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There is a rich history in the polysulfide chemistry of metals.' 
In particular, the chemistry of molybdenum polysulfides has deep 
bonding2 and in hydrodesulfurization catalysis.3 There is indeed 
unique chemical reactivity found within molecular polysulfide 
compounds.4 A number of papers have reviewed metal poly- 
chalcogenide chemistry in recent years which illustrate the 
continuing interest in new metal chalcogenide  material^.^-^ The 
highlights of this chemistry have been the development of unique 
synthetic methods to prepare new compounds and materials, 
including molten salt and solvatothermal synthesis. Sheldrick 
has illustrated the utility of the solvatothermal method using 
carbonate mineralizers to prepare new main-group-metal chal- 
cogenidesI0J' and Kanatzidis has prepared several new transition- 
metal chalcogenides from solutions of alkali-metal poly- 
cha lc~gen ides .~~-~~  We have also illustrated the utility of 
hydrothermal synthesis as an alternative method to prepare one- 
and two-dimensional copper polychalcogenide m a t e r i a l ~ . ~ ~ J ~  In 
this communication, we report the first hydrothermal synthesisI8 
and unique structureIe22of a mixed-cluster molybdenum sulfide, 
CS4[M03S(S2)61 [M~~S(SZ)S(S~)I*O.~HZO. 

The structure comprises alternate stacking layers of clusters 
between glide planes of the unit cell. The clusters are divided 
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into two classes, type A and type B, as shown in Figure 1. The 
type A cluster, [MOjS(S2)6]2-, is identical to theclusters observed 
by Miiller in (NH~)~[MO~S(S~)~].~H~O.~.~~~~ It is also similar 
to the [Mo3Se14]3- subclusters observed in Kanatzidis' [Mo12- 
Se561 12- cluster of clusters.I2 The cluster is composed of a MoIV3 
triangle whose edges are bridged by ( ~ 2 4 2 ) ~ -  units and whose 
triangular face is capped by one (p3-S)2-atome Each molybdenum 
is also terminally bound to one Sz2- disulfido ligand. Most of the 
bond distances and angles correlate well with the previously 
reported [Mo3S(S2)6l2- ~tructure .~,~ '  There are several bonding 
roots in the history of metal-metal 

The type B cluster, [Mo~S(S~)S(S~)]~- ,  is a unique mixture of 
the type A cluster with an S42- ligand substituted for one S22- 
ligand in the terminal position. The Sq2- ligand assumes the 
envelope geometry seen in other Sd2--containing anions such as 
[MoS(S4)2I2-and [MQ(S)~(S~)~]~-!.~~ features worth noting here. 
The Mo( 3)S4 ring does not rigorously conform to previously 
described bonding pictures wherein the ligand provides substantial 
r-back-bonding from the **-orbitals in the sulfur ring to generate 
an alternating S-S-S-S, long-short-long bonding picture. 
Instead, thereappears to bea weaker M0-S r-bonding interaction. 
This effect is also seen in bonding to the apical sulfur, S(lS), 
from Mo(3) where the bond length is longer by 0.040(6) A than 
the bonds to either Mo(1) or Mo(2) and longer by 0.043(6) A 
than in the previously reported [MopS(s2).~]~- c o m p o ~ n d . ~ * ~ ~  The 
average Mo-Mo distances in cluster B are longer by -0.02 8, 
than those in cluster A but are comparable to those of the 
previously reported [M03S(S2)6]2-.3*27 These bonding effects may 
be manifestations of changes in the HOMO orbital, which is 
r*-terminal-S22- in [Mo3S(S2)6]2-,27,29 or of long intercluster 
interactions. 

The two cluster types are packed within the unit cell as shown 
in Figures 2 and 3. Figure 2 illustrates the layering of the two 
cluster types, perpendicular to [ 1001, in an -A-B-A-A'-B'-A'- 
packing of clusters. Interlayer distances are A-A' = 5.33 A and 
A-B = 6.35 A. Cesium atoms are located within the layers. 
Waters of hydration are located between A-layers, closely 
associated with Cs(2); Cs(2)-0(1) = 3.038(12) A. The cesium 
atoms are coordinated to sulfur and water, with coordination 
environments of between 9 and 11 sulfur (oxygen) atoms per 
cesium atom and C s S  bond distances between 3.407(6) and 
4.1 14(5) A. Type A clusters are arranged with their M o ~  rings 
canted off perpendicular to the x-axis and twisted between A- 
and A'-layers by the 2-fold axes. The type B clusters are arranged 
such that their M o ~  rings are nearly perpendicular to the type A 
clusters and the MoS4 rings are directed alternately "up" and 
"down" into the A-planes. 

