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lytic properties. We have been exploring new ternary 
solid-state metal-chalcogenide compounds using molten 
salt synthetic methods and particularly the use of alkali- 
metal polychalcogenide fluxes. We have been successful 
in synthesizing novel structural types of (po1y)sulfides and 
(po1y)selenides of various transition metals at intermediate 
temperatures (150 C T C 500 "C).l Recently, we extended 
our investigations into the polytelluride melts and have 
discovered several new compounds with unusual struc- 
tures.2 Studies on metal tellurides are relatively rare 
compared to the corresponding sulfides and  selenide^.^ 
Here we report the synthesis of K4Cu8Tell, a novel tellu- 
rium-rich phase, with a complicated three-dimensional 
structure. Prior to our work there were only four known 
phases in the A/Cu/Te (A = alkali metal) system, Na- 
C U ~ T ~ ~ , ~  K C U ~ T ~ ~ , ~  NaCuTe,G and KCuTe,Gb all of which 
contain monotelluride ligands. 

The reaction of 0.309 g (1.5 mmol) of K2Te, 0.064 g (1.0 
mmol) of Cu, and 0.765 g (6.0 mmol) of Te in an evacuated 
Pyrex tube at 350 "C for 3 days followed by 2 "C/h cooling 
to 100 "C afforded black needle crystals of K4Cu8Tell 
contaminated with a small amount of elemental tellurium. 
A quantitative analysis on a large number of these crystals 
performed with scanning electron microscopy/EDS system 
gave composition K C U ~ ~ T ~ ~ . ~ '  The product was isolated 
by removing the excess KzTex with dimethylformamide 
(DMF) under inert atmosphere. This compound is in- 
soluble in all common organic solvents and relatively stable 
in water and air. The nature of this material was estab- 
lished by a single-crystal X-ray diffraction study.8 

The structure of K4Cu8Tell is a unique three-dimen- 
sional Cu/Te framework with large tunnels running par- 
allel to the crystallographic b axis, as shown in Figure 1. 
The tunnels are filled with K+ ions. The framework 
contains tetrahedral Cu+ centers bonded to Te" and Tez" 
ligands. The formula unit can be represented as K4Cu8- 
(Te&,Te. The structure is somewhat complicated with ita 
three dimensionality, but it is tailored from fused and 
linked recognizable Cu/Te clusters. The basic building 
block of this framework is the remarkable pentagonal 
dodecahedral cluster, CU8(Tez)e, shown in Figure 2A. A 
remarkable feature of the dodecahedral CU8(Te2)6 cluster 
is the encapsulation of a K+ ion in its center. This do- 
decahedral cluster is made of fused Cu2Te3 pentagonal 

as external reference) shows a peak at  33.8 ppm; this 
high-field chemical shift, with respect to other six-coor- 
dinate cadmium oxygen derivatives, is in agreement with 
the data reported for Cd carboxylates.12 

Hydrolysis experiments have been conducted in 0.1 M 
solution of 1 in tetrahydrofurane with hydrolysis ratio (h 
= [H20]:[l]) varying from 1 to 17. Sols (for h = 1-3), gels 
(for h = 4-6), or precipitates (for h = 7-17) are successively 
formed. The infrared spectra show that the acetate ligands 
remain coordinated (v,(C02) 1570 cm-l, v,(C02) 1423 cm-'), 
and thus even if the hydrolysis is performed in the pres- 
ence of an excess of water (h = 17, Figure lb), the pre- 
cipitate is solvated (u(0H) 3290 cm-l, 6(OH) 1618 cm-'). 
Atalytical data establish that the stoichiometry between 
the two metals is unchanged in the solid 2 isolated for h 
= 12, as compared to the Cd:Nb stoichiometry of the 
parent heterometallic molecular precursor 1. 

Thermal analysis curves under nitrogen are given in 
Figure 3. No significant weight loss is observed below 100 
"C. TGA and IR spectroscopy show that the acetate lig- 
ands are removed between 250 and 450 "C, while the last 
weight loss (-580 "C) corresponds to the elimination of 
hydroxyl residues. The rather high temperature a t  which 
this phenomenon occurs suggests that these organic groups 
are bonded to the oxide network. X-ray diffraction ex- 
periments performed with a heating chamber show that 
crystallization of the powder occurs around 600 "C, giving 
CdNbzO6 as the only product13 (Figure 4). 

The formation of CdNbzO6 by chemical routes occurs 
at quite a low temperature. The CdNb20e ceramic displays 
a columbite type structure, all metals are thus six-coor- 
dinated, with a [(Nb06)(CdOd(NbOd], arrangement. The 
molecular precursor 1 has an open-shell structure; hy- 
drolysis-polycondensation reactions are likely to occur via 
the alkoxide ligands. The acetate ligands are still present 
in the material resulting from hydrolysis; their v(COz) 
stretching frequency in the IR are only slightly modified 
with respect to 1, thus suggesting only limited modification 
of the cadmium-niobium oxygen core. 
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The past decade has stimulated considerable interest 
for new materials with novel electrical, optical, and cata- 
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Figure 1. ORTEP representation of the unit cell of K4Cu8Te14 
viewed down the [OlO] direction. Large crossed circles are K 
ions. Small open circles are Te atoms and solid circles are Cu 
atoms. 

