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Abstract 

This review summarizes the preparation, skeletal structure, reactions, spectroscopic proper- 
ties and non-linear optical properties of Mo(W,V)-Cu(Ag)-S(Se) cluster compounds; 190 
such compounds belong to 23 structural types; 25 reactions are classified into ligand substitu- 
tion, addition and decomposition reactions. Recently, some Mo( W)-Cu(Ag)-S clusters were 
found to exhibit strong non-linear optical properties; the optical limiting threshold measured 
for [(PPh3),Ag,Mo,Ss] is one order of magnitude lower than that of C,,. 

Keywords: Mo(W,V)-Cu(Ag)-S(Se) cluster compounds; Preparation; Skeletal structure; 
Reactions; Spectroscopic properties; Non-linear optical properties 

1. Introduction 

Cluster chemistry is one of the most important and active areas in inorganic and 
physical chemistry [l-4], because of the special roles played by clusters in catalysis 
reactions [5,6], biological processes [7] and advanced materials [8,9]. Historically, 
“electron-rich” clusters containing carbonyl, cyclopentadienyl, etc. were studied 
extensively [ lo,1 11. Since the 198Os, the “electron-poor” clusters have also received 
much attention [12-141; clusters containing MO, Fe and S are among the most 
widely studied (as models for dinitrogenase). 

The biological functions of Cu-MO-S clusters were first recognized in ruminants 
[ 153. Systematic investigations on “electron-poor” Mo(W,V)-Cu(Ag)-S(Se) clusters 
have yielded over 190 such compounds. They belong to 23 structural types. Some 
have already been reviewed [ 16-201. Recently, certain Mo( W)-Cu(Ag)-S clusters 
were found to exhibit a strong non-linear optical (NLO) effect [21-301. In a number 
of aspects they are comparable with or even better than the best NLO materials 
ever reported [31]. In this article, we bring the literature review in this field up to date. 

2. Synthesis of Mo( W,V)-Cu(Ag)-S(Se) clusters 

2.1. Synthesis via reactions in solution 

Before the 199Os, nearly all the Mo(W,V)-Cu(Ag)-S(Se) clusters were synthesized 
via traditional solution reactions. The reaction usually involves thiometallates 
M04_.S,,- (M=Mo, W, V; n=2,3,4), M’L (M’-Cu, Ag; LrCl, Br, I, CN, SCN, 
etc.) and sometimes organic ligands. With this traditional method, about 100 clusters 
with 15 different types of framework have been obtained [ 32). Recently, it has been 
recognized that research along this route has progressed to such an extent that it is 
now increasingly difficult to synthesize new “electron-poor” clusters with novel 
structures using these typical starting materials, unless new synthetic pathways can 
be discovered. A useful synthetic variation is to replace Group VB or VIB thiometal- 
lates with Mo(W,V)-S clusters of low nuclearity, and to use S-containing organic 
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ligands or Cu(Ag) complexes. With this method, over 20 clusters with five types of 
skeleton have been discovered [ 321. It has also been demonstrated that this method 
can be extended to incorporate Sn, Cr, Hg, Pb, Zn, Ni, Co, etc. into clusters [ 33-361. 

2.2. Synthesis via reactions in the solid state 

Recently, a method to synthesize Mo(W,V)-Cu(Ag)-S(Se) clusters by solid state 
reactions at low heating temperatures (less than 1OOC) [37,38] has been explored 
and has attracted some attention [39,40]. About 150 new Mo(W,V)-Cu(Ag)-S 
cluster compounds have been synthesized employing this method, 45 of which have 
been determined structurally. The clusters with new skeletal structures include a 
20-nuclear supra-cage cluster [MosC~r&]~- [41], twin nest-shaped clusters 
[ Mo,CU~O~S~LJ~]~- (L = Br, I) [ 23,421 and “half-open” cubane-like clusters 
[MOS,(CuL),(p,-L)13- (MEMO, W; Lr Br, I) [24,25,42]. 

3. Classification 

We classify the existing Mo(W,V)-Cu(Ag)-S(Se) clusters into three categories: 
mono-Mo( W,V), di-Mo( W,V) and poly-Mo( W,V) clusters. 

3.1, Mono-Mo( W, V) clusters 

In Mo(W,V)-Cu(Ag)-S(Se) clusters, it is convenient to consider MO,_.X,‘- 
(M = MO, W, V; X = S, Se; n = 2, 3, 4) moieties as coordination centres which bind 
to M’ or M’L species (M/ECU, Ag) through X bridges. MX42- has a tetrahedral 
geometry with six X-X edges. Since each edge can bind one M’ or M’L (L is a 
ligand) unit, an MX4’- moiety can form dinuclear, trinuclear, tetranuclear, penta- 
nuclear, hexanuclear and heptanuclear clusters with M’ or M’L units in a stepwise 
manner. In such a heptanuclear cluster, all of the six X-X edges have been coordi- 
nated. No more metal atoms can be accepted by direct bonding to the MX, centre. 
Six is hence the ultimate M’ uptake capacity of an MX42- moiety. 

