 
of solid-state chemistry remains largely empirical, and as part of 
this empiricism one seeks clues on how to predict structures or 
physical properties. Solid-state chalcogenides are an attractive area 
of research ,I6-*O with many of their interesting physical properties 
and appli~ations’~~~~~’~J’~~’-~~ related to their propensity to form 
low-dimensional networks. 1 ~ 8 . 1 6 9 1 7 . 2 4 - 2 7  But do we understand why 
some solid-state chalcogenides have low-dimensional structures? 
Can we predict from known structures the dimensionality to be 
expected in derivative structures of hypothetical composition? In 
general, “no” is the answer to these and related questions. 

Although dimensionality is a generally understood qualitative 
concept, we return to a more thorough discussion of it below. Our 
interest in this matter was triggered by the synthesis of a series of 
mixed-metal c h a l c ~ g e n i d e s ~ ~ - ~ ~  with the use of the reactive flux 
m e t h ~ d . ~ ~ . ~ ~  In the series C U ~ N ~ S ~ ~ ~ ~ . ~ ~  to KCu2NbSe4*’ to 
K,CuNbSe:8 to K3NbSe436 we go from three-dimensional to two- 
dimensional to one-dimensional structures and finally to a structure 
that contains isolated K’+ cations and NbSe:- anions. In this series 
niobium is most conveniently considered to be NbS+, while copper 
and potassium are CU’ + and K’+ , respectively. Conceptually, then, 
the series represents the progressive substitution of K’ + for Cu‘+ , 
and as this occurs the dimensionality of the compound decreases. 
Is this a general trend? The answer appears to be “yes.” This 
Comment examines the literature of solid-state chalcogenides to 
conclude that in general the dimensionality of binary compounds 
is lowered by the progressive addition of alkali metal to form 
ternaries, and that the dimensionality of mixed-metal ternaries is 
lowered by the progressive addition of alkali metals to form qua- 
ternaries. This general trend, derived empirically, may represent 
another small step in the direction of predicting the composition, 
structures, and physical properties of solid-state materials. 
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THE DIMENSIONALITY OF A SOLID-STATE 
CHALCOGENIDE 

We choose to describe solid-state structures in terms of linking of 
polyhedra to form extended assemblies. This description is partic- 
ularly useful for chal~ogenides '~ and also emphasizes their struc- 
tural relationships with physical proper tie^.^^ 

The concept of dimensionality of solid-state chalcogenides has 
been discussed often.24,37-39 While decreasing dimensionality can 
be associated with increasing anisotropy of structure and proper- 
ties;, we find it more convenient to define dimensionality in es- 
sentially an intuitive way. Let us illustrate this with the compounds 
discussed above. The compound C U , N ~ S ~ , ~ ~ , ~ ~  comprises the edge- 
and corner-sharing of tetrahedral CuSe, and NbSe, units to form 
a structure in which there are Cu-Se and Nb-Se bonding distances 
(Fig. 1). We describe such a structure as three-dimensional. Con- 
versely, the structure of K3NbSe436 comprises NbSe3,- tetrahedra 
isolated from one another by K'+ ions (Fig. 2). We describe such 
a structure as isolated. Intermediate between these two extremes 
are KCu,NbSe, and K,CuNbSe,. In the structure of Kc~ ,NbSe ,2~  
edge-sharing and corner-sharing tetrahedra form layers that are 
separated by K'+ ions (Fig. 3). This structure we describe as IWO 

dimensional. In the structure of K2CuNbSe,2* infinite chains of 
edge-sharing, alternating CuSe, and NbSe, tetrahedra are sepa- 
rated from one another by K1+ ions (Fig. 4). We describe this 

FIGURE I The Cu,NbSe, structure (Refs. 32 and 35). 
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FIGURE 2 The K,NbSe. structure (Ref. 36). 

'I 
I 

C 

FIGURE 3 The KCu2MSe, (M = Nb, Ta) structure (Refs. 29 and 32). 

structure as one dimensional. One sees that in describing the de- 
creasing dimensionality from three to two to one to isolated we 
have focused our attention on the non-alkali metal portion of the 
structures. 