Figure 2. ORTEP representation and labeling scheme of (A) the 
[ KCueTelzJ dodecahedral cluster (this cluster posseses crystal- 
lographic mirror symmetry. The mirror passes through the Te(l), 
Te(2), and K atoms), (B) two edge-shared [KCu8Telz] units and 
the bridging positions of capping Te* ions, (C) a one-dimensional 
column of edge-shared double clusters, and (D) the empty CbTe8 
cluster formed by and capped with two monotellurides. 

planar five-membered rings each with one ditelluride edge. 
These C U ~ ( T ~ ~ ) ~  clusters contain three mutually perpen- 
dicular sets of ditelluride units. Two dodecahedral Cue- 
(Te2)s clusters share one Te-Te edge to form a "Siamese 
twin" type double cluster shown in Figure 2B. These 
double clusters then share opposite Te-Te edges to form 
a straight one-dimensional column with oval cross-section, 
as shown in Figure 2C. The Cu atoms in these columns 
are bridged by quadruply bonded p4-Te2- ions above and 
below the columns. This results in another unusual CusTes 
cluster as shown in Figure 2D. This smaller cluster is made 
of four pentagonal Cu2Te3 five-membered rings and eight 
puckered Cu2Te2 four-membered rings. The inside of this 
CusTe cluster is completely empty with dimensions of 
4.062 1 X 6.821 A X 8.068 A, corresponding to the dis- 
tances of Te(l)-Te(l), Te(3)-Te(3), and Te(9)-Te(9), re- 
spectively. The one-dimensional columns are then as- 
sembled side by side through intercolumn Te-Cu bonding 
interactions to form Cu/Te layers as shown in Figure 3. 
The Te atoms participating in these interactions are the 
Te(6) atoms from the ditelluride Te(5)-Te(6), in the do- 
decahedral C U ~ ( T ~ ~ ) ~  cluster, which are not edge-shared. 
The Cu/Te layers are then connected to each other via 
bridging ditellurides (Le., Te(8)-Te(8)) that act as pillars 

Figure 3. ORTEP representation of (A) side view of one Cu/Te 
layer and (B) top view of one Cu/Te layer. The Cu8(Tez)6 and 
Cu8Tee clusters are shaded for emphasis. Large open circles are 
K atoms, small open circles are Te atoms, and solid circles are 
Cu atoms. Selected bond distances (A) and angles (deg) are as 
follows: Cu(l)-Te(2), 2.701 (2); Cu(1)-Te(4), 2.582 (1); Cu(1)- 
Te(5), 2.604 (2); Cu(l)-Te(b), 2.626 (2); Cu(2)-Te(2), 2.627 (1); 
Cu(2)-Te(6), 2.631 (2); Cu(2)-Te(6), 2.699 (1); Cu(2)-Te(7), 2.556 
(1); Cu(3)-Te(l), 2.685 (2); Cu(3)-Te(3), 2.649 (2); Cu(3)-Te(4), 
2.590 (1); Cu(3)-Te(9), 2.622 (1); Cu(4)-Te(l), 2.673 (2); Cu- 
(4)-Te(3), 2.633 (2); Cu(4)-Te(7), 2.594 (1); Cu(4)-Te(9), 2.625 
(1); Te(l)-Te(2), 2.812 (1); Te(3)-Te(3), 2.822 (2); Te(4)-Te(4), 
2.797 (3); Te(5)-Te(6), 2.796 (1); Te(7)-Te(7), 2.797 (3); Te(8)- 
TeM, 2.828 (2); Te(B)-Cu(l)-Te(4)), 104.86 (4); Te(%)-Cu(l)-Te(B), 
110.54 (5); Te(2)-Cu(l)-Te(8), 113.85 (6); Te(4)-Cu(l)-Te(5), 
115.92 (6); Te(4)-Cu(l)-Te(8), 105.22 (5); Te(5)-Cu(l)-Te(8), 
106.56 (5); Te(2)<~1(2)-Te(6), 110.86; Te(2)-Cu(2)-Te(6), 108.76 
(5); Te(2)-Cu(2)-Te(7), 110.17 (5); Te(6)-Cu(2)-Te(6), 97.52 (5); 
Te(6)-Cu(2)-Te(7), 117.66 (5); Te(6)-Cu(2)-Te(7), 111.02 (6); 
Te(l)-Cu(B)-Te(3), 103.78 (5); Te(l)-Cu(3)-Te(4), 109.09 (4); 
Te(l)-Cu(3)-Te(9), 116.22 (6); Te(3)-Cu(3)-Te(4), 112.47 (6); 
Te(3)-Cu(3)-Te(9), 109.45 (5); Te(4)-Cu(3)-Te(9), 106.00 (5); 
Te(l)-Cu(4)-Te(3), 105.69 (5); Te(l)-Cu(4)-Te(7), 109.28 (4); 
Te(l)-Cu(4)-Te(9), 117.42 (6); Te(3)-Cu(4)-Te(7), 111.82 (6); 
Te(3)-Cu(4)-Te(9), 109.85 (5 ) ;  Te(7)-Cu(4)-Te(9), 102.91 (5). 