3.1 .I. Dinuclear clusters (one Mo( W) atom and one Cu(Ag) atom) 
M04_.S,2- (M-MO, W; n=2, 3, 4) b’ d m s one M’L (M' - Cu, Ag) through 

two sulphur atoms to form a dinuclear structure with an M’(S)2M bridge 
(Fig. 1). The following clusters have been reported: [(CNCU)MOS,]~- [43-451, 
[Cu(SPh)MoS,]‘- [46], [(S-C,H4-p-Me)CuMoS4]2- [46], [(CNAg)MS412- 
[45,47], [(NCCU)MOS~]~- [45-j, [(PhSCu)Mo02S2]2- [48], [(NCSCu)- 
MoS412- [ 193, [(NH2)2CSCuMo02S2]2- [49], [(o-Phen)CuMS4]‘- [ 191, 
[(CNCU)MOOS~]~-.O.~H~O [45], [NH4CuMS4] [50,51], [AgMS,.y-MePyH], 
[ 521 and [AgMoS,.or-MePyH], [ 521 (M = MO, W). The last two compounds have 
an infinite chain structure. 
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Scheme 1. The formation of mono-Mo(W,V) clusters. 
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3.1.2. Trim&ear clusters (one Mo( W) atom and two Cu(Ag) atoms) 
These clusters belong to two structural types. The first contains MS4’- (M E MO, 

W) which acts as a tetradentate ligand bonding to two M’ (M’ = Cu, Ag) 
atoms in a linear fashion (Fig. 2(a)). Clusters belonging to this group include 
[(o-Phen)&u,MS,] [19], [(CuCl),WS4]‘- [53], [(CuSPh),MoS4]‘- [46], 
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include [C1,Cu6MoSJ- [ 1081, [(CuPPh3),(CuC1)C1,VSJCH2CI, [ 1091, 
[( Py),I,Cu,MSJ [ 106,l lo] and [( Py),Br,Cu,MS,] [ 86,111] (M 3 MO, W). 

3.2. Di-Mo( W, V) clusters 

About 40 di-MO(W) clusters have been reported; the oxidation state of Mo( W) 
may be +6, +5 or +4. Di-M(V1) clusters are composed of two mono-M(V1) 
moieties (M = MO, W). 

3.2.1. Trinuclear clusters (two Mo( W) atoms and one Cu(Ag) atom) 
The first structural mode for this group of clusters has a linear M-Cu(Ag)-M 

skeleton (M=Mo, W) as shown in Fig. 7(a). Examples are [Cu(MS,),13- [ 1121 
and [Ag(MS,),13- [112] (MEMO, W). 

The second structural mode has an incomplete cubane-like, i.e. nest-shaped, skele- 
ton (Fig. 7(b)). Clusters of this type include [Et4N][(PPh3)(S,C2H,)ZAgMoZSJ. 
CHt2)ci2 [ 1131 and [Et~N][(CuPPh3)MzS4(S2C2H,),] [ 1141 (M =Mo, W). The 
oxidation state of MO or W in these clusters is +4. 

3.2.2. Tetranuclear clusters (two Mo( W, V) atoms and two Cu(Ag) atoms) 
[( PPh3)2Cu2M2S4( SCH,CH,S),] [ 1151161 (M = MO, W), [( PPh,), 

Ag2Mo,S,(TDT),] [ 1171, [( PPh3)+Li2M02S4( TDT),] EtOH.H,O [ 117-J [( PPh,),- 
CuAgMo&(TDT),]CH$1, [ 1171, [C1,CuzMo,S,Cp,] [ 1 IS] and [Et4N14- 
[(CuSCN),W,SJSCN),J [ 1191 have a cubane-like framework (Fig. 8). The 
oxidation state of MO and W is +5. Only a few similar V-Cu-S [ 1201 and 
V-Ag-S [ 1211 clusters have been reported. 

3.2.3. Pentanuclear clusters (two Mo( W) atoms and three Ag atoms) 
Three clusters, [Bu4N],[(Etzdtc)Ag3M,S,] [ 1221 (M =Mo, W) and [BuqN12- 

[(CsHsCSS)Ag3W2Ss] [ 1231, have been synthesized. Their structures are shown 
in Fig. 9. Five metal atoms are connected through two p3-bridging S atoms and four 
pL,-bridging S atoms to form a five-membered ring. There are two terminal 
S atoms. 

S-M 
/ 

/\ 

Fig. 7. Trinuclear clusters. 
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/ 

Fig. 8. Tetranuclear clusters. 

Fig. 9. Pentanuclear clusters. 

3.2.4. Hexanuclear clusters (two MO(W) atoms andfour Cu(Ag) atoms) 
In these clusters, e.g. [( PPh,),Ag,M,Ss] [124,125-J, [( PPh,Me),Ag,M,S,] [ 601, 

C(S~CNC~H~)~CU~M,S,I’- C1261, CWWOOGWzl C1271, CPhNeh- 
C@GWM C191, C(AsPfdAOG%l Cl281 and C(P(C7H7)3)4C~4M2S6021 CW 
(ME MO, W), the central unit is a new type of cage, formally yielding 
from the fusion of two six-membered metal-sulphur rings (Fig. 10). Here, the 
MXS3’- moiety acts as a quasi-quadruple bridge (bonds to all four M’ atoms) 
(XrO, S; M’rCu, Ag). 