Since this approach to dimensionality depends upon the per- 
ception of bonding interactions, there clearly are structures whose 
dimensionality is ambiguous. TiSe;' is a two-dimensional structure 
made up of infinite two-dimensional slabs interacting with one 
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FIGURE 4 The K,CuMSe4 (M = Nb, Ta) structure (Refs. 28 and 31) 

another through weak van der Waals' forces. Contrast this with 
transition-metal ditellurides where the basic structure is the same 
but where the interactions between layers can be i n t e r ~ r e t e d ~ * . ~ ~  
as being somewhat stronger than van der Waals' forces. Never- 
theless, such forces are still weak compared with intraslab forces, 
and for our purposes we consider such ditellurides as being two 
dimensional. 

INFLUENCE O F  ALKALI METALS ON 
DIMENSIONALITY 

The structures of more than four hundred alkali-metal containing 
and related solid-state chalcogenides have been determined. This 
number does not include the numerous structures known where 
there is intercalation of alkali metals into the van der Waals' gaps 
of layered binary chalcogenides. The intercalation chemistry of 
two-dimensional layered compounds has received extensive atten- 
tion. 1.18,41-43 Since intercalation is generally reversible through ap- 
propriate chemical or thermal treatment and does not involve a 
structural transformation, such compounds are excluded from the 
following discussion. We also exclude the comparison of structures 
where a change of oxidation state of metal and chalcogen occurs 
upon addition of an alkali metal. Such an example would be FeS, 
(Fez+, S;-) to KFeSz (Fe3+, K'+, S2-).  With these exclusions, 
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TABLE I 

Selected examples of alkali-metal content vs. dimensionality in 
solid-state chalcogenides. 

~ 

Oxidation 
Element State Compound M/A Dim.” Ref. 

sc 

Lnh 

Ti 

Nb 

Ta 

Cr 

Mn 

Fe 

co 

Pd 

Ag 

3 +  
3 +  
3 +  
3 +  
4 +  
4 +  
S +  
5 +  
5 +  
5 +  
5 +  
5 +  
5 +  
5 +  
5 +  
5 +  
5 +  
5 +  
5 +  
3 +  
3 +  
3+  
2 +  
2 +  
2 +  

2 +  

3 +  
3+ 
3 +  

2 + .  3 +  
2 + .  3 +  

2 +  
2 +  
2 +  
2 +  

2 +  

1 +  
1 +  
I +  

sc,s, 
NaScS, 
Ln,S, 
NaLnS, 
TiSe, 
Na2TiZSeh 
Cu,NbQ, (0 = S. Se. Te) 
KCu2NbQ, (0 = S. Se) 
K,Cu,Nb,Q, (0 = S. Se) 
K,CuN bSe, 
K,CuNb,Se ,, 
K,NbQ, (0 = S. Se) 
Nb,Q, (Q = S. Se) unstable 
Cu,TaQ, (Q = S. Se) 
KCu,TaSe, 
K,Cu,Ta,Q, (Q = S, Se) 
KZCuTaSe, 
K,TaQ, (0 = S. Se) 
Ta,Q. (Q = S. Se) unstable 
Cr& 
ACr,S, (A = K, Rb, Cs) 
KCrS, 
MnS 
A,Mn,S, (A = K,  Rb, Cs) 
A,MnQ2 
(A = K, Rb, Cs; Q = S, Se, 

A,MnQ, 
(A = Na. K;  Q = S, Se, Te) 
Fe2S, unstable 
AFeS, (A = K .  Rb, Cs) 
Na,FeS, 

Te 1 

3-D 
1.0 2-D 

1.0 2-D 

1.0 1-D 

3.0 2-D 
1.7 1-D 

1.0 1-D 
0.33 Iso. 

3-D 

2-D 

3-D 

1.0 I-D 

3-D 
3.0 2-D 
1.7 I-D 

0.33 Iso. 

3-D 

1.0 I-D 

5.0 3-D‘ 
1.0 2-D 

3-D 
1.5 2-D 
0.5 1-D 

0.17 Iso. 

1.0 1-D 
0.2 Iso. 

c0;s , 3-D 
Na,CozS, 0.4 I-D 
CSlC0,S, 1.5 2-D 

PdS 3-D 
AJ’djQ, 1.5 2-D 

AZPdQ, 0.5 1-D 

Ag2S 3-D 
A,Ag& (A = K ,  Rb) 2.0 2-D 
Na3AgS2 0.33 1-D 

Na,CoS, 0.17 Iso. 