between the layers, resulting in large channels as shown 
in Figure 1. The cross section of the channels is a 24- 
membered ring that is roughly rectangular-shaped, ita short 
dimension at  4.581 (1) A. The geometry around the Cu 
atoms is distorted tetrahedral. The average Cu-Te dis- 
tance is 2.63 (4) A, which is in the normal range of Cu-Te 
 distance^.^^ Short Cu-Cu contacts are also observed in 
this compound, ranging from 2.625 (3) A for Cu(2)-Cu(2) 
to 2.810 (4) A for Cu(1)-Cu(1). The coordination envi- 
ronments of Te atoms vary. The p4-Te(9) atoms have a 
square-pyramidal geometry. The tellurium atoms (Te( l), 
Te(2), Te(3), Te(6)) of ditellurides bond to four Cu atoms 
and one Te atom with a square-pyramidal geometry, 
whereas the tellurium atoms (Te(4), Te(5), Te(7) and 
Te(8)) of ditellurides bond to two Cu atoms and one Te 
atom with a trigonal-pyramidal geometry. Higher coor- 
dination numbers of Te atoms are also found in KCu4- 
TeS2? NaCu3Te2,4 K C U ~ T ~ ~ , ~  and T1Cu3Te2.l0 The av- 
erage Te-Te distance of ditellurides is normal at 2.81 (1) 
A." There are no other short Te-Te contacts in this 
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Figure 4. Four-probe electrical conductivity data as a function 
of temperature for a single crystal of K,Cu8Tell. 

compound. Selected bond distances and angles are shown 
in Figure 3. 

There are four crystallographically distinct K atoms in 
this compound. The encapsulated K(1) atom is sitting 
slightly off-center in a rectangular plane defined by two 
opposite parallel ditellurides in the dodecahedral cluster. 
K-Te distances ran e from 3.676 (3) A to 3.960 (3) A 

3.674 (3) A to 3.724 (3) A (average of 3.69 (7) A). The 
remaining three K atoms are sitting in the tunnels with 
various coordination environments {8 C.N. for K(2), 10 
C.N. for K(3), 6 C.N. for K(4)). The average K-Te dis- 
tances are 3.70 (16) A for K(2), 3.66 (23) A for K(3), and 
3.71 (9) A for K(4). 

If the formal charges on the ditelluride units and mo- 
notelluride atoms are considered as -2, each Cu atoms has 
a formal oxidation state of +l. This suggests that K4- 
Cu8Tell would be a semiconductor. Preliminary conduc- 
tivity measurements on single crystals show a thermally 
activated behavior, as shown in Figure 4. However the 
strong deviation from linearity of the log u vs. 1/T plot 
suggests a departure from classical semiconductor charge 
transport. The room-temperature conductivity is relatively 
high at  -160 S/cm. 

The 20-vertex dodecahedral C U & T ~ ~ ) ~  cluster and 16- 
vertex Cu8Te8 cluster are unique and, to the best of our 
knowledge, have no analogues in metal cluster chemistry. 
However, there is one 20-vertex dodecahedral cluster 
known, in organic chemistry, the dodecahedrane C&Hz0.l2 
It is possible that the driving force for the stabilization of 
C U ~ ( T ~ ~ ) ~  cluster is the encapsulation of the K ion. One 
could envision the possibility of building up novel extended 
structures in two or three dimensions based on this do- 
decahedral C U ~ ( T ~ ~ ) ~  cluster by sharing more or all the 
ditelluride edges. We are expecting more of this structural 
motif in the Cu/Te system and further explorations with 
A2Te,/Cu suggest that this is indeed the case.13 

(average of 3.75 (8) !i ), and Cu-K distances range from 
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Intercalation can be used to tailor the chemical and 
physical properties of layered compounds, resulting in a 
complete range of property modifications from subtle to 
extreme and compounds with important applications.’” 
A general feature associated with property modifications 
and many applications is the effective dimensionality of 
the host. In this regard, staging is of fundamental sig- 
nificance.6**10 

The phenomenon of staging is certainly one of the most 
extraordinary structural properties of intercalation com- 
pounds. Stage-n intercalates characteristically have n host 
layers between guest layers. These structures are generally 
found in hosts with relatively thin, flexible layers, such as 
the transition-metal dichalcogenides (TMDs) and graphite, 
which enhance both the elastic and electrostatic interlayer 
repulsive forces associated with staging? Although staging 
has been the subject of numerous theoretical and exper- 
imental studies, it remains one of the most important and 
controversial subjects in this field.618J1-14 A key question 
of current interest involves the roles of thermodynamics 
and kinetics in the staging process. 

Substantial evidence indicates that observed stage 
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