3.2.5. Heptanuclear clusters (two MO(W) atoms andjive Cu atoms) 
Two defective cubane-like, i.e. butterfly-shaped and nest- shaped, units 

[MXS,Cu,] and [MXS,Cu,] (X=S, 0; M = MO, W), linked through two S 
bridges, compose the framework (Fig. 11). The clusters of this category include 

Fig. 10. Hexanuclear clusters. 
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Fig. 11. Heptanuclear clusters. 

[(Et,NCS,),CuSMzS60J2- [ 1301, [(Me2dtc),Cu,M2S,]2- [ 1311, [(Me,dtc),- 
CU~M~S~O,]~- [ 1301 and [(SCNEt2),Cu5M2S,02]2-.DMF [64] (M z MO, W). 

3.2.6. Octanuclear clusters (two Mo( W) atoms and six Cu(Ag) atoms) 
The cluster skeletons consist of two identical cubane-like fragments [OMS,Cu,j 

(M = MO, W). The fragments are connected by two S-containing ligands acting as 
triple bridges (Fig. 12(a)). Examples include [( PPh3)4( SCH2CH20H),Cu,Mo2S,02] 
C 1% C(PPh3)4(SCMe,)2CusW2S6021 C751, C(SCMe,)2(PPh&Ag,W2S~021 E7711 
and C(PPh,)4(SCMe,)2Ag,Mo2S~021 C651. 

Twin nest-shaped clusters [Et,N], [12L2Cu612M02S602] (L = Br, I) [ 23,421 have 
also been prepared. The clusters contain two nest-shaped fragments interconnected 
through two I bridges (Fig. 12(b)). 

3.3. Poly-Mo( W) clusters 

Reports on poly-MO(W) clusters are few. The oxidation state of MO in icosanuclear 
clusters is six, whereas in other known poly-MO(W) clusters it is lower. 

3.3.1. Tri-Mo( W) clusters 
The only structural type known has a cubane-like skeleton formed by one Cu 

atom and three MO(W) atoms. Four metal atoms and four S atoms occupy eight 
corners of the cage (Fig. 13). [CuMo,S, { S,P(OC,H,),},(I)(~-CHJOO)( Py)] 

\ cu,~s\o/o + 
?I Y--\-I\ cys I t 

I-u- 

P- s\ 0 \ I- secu 
\ 

Fig. 12. Octanuclear clusters. 
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3.3.3. Octa-Mo( W) clusters 
Cluster [Bu,N],[Cu,,Mo,S,,] [41] (Fig. 15) is composed of eight nest-shaped 

MO-3Cu units interconnected by shared Cu atoms. Its structure can also be formally 
described as a supra-cubic cage with eight MO atoms at the corners and 12 CLI 
atoms each in the middle of the 12 edges. The metal atoms are coordinated 
through p2-, p3- and p,-bridging S atoms. Each metal atom (MO or Cu) is surrounded 
by four sulphur atoms. 

3.4. Summary of classijication 

In accordance with the classification given above, the following conclusions can 
be drawn. 
(1) In all of the clusters, the oxidation state of all M’ atoms is + 1 and oxygen atoms 

only act as terminal groups and do not bind to M’ (Cu, Ag) atoms. 
(2) M (MO, W, V) and M’ atoms are connected through two S bridging atoms in 

the form of an M(S),M’ four-atom ring. 
(3) Eleven structural types of mono-MO(W) clusters, from dinuclear to heptanuclear, 

have been reported. 
(4) In all of the M(VI)-S-M’ (M = MO, W) clusters, di-MO(W) and poly-Mo( W) 

clusters may be regarded as being composed by the fusion of several mono- 
MO(W) clusters. 

(5) The clusters containing low valence MO or W are few, and the coordination 
number of MO or W can be higher than four. 

4. Reactions 

Mo(W,V)-Cu(Ag)-S(Se) cluster compounds are composed of two parts: a cluster 
framework and outside ligands. The cluster skeleton is usually formed through 
different connection modes of the structural units, M( S),M’ (M = MO, W, V; M’ z Cu, 
Ag). The reactions can be roughly classified into two types: ligand substitution 

M~Cu-MO 

Mwcu--MO 

Fig. 15. Octa-MO(W) clusters. 
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(where the cluster skeletons are untouched) and skeleton reactions (addition, 
decomposition). 

4.1. Substitution reactions 

Some terminal ligands, such as Cl-, Br- and I-, are only loosely bound. They 
can be substituted by stronger ligands such as PPh, and Py to produce new 
compounds with identical skeletal structures. Examples of such reactions are shown 
in Scheme 2 (M z MO, W). 

Terminal 0 atoms can be substituted by a ligand to produce a novel cluster. Only 
one such reaction has been reported (Scheme 3). 

Ref. 

/S\ 2 
NC--Cu 

\ Sr”\s 
PhS- +\ /S 

phs-Cu\sr\s 
[451 

s\M/J--cu 
/C’ 

I 
Cl -I -I I -cu --cl 

s/u / \ Cl 
\ 
p\Ph, 

PO1 

Scheme 2. Substitution reactions of ligands. 
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\ 
PPh, 

\ 
PPh, 

Ref. 

WI 

Scheme 3. Substitution reactions of terminal 0 atom. 