(A = K, Rb, Cs; Q = S, Se) 

(A = Na, K. Rb; Q = S, Se) 
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TABLE I (Continued) 

Oxidation 
Element State Compound M/A Dim." Ref. 

Zn 

Hg 

Al 

Ga 

In 

Si 

Ge 

Sn 

P 

Sb 

2 +  
2+ 
2 +  
2 +  
2 +  
2 +  

2 +  

2+ 

3+  
3+  

3 +  
3 +  
3+  
3 +  
3 +  
3 +  
3+ 
3 +  
3+  
4+ 
4 +  
4 +  
4 +  
4 +  
4 +  
4 +  
4 +  
4 +  
4 +  
4+ 
5 +  
5 +  
5 +  
3 +  
3 +  

ZnS 
NazZn3S, 
Na,ZnS, 
Na,ZnS, 
HgS 
AzH&Q7 
(A = K, Cs; Q = S, Se) 
AzHg,Q, 
(A = K, Cs; Q = S, Se) 
A6HgQJ 
(A = K, Rb; Q = S, Se) 
AI,S, 
AAIQ, 
(A = Na, K; Q = Se, Te) 
Na,AIS, 
Ga,Se, 
CsGaSe, 
<:s,0Ga6Sel, 
Cs,Ga4Se ,,) 
Cs,Ga,Se, 
IbS, 
KIn,S, 
AInS, (A = K, Rb, Cs) 
SiTe, 
Cs2Si,Te, 
SiQZ (Q = S, Se) 
N G W i o  
GeQ2 (Q = S, Se) 
Na,GeSe, 
Na,GeSe, 
SnQ, (Q = S, Se) 
Na,Sn3S, 
Na,Sn,S7 
Na,SnS, 
P4SlO 
KJ'S, 
K2P2S6 
Sb,S, 
A,SbS, 

1.5 
0.5 
0.17 

3.0 

1.5 

0.17 

1 .o 
0.33 

1 .o 
0.6 
0.5 

0.33 

5 .O 
1 .o 
1 .o 
1.0 

0.5 
0.25 

0.75 
0.33 
0.25 

0.33 
1.0 

0.33 

3-D- 
2-D 
1-D 
Iso. 
3-D 
3-Dc 

1-D 

Iso. 

3-D 
1-D 

Is0 
3-D 
1-D 
Iso. 
Iso. 
Iso. 
3-D 
3-D' 
1-D 
2-D 
1-D 
1 -D 
Iso. 
2-D 
1-D 
Iso. 
2-D 
2-D 
Iso. 
Iso. 
Iso. 
Iso. 
Iso. 
2-D 
Iso. 

"3-D: three-dimensional; 2-D: two-dimensional; 1-D: one-dimensional; Iso.: Iso- 
lated. 

Ln = lanthanide. 
This structure shows some one-dimensional character. 
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Mn 
5 

FIGURE 5 Structure of MnS (Ref. 44) 

o K, Rb, Cs OMn 0 s  
FIGURE 6 Structure of A,Mn,S, (A = K, Rb, Cs) (Refs. 45 and 46) 

the trend noted above in the Cu,NbSe, to K,NbSe, series appears 
to be general. In Table I we have tabulated examples of the changes 
of dimensionality with alkali-metal substitution across the Periodic 
Table. The tabulation is not exhaustive, but it is meant to be 
detailed enough to illustrate the trend of decreasing dimensionality 
with increasing alkali-metal content. 

We now discuss transformations in selected systems. MnS" has 
a face-centered cubic structure in which Mn atoms are in tetra- 
hedral coordination and the tetrahedra edge- and corner-share in 
three directions (Fig. 5) .  The A2Mn3S4 (A = K, Rb, Cs)45,46 com- 
pounds, in which a quarter of the Mn atoms in MnS are substituted 
by alkali metals, have two-dimensional layers formed from the 
edge- and corner-sharing of Mn-centered tetrahedra. These layers 
are separated by alkali metals and we describe the structures as 
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K,  Rb. Cr 
Mn 

S.Se.Te 

FIGURE 7 The A,MnQ, structure (A = K, Rb, Cs; Q = S, Se, Te) (Ref. 47). 