Figure 3 illustrates how the clusters interact through weak 
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Figure 1. Individual molecular structures (70% thermal ellipsoids) and labeling scheme of the Mo/S trinuclear subclusters. Selected bond distances 
(A) and angles (deg) for each cluster are as follows. Type A (left): M0(4)-M0(5) 2.715(2), Mo(4)-Mo(6) 2.726(2), Mo(5)-Mo(6) 2.716(2), 
Mo(4)4(28) 2.366(5), Mo(5)4(28)  2.381(6), Mo(6)S(28) 2.379(5), S(26)4(27)  2.053(7), S(16)43(17) 2.063(7), S(22)43(23) 2.031(7), S(18)- 

59.85(6). Type B (right): Mo(3)-Mo(2) 2.740(2), Mo(Z)-Mo(l) 2.724(2), M0(3)-MO(l) 2.747(2), Mo( l )S(15)  2.371(5), Mo(2)4(15) 2.370(4), 
Mo(3)3(15) 2.410(5), Mo(3)4(11)  2.507(5), Mo(3)4(14)  2.536(6), S(11)4(12)  2.082(7), S(12)43(13) 2.040(10), S(13)4(14)  2.046(8), S(9)- 

Mo(3) 101.4(2). 

S( 19) 2.023(7), S(24)4(25)  2.092(7), S(20)S(21) 2.072(9), Mo(S)-MO(~)-MO(~) 59.89(6), Mo(~) -Mo(~) -Mo(~)  60.27(6), Mo(~) -Mo(~) -Mo(~)  

S(10) 2.091(8), S(l)-S(2) 2.049(8), S (8 )S(7 )  2.039(7), Mo(~) -Mo(~) -Mo(~)  59.54(6), Mo(~) -Mo(~) -Mo(~)  60.36(6), Mo(3)-Mo(l)-M0(2) 
60.1 1(6), s ( 1  1)-Mo(3)S( 14) 87.1( l ) ,  S( 12)-S(ll)-Mo(3) 110.2(3), S( 1 3 ) S (  1 2 ) S (  11) 100.0(3), S( 1 4 ) S (  13)S(12)  100.8(3), S( 1 3 ) S (  14)- 
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Figure 2. Packing diagram of the unit cell viewed down [OOl]. Atom 
types are as follows (50% thermal ellipsoids): Mo, small, shaded thermal 
ellipsoids; S. open ellipsoids, Cs, large, shaded thermal ellipsoids; 0, 
principal axis thermal ellipsoids. 

S S  interactions. The S( 11) atoms of the MoS4 rings in the type 
Bclusters aredirected toward theS(3)S(S)-S(8) triangle formed 
from the ~ $ 3 2  bridging units.30 This interaction forms one- 
dimensional chains of type B clusters along the [OOI] direction. 
The type A clusters are linked through similar bonding via the 
S(2) of the S22- "paddles" to S(18), S(22), and S(27). 

Hydrothermal synthesis has once again yielded a uniquely 
bonded molybdenum chalcogenide compound. This new com- 
pound may offer insight into polychalcogenide bonding to electron- 
poor d2 metals such as Mo(1V) and opens a new door to directed 
synthesis of molybdenum sulfide compounds. 
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Figure 3. Intercluster interactions as viewed down [OlO]: Mo, shaded 
thermalellipsoids;S,openellipsoids. Selected bonddistances(A): S(11)- 
S(3) 3.222(7), S(11)-S(5) 3.145(7), S ( l l ) S ( 8 )  3.337(7), S(2)43(18) 
3.223(7), S (2 )3 (22)  3.114(7), S(2)43(27) 3.198(7). 
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