4.2. Skeleton reactions 

4.2.1. Addition reactions 
One or several M’L moieties (M’ = Cu, Ag; L = Cl, Br, I, etc.) can be added to a 

cluster of lower nuclearity to form a cluster of higher nuclearity. The prerequisite to 
bring about such a reaction is that the S atoms in the reactant cluster should be in 
an unsaturated coordination environment. For example, in a mono-MO(W) hepta- 
nuclear cluster, each of four S atoms is coordinated tetrahedrally by four metal 
atoms and reaches coordination saturation. It can no longer accept an M’L moiety. 
Clusters containing sulphido ligands with unused lone pair electrons may coordinate 
to another metal complex which has coordinatively unsaturated metal sites or easily 
replaceable ligands. This is the basis of so-called “unit construction” [75]. 

Known reactions of this type are included in Schemes 4(a)-4(f) (M-MO, W). 
They include 2 (binuclear) + 1 (mononuclear) reactions (Scheme 4(a)), 3 
(trinuclear) + 1 (mononuclear) reactions (Scheme 4(b)), 4 (tetranuclear) + 1 (mono- 
nuclear) reactions (Scheme 4(c)), (3 + 1) + (3 + 1) reaction (Scheme 4(d)) and 3 $- 3 
reaction (Scheme 4(e). 

Cluster “monomers” can dimerize or polymerize through unsaturated S atoms. 
“Co polymerization” of different “monomers” may lead to composite clusters. For 
instance, the 20-nuclear cluster [W,CU,~O&]~- can be formed by solid state 
reaction at low heating temperatures from a cubane-like unit and WOS,‘- 
(Scheme 4(f)). 

The largest Mo( W)-Cu(Ag)-S cluster, [ Mo&u,&]~-, has many unsaturated 
S atoms. Under appropriate conditions, it may probably be made to react with more 
M’L units to generate clusters of even higher nuclearity. 

4.2.2. Decomposition reactions 
Clusters of high nuclearity may decompose into clusters of lower nuclearity in the 

presence of excess ligand. The reaction usually starts as ligand substitution of an 
M’-S (M’s Cu, Ag) unit. Examples are given in Scheme 5. Sometimes, this can be 
used effectively to lower deliberately the nuclearity of a cluster. 



38 Hong- Wei Hou et al./Coordination Chemistry Reviews 153 (19%) 25-56 

/ 
PPh, 

/S\ /O 

NC-Cu\ S/w \S 
AgNO,(PPhs), 

o,w/z/M \PPh, 

I I 
s----cU 

\ 
CN 

/‘\ 2 CuNWW’J, 
NC-h 

is/“\s 

CN- CUSO, 
a Nc-c@?>u~N 

Scheme 4(a). 2+ 1 reactions. 

,PPh 
PPh, 

/ 

olw/zAg\PPh, 

I I 

AgS P(OEt) 
2 2 

s----Ag 
\ 
PPh, 

\ 
PPh, 

cu(s COEt) 
2 

PPh, \ 
PPh, 

Ref. 

1631 

(451 

[451 

1451 

Ref. 

(771 

r751 

Scheme 4(b). 3 + 1 reactions. 
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s-dcl 
“\,LL/ 

I I CUCI 

Cl -1 -I -_cu -Cl 

S/---C/- 
\ Cl 

Cl 

MY 7: 

S’ 
-v 

I d 
’ -Cl 

I /-cupI 
2” Cl 

Cl 

Scheme 4(c). 4 + 1 reactions. 

,PP”, PPh, 

o,Mc,M’APPh, 

I I 
S-M’ 

\ 
PPh, 

Scheme 4(d). (3 + 1) + (3 + 1) reactions. 

MePh,P, ,S, /S\ /PPWe 
Ag 

MePh,P/AkS/W\S’ ‘PPh,Me 

PPh, 

o,M,&--,cu=PPh, 

I I 
s----CU 

\ 
PPh, 

Scheme 4(e). 3 + 3 reactions. 

Ref. 

PO1 

Ref. 

WIt751 

[77]t1321 

Ref. 

WI 
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Ref. 

(NHAWOS, 
[421 

Scheme 4(f). “Co polymerization” reactions. 

Ref. 

BiPy 

f 
CN 

NCS- - 

I 
SCN 

1 PPh, pP$fl’ph’ 
u-- 1 

/ -u 
\ 
PPhJ 

Scheme 5. Decomposition reaction. 

[IO41 

w41 

11041 

In addition, redox reactions can often take place in these clusters. Thus the cyclic 
voltammogram of [(n-Bu),N],[BrCl,C&MoOS,I contains two quasi-reversible 
redox couples (I& =0.40 V and Epcl = 0.51 V; EpaZ= - 1.75 V and Epcz= - 1.53 V) 
[ 261. The reaction may be visualized as [ BrCl,Cu3MOS3]2- + [ BrC12Cu3MOS3] 
3- $[BrC12Cu3MOS3]4-. 
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5. Spectra 