FIGURE 8 The A&hQ, structure (A = Na, K; Q = S, Se, 

Te 

Te) (Ref. 48). 

two-dimensional (Fig. 6). The non-alkali metal to alkali metal ratio 
(MA) is 1.5 here. The A,MnQ, (A = K, Rb, Cs; Q = S, Se, 
Te)47 compounds, in which one half of the Mn atoms in MnS are 
substituted by alkali metals, have structures in which infinite te- 
trahedral, edge-sharing, one-dimensional chains are separated by 
alkali metals, and we describe these structures as one-dimensional 
(Fig. 7). The M/A ratio is 0.5. The A,MnQ4 (A = Na, K; Q = 
S, Se, Te)48 compounds, in which three-fourths of the Mn atoms 
in MnS are substituted by alkali metals, display structures in which 
there are discrete MnQ6,- ions separated by alkali metals (Fig. 8), 
and we describe these structures as isolated. The M/A ratio is 0.17. 
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FIGURE 9 The structure of PdS (Refs. 49 and 50). 

o K. Rb, Cs @ Pd 0 S 

FIGURE 10 The structure of A,Pd,S, (A = K ,  Rb,  Cs) (Ref. 51). 

As another example, PdS49,so has a three-dimensional structure 
(Fig. 9). Partial substitution of Pd by alkali metals affords the two- 
dimensional layer compounds A,Pd3S4 (A = K, Rb, CS)~' (MIA 
= 1.5) (Fig. 10). A further substitution of Pd by alkali metal to 
the composition A,MQ, (A = K, Rb; M = Pt, Pd; Q = S, Se)s2*s3 
(M/A = 0.5) results in compounds that contain one-dimensional 
chains of edge-sharing, square-planar PdQ4 units (Fig. 11). HgSs4 
displays both zincblende and rock-salt structures. Consider the 
following progressive substitution of Hg by alkali metal: A2Hg6Q7 
(A = K ,  Cs; Q = S, Se)s5*s6 (M/A = 3.0), three-dimensional 
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FIGURE 11 The structure of A,MQ2 (A = K, Rb; M = Pt, Pd; Q = S, Se) 
(Refs. 52 and 53). 

framework structures; A,Hg3Q4 (A = K, Cs; Q = S, Se)55.56 (M/A 
= lS), infinite one-dimensional chains; A,HgQ, (A = K, Rb; Q 
= S,  Se)57 (M/A =r 0.17), isolated HgQ:- tetrahedra. The same 
trend of decreasing dimensionality with increasing substitution of 
alkali metal holds for ternaries to quaternaries as well, as the 
original example of Cu,NbSe, to KCu,NbSe, to K,CuNbSe, to 
K3NbSe, demonstrates. 

Although the dimensionality of a given system tends to decrease 
with decreasing M/A ratio, that ratio should not be interpreted in 
a quantitative way among systems. Thus both KCuSeS8 and KCuQ, 
(Q = S, Se)56.59 have M/A = 1, but the structure of KCuSe is 
two-dimensional whereas that of KCuQ, is one-dimensional. In 
most solid-state chalcogenides the dimensionality of the structure 
is independent of the alkali metal, but this is not always so. Thus 
NaAuSe,56 has a two-dimensional layer structure, whereas KAuSeZS6 
has a one-dimensional structure. 

PROBABLE EXPLANATION 

Put very simply, the alkali metals are sufficiently electronegative 
so that they do not enter into chemical bonding with the chalco- 
gens. As a result the addition of 'alkali metals to a solid-state 
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chalcogenide will tend to break up the original bonding, ultimately 
leading to lower dimensionality of the system. One would expect 
the same trend with alkaline earths, but the structural data for 
such systems are very sparse. 

Thus, the trend of decreasing dimensionality of a solid-state 
chalcogenide with increasing alkali-metal content is not really sur- 
prising. What is surprising is that attention has not been called to 
this trend in the past, for as we noted in the Introduction solid- 
state chemistry is a sufficiently empirical subject that any trend of 
even modest generality is a welcome addition. 
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