5.1. UV-visible spectra 

The assignment of the electronic transitions in simple 0x0, thio and seleno 
anions of transition metals (MO, W, V) with Td and C,, symmetry was studied 
20 years ago [139-1421. Some of the general assignments are applicable to the 
Mo(W,V)-Cu(Ag)-S(Se) clusters synthesized later. There is a general consensus that 
the three strong absorptions (v,, v2, vJ) are attributable to ligand-to-metal charge 
transfer transitions within the M0,_,$,2- unit. The band v1 near 467 nm in MoSd2-, 
392 nm in WS4’-, 556 nm in MoSe,‘- and 463 nm in WSe,‘- corresponds to a 
It, -+2e transition, i.e. from the highest occupied molecular orbital (HOMO) to the 
lowest unoccupied molecular orbital (LUMO). The absorption of v2 is at 317 nm in 
MoS,*-, 271 nm in WS4’-, 310 nm in MoSe,‘- and 316 nm in WSe,‘- and is 
attributed to a t, +4tz transition [ 1431. The absorption of vg at 242 nm in MoS,*- , 
216 nm in WS,‘-, 269 nm in MoSe,‘- and 242 nm in WSe2- is assigned to a 
3t, +2e transition [ 1431. (Many assignments were supported by various MO calcula- 
tions [ 144-1471.) 

The electronic spectra of Mo( W)-Cu(Ag)-S( Se) clusters are roughly comparable 
with the absorption bands of MXX’,‘- (MEMO, W; X-S, 0; X’s& Se). On the 
other hand, because the ligand-to-metal charge transfer bands are more or less 
affected by the coordination of Cu(Ag) to MXX’,‘-, shifting of these electronic 
transition bands is observed. Table 1 gives the wavelengths of the electronic trans- 
itions of a few selected compounds. 

In accordance with the data in Table 1, it can be seen that after coordination of 
the MXS,‘- moieties to the M’L units, the vt bands are shifted in the direction of 
longer wavelength in M-Cu-S clusters, and the higher the nuclearity, the longer the 
wavelength of the v1 band. The position of v1 can be observed in the region of shorter 
wavelength in M-Ag-S clusters. In M-Cu(Ag)-Se clusters, the maximum absorption 
peaks are always at longer wavelengths than v1 in the MSed2- moiety. 

5.2. IR spectra 

For the free MX,*- (M =Mo, W; Xr S, Se) ion, four vibrational modes are 
expected: Td=A1(vl)+ E(v,)+2F,(v,,v 4). v1 and v2 are IR forbidden. In cluster 
compounds, the [MX,] moiety may have a lower symmetry. This leads to splitting 
of v2, vj and vq, and makes v1 and v2 IR active [ 1481. v,(E) and v4(F2) bands can 
be observed in the far-IR region, with v2< vq [ 148,149]. vg and v1 are located in the 
region 400-500 cm-‘, with v,>v,. The free MOX,‘- ion has six vibrational modes 
C3,,= 3A1(v1,v3)+ 3E(v,,v,,v,J [ 1411. After coordination of the Cu(Ag) atoms with 
the MOX3’- moiety, these transitions are IR active and vqr vg and vs exhibit splitting. 
v3, vs and vs bands cannot be found in the IR region. v1 is in the range 800-1000 cm--‘, 
and v., is located at about 450 cm-‘. The IR spectral parameters of various 
compounds are listed in Table 2. 

It can be seen from Table 2 that the higher the nuclearity of the W-Cu-S cluster, 
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Electronic absorption peaks (nm) of some MO(W)-Cu(Ag)-S cluster compounds 

Compounds Electronic absorption Reference 

VI V2 v3 v‘l y5 

MoS- 467 317 
MOOS:- 465 392 
[PPh,][(o-phen)CuMoS,] 495 338 
[PPhJ,[(CuNCS)MoS,] 495 338 
CPPh&KuCNPfoW 472 451,318 
[PPh,],[(PhSCu)MoS,] 480 350,328 
CPPh,l,C(PhSCu),MoS,l 495 370,342 
CPPh,l,C(CuNCS),MoS,l 494 348 
[(o-phen),Cu,MoS,] 495 375 
[(PPh,),Cu,MoS,]*O.ICH,CI, 490 370 
[Bu,N],[BrCl,Cu,MoOS,] 500 408 
CPy),BrCuWOS31 488 402 
[(PY),ICu,MoOS,] 480 402 
CNEt,l,C(~,-Br)(CuBr),MoOS31 516 366 
CNR,l,C~,C~,MoS~l 515 403 
CPPh,l,C(CuNCS),MoS,I 510 360 
CNEt,l,[(CuNCS),MoS,I 510 360 
CNEt,l,CCu,(NCS),MoS,I 504 360 
C(y-pic),(NCS),Cu,MoS41 490 370 
CPY,WW,C~N~%I 490 370 
CNEt,l,C(CuCl),CI,MoS,I 512 360 
WyLBrhW&l, 530 350 
CNEt,l,CBr,I,Cu,Mo,O,S61 500 410,310 
CNEt~l,CI,Cu,Mo,O,SGI 495 408 
ws:- 392 277 
was:- 374 334 
CnPrN2C(CuCNW’W 396 284 
C@-pheW%WS~l 405 340 
W’h&W~NW,W%I 416 310 
C”Pr,NI,CWuCN),WW 409 398 
CPPh,l,C(CuCl),WW 424 296 
CPPh,l,CPC1),WSd 432 350 
CNEf413 C(dW(CuWsWOSJ 445 330 
C(AsPh,),IAg,WS,l(SAsPh,) 355 310 
[(AsPh,),BrCu,WOSJ 425 260 
[(AsPh,),ICu,WOS,] 438 260 
CNRJ,C(CuNC%WW 422 308 
CbiPy,Cl,,,SCu3.75WS41 432 328 
CPPhJzC(C~NW,WW 430 320 
CNE~~I~CCU~(NCS)~WS~I 424 320 
C(y-pic),(NCS)ZCu4WS41 405 335 
[:PY,WNM%WW 408 335 
C(AsPhd,&,W&l 356 310 
WSe:- 463 316 
[( PMePh,),Cu,WSe,] 485 323 
CPMePhJAg~WW 510 470 
[(PPh,),ClCu,WSe,] 490 338 

242 
323 
260,242 
258,242 
247,224 
286,240 
284,245 
316 
258,242 

286 
280,244 
284,240 
296,270 
301,269 

245,210 
245,210 
308 
295 
288,240 
288 
216 
270 

250,240 
292 
291 

308 
3 10,262 
236 
236 
236 
290 
270 

290 
224 
255,252 
243 
242 

455 

260 227 

Cl91 
Cl91 
Cl91 
Cl91 
Cl91 
c701 
Cl91 
Cl91 
C261 
C781 
C781 
c421 

t-1031 
c701 
c701 
c701 
Cl91 
Cl91 

Cl041 
Cl111 
c231 
c421 

243 
c531 
Cl91 
c701 
c531 
c531 
C681 
~241 
~421 
~421 
~421 
t-701 

ClcJ41 
c701 
c701 
Cl91 
El91 

Cl281 

[561 
C561 
1561 
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the higher the frequencies of the W-O, vibrations. Compared with the W-Cu-S 
compounds, the isostructural W-Ag-S compounds show higher W-O, vibrational 
frequencies. Similarly, the W-O, vibrational frequencies are always higher than the 
MO-O, frequencies when isostructural Mo-Cu(Ag)-S and W-Cu(Ag)-S clusters 
are compared. 

5.3. NMR spectra 

The solid state structures of Mo(W,V)-Cu(Ag)-S(Se) clusters can be established 
by single-crystal X-ray structure determination. Raman and IR spectroscopy can 
also be used to obtain information about the symmetry in solid samples [43,46]. 
However, it is more difficult to determine the structures of these clusters in solution, 
but NMR spectroscopy can be used in some cases. Table 3 summarizes some 95Mo, 
lE3W, 33S and “Se NMR spectra. 

The data in Table 3 show that the MO (or W) chemical shift decreases monotoni- 
cally as the M’ to M ratio (M’ E Cu, Ag; M E MO, W) increases [48]. Thus the MO 
(or W) chemical shift of an MO(W)-Cu(Ag)-S(Se) cluster provides an indirect 
measure of its skeletal structure. When a W cluster is compared with an MO cluster 
with an identical structure, the W chemical shift is always about 1000 ppm larger 
than the MO chemical shift. Compared with M-Cu-S clusters, the M chemical shift 
of M-Ag-S clusters is always larger. Smaller variations in the M chemical shift result 
from a change in the X ligand attached to the M’ atom (X = Cl, Br, I, CN, PhS, etc.) 

Table 3 also shows that the chemical shifts of 95Mo and is3W decrease when 
terminal S atoms are substituted by 0 atoms. A direct comparison of 95Mo chemical 
shifts in [(PhSCu)MoSJ2- and [(PhSCu)MoO,S,]‘- shows that the difference is 
about 1300 ppm [48]. 

Only one 33S NMR resonance signal is seen for all the binuclear and trinucleai 
clusters. The known facile M’L migration over different S sites leads to an exchange 
averaged signal for the thio ligand sites. Substitution of Ag for Cu in both the MO 
and W compounds results in a decrease in the 33S chemical shift [ 1501. 

Se chemical shifts increase as the nuclearity of the MO(W)-Cu(Ag)-Se cluster 
increases. Two peaks are found in the 77Se NMR spectrum of [( PPh,),Cu,ClWSe,]; 
the resonance at 1232 ppm probably arises from the terminal Se nucleus [56]. 

5.4. Cyclic voltammetry 

Compounds of the type [M’(M0,_,S,)2]2- (M’ E Fe, Co, Ni, Pb, etc.; M = MO, 
W; n=2, 3, 4) and [(FeC12)2MoS,]2- show reversible redox behaviour [ 152-1541. 
For example, [Co(WS,),12- at -0.49 V and -0.60 V and [Fe(WS,),]2p at -0.15 
V and - 0.25 V [ 181. Because of the complexity of the cyclic voltammograms of 
MO(W)-Cu(Ag)-S clusters, only a few studies have been reported. Table 4 gives the 
cyclic voltammetry data of MO(W)-Cu(Ag)-S clusters. 

The cyclic voltammograms of these clusters are characterized by one quasi- 
reversible redox couple. Potentials observed at 0.41 V and 0.54 V in the 
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Table 2 
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IR absorption peaks (cm-‘) of some MO(W)-Cu(Ag)-S cluster compounds (MzMo, W; X-0, S, Se; 
x’=S, Se) 

Compound M-X, M-XL, Reference 

[PPh,],[(CuNCS)MoS,] 

CPPh,l,C(C~CN)MoW 
[PPh,],[(PhSCu)MoS,] 
[Et,N][(CuCN)MoOS,] 
[Et.,N],[(CuCN),MoS,]*H,O 

C(=‘h,WWoOS,l 
[( PPh,),Ag,MoS,] *O.KH,Cl, 

C(PPh,),(Py),Cu,MoOS,1 
CPPh,l,C(PhSCu),MoS,l 
CPPh,l,C(CuNCS),MoS,l 
[(o-phen),Cu,MoS,] 
[(PPh,),Cu,MoS,]*0.8CH,Cl, 
[(PPh,),Cu,ClMoOS,] 
[(PPh,),Cu,ClMoS,] 

C(PPh,),Cu,IMoW 
[(AsPh,),Cu,IMoS,] 

C(PPh&WMoS,l 
[Bu,N],[(CuNCS),MoOS,] 
[Bu,N],[Br,Ag,BrMoOS,] 

CEt~NI,C(~L,-I)(CuI),MoOS,I 
[Bu,N],[BrCl,Cu,MoOS,] 

C(PyhBrCQfoOSJ 
C(PYMC~&~OW 
CNEt,l,C(~,-Br)(CuBr),MoOS,I 
CN%l&CuN-W 
CPPh,l,C(CuNCS),MoS,l 
CPPh,l,C(CuNCS),MoS,I 
CNEt,l,CCu,(NCS),MoS41 
C(y-Pic),(NCS),Cu,MoS,I 
CPY,(SCN),C~,M~W 
C(=W,Ag,Mo,S,l 
CNEt,l,C(CuCI)5Cl,MoS41 
C(PyhWXWoSJ, 
CEt,NI,C(Me,NCS,),Cu,Mo,O,S,l 
CNEt~l,CBr,I,Cu,MozO,Ssl 
CNEt,l,CI,Cu,Mo,02Ssl 
C”PrN,C(CuCNW%I 
C(wheWu2WSJ 
CPPUC(CuNC%WSJ 
C”Pr,N12C(C~CN2WW 
CPPUC(CuC1hWU 
CEt4NIC(PPh3)2Ag(CuCN)WOS,I 
C(PPh,Mg,WOS,I 
C(PPh,), W’(OEtLIAg,WOW 
C(PPh,LCu,C1WV 
[( PPh,),Cu,ClWOS,] 

CPPh,l,C(CuCl)~WW 
CNELI, C(MW(CuW,WOSJ 

485,495 
486,500 
491 
893 

910 

903 

908 
515 
490 
521 
516 
881 
907 
911 
920 
925 
914 
911 

515 

900 
913 
901 
490,482 

925 
935 
942 
513 
929 

914 

440,450 Cl91 
416,447 Cl91 
440,479 Cl91 
499,462,424 c451 
475,434 c451 
492,465,440 1641 
467,458 WI 
467,451 C671 
462,470 Cl91 
461 c701 
460 Cl91 
465 Cl91 
451,444 cw 
447,441 CW 
466 c791 
443 c421 
433 PO1 
436 C761 
438 C831 
442 ~421 
444 WI 
445 C781 
440 II781 
445 c251 
442 Cl031 
445 c701 
458,447 c701 
419 c701 
450 Cl91 
450 Cl91 
453,438 cl241 
460,448,428 Cl041 
438 Cl111 
450,438,415 cl321 
447 c231 
447 c421 
450,444,415 c531 
450 Cl91 
455 c701 
470,435 c531 
435 c531 
455,426,410 C631 
455,436,415 II651 
446,430,415 c771 
436 WI 
436 C881 
460,430 CC81 
435 c241 



Hong- Wei Hou et al./Coordination Chemistry Reviews 153 (1996) 25-56 

Table 2 (continued) 
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Compound M-X, M-X;, Reference 

[(AsPh&IAg,WS,](SAsPh) 
[(AsPh,),BrCu,WOS,] 

C(PPh,hICu~WO~,I 
c(pYw~,wos3I 
CNWzC(CuNCS)~WSJ 
CbiPy,C1,,,Cu,.,,WS,l 
W’h,l,C(CuNW,WW 
[NEt,l,CCu4(NCS),WS41 
C(;‘-pic),(NCS)2Cu,WS41 
IPY,(SCN),C~,WS,I 
[(PPh,hWW,W,I 
IW’MAg,W,SJ 
C(PPh,),(SCMe,),Cu,W,O,S,I 
[(PPh,),(SCMe,),Ag,W,O,S,I 
[(PMePh,),Cu,WSe,] 

UPMePh2Mg2W%l 
[( PPh,),CKu,WSe,] 

508 
936 
935 
928 

505 

937 
511 
940 
949 

320 

421 c421 
424 1421 
434 c421 
431 [421 
471,461,444 [701 
470,438 c 1041 
433 1701 
442 1701 
432 Cl91 
430 [I91 
438 [127] 
469,434 11281 
460 [751 
425 c771 
300,285,280 1561 
325,315 C561 
305,295 1561 

MO(W)-Cu-S clusters are associated with the Cu atoms; those observed at -0.08 
V and 0.01 V are associated with the Ag atoms. 

6. Non-linear optical properties 

Research on NLO materials in the last decade has been largely focused on 
semiconductors, conjugated polymers, discrete organic molecules [ 1.55,156], fuller- 
enes [31,157-1591 and metallophthalocyanine complexes [ 1601. Inorganic clusters, 
in this regard, have received little attention. This is unfortunate because inorganic 
clusters possess, in principle, the combined strength of both semiconductors and 
organic molecules. The advantage that inorganic clusters have over most organic 
molecules is that they contain many heavy atoms. The incorporation of heavy atoms 
introduces more sublevels into the energy hierarchy compared with organic molecules 
with the same number of skeleton atoms, which permits more allowed electronic 
transitions to take place and hence larger NLO effects. Compared with semiconduc- 
tors, where few structural changes can be implemented, both the skeletal and terminal 
atoms of the clusters can be altered and/or removed. Both linear and non-lineal 
optical properties can be altered and optimized separately through structural manipu- 
lations. About 20 MO(W)-Cu(Ag)-S clusters [42] were synthesized recently to 
measure their NLO properties. 

6.1. Butterfly-shaped clusters [27] 

The NLO properties of cluster [(PPh,),Cu2WOS3] are relatively simple. It is 
dominated by non-linear refraction (self-focusing) as illustrated by the Z scan trace 
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Table 3 
Chemical shift (ppm) of the NMR peaks of some MO(W)-Cu(Ag)-S(Se) clusters 

Cluster “MO 183W =S “Se Reference 

(NH,),Mo% 
(NH&MOOS, 
W&MOW, 
C”Pr,N][NCCu)MoS,] 
C”Pr,NlC(NCAg)MoSJ 
C”Pr,N][(PhSCu)MoS,] 
[Et,N],[(NCCu)MoOS,] 
[ Ph,P12 [( PhSCu)MoO,SJ 
C”Pr,N],[(PhSCu),MoS,] 
CPh,PIzC(BrCu)zMoSJ 
CPh,PI,C(ClCu),MoS,l 
CPh,PI,C(NCCu),MoSJ 
[Etz,N],[(NCCu),MoS,].H,O 
C(PPh,),Ag,MoS,l 
C(PPh,),Ag,MoS,l 
C(PPh,),Cu,MoS,l 
C(PPh,),Cu,MoOS,l 
C”Pr,Pl~C(ICu),Mo%I 
CPh,PI,C(BrCu),MoSJ 
CPh,PI,C(ClCu),MoSJ 
CEt,PI,C(Et,NCS,),Cu,MoS,l 
CPh,PIzC(BrCu)dMoSJ 
CPh,PI,C(C~Cu),MoS,I 
CEt~NIdMe~NCS&&Mo~Ssl 
CEt~NlJ(Me~NCSJ&usMo&OJ 
CPh,NlJ(%NCS&u,Mo,S,O,1 
CEt,NI,CWS,I 
CEt~NlzCWOaS,l 
C”POM(NCWWU 
CnhN2CWAdW%I 
C”Pr,N],[(NCCu)2WSJ*H20 
CEWI,CWCC4WOW 
W’Me2PWu12WSe41 
C1WW-‘bW~WSe~l 
[(PPh,),Cu,ClWSe,] 

2207b 
1587b 
964b 

1863b 
1921b 
1903b 
1198b 
611’ 

1700b 
1632” 
1618” 
1616” 
1606” 
1848” 
1863” 
1727” 
1005” 
1282b 
1272’ 
1234” 
1296’ 
910” 
886’ 
995” 
830’ 
830’ 

344d 

445b 
257b 
436b 

139b 

3769” 183b 
1787” 
3084” 248b 
3185” 106b 
2641” 16b 
1994” 

1044” 
1092” 
1232,1651” 

c451 
c451 
c451 
[44,150] 
[45,150] 
[46,150] 
c451 
C481 
C481 
C481 
t-481 
c451 
c451 

Cl511 
Cl511 
Cl511 
Cl511 
C481 
C481 
C481 

Cl301 
C481 
C481 

Cl301 
Cl301 
Cl301 
c451 
c451 
[45,150] 
[45,150] 
[45,150] 
c451 
C561 
C561 
C561 

B In CH&l,. b In CH,CN. ’ In DMF. d In H,O. ’ In D,O. 

in Fig. 16. With a 1.2 x 10m4 mol dmm3 solution of [(PPh3),Cu2WOS3] in aceto- 
nitrile, the effective non-linear refractive index n, was measured to be 8 x lo-‘* m2 
W-r. The effective third-order NLO susceptibility xc3’ was therefore calculated to 
be 2 x 10-l’ esu from the n2 value (corresponding molecular hyperpolarizability y= 
9 x lo-29 esu). Non- linear refractive indices It2 (m’ W-‘) have been reported for 
some of the best NLO materials such as inorganic oxides (SiOz (2 x 10m20) and PN 
(1.3 x lO_‘“)), semiconductors (CdS (2.5 x 10-18), CdSe (-7.3 x 10-19) and GaAs 
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Table 4 
Cyclic voltammograms of some MO(W)-Cu(Ag)-S compounds 

Compound E,(ox) E,(red) Uox) E&cd) E&cd) Reference 

CEt,NI,C(CI,-Br)(CuBr),MoOS,1 0.50 0.42 -0.36 c251 
CEt,NI,C(~,-Br)(CuBr),WOS,I 0.50 0.41 -0.37 1241 
[(AsPh,),Cu,BrWOS,] 0.52 0.40 c421 
[(AsPh,),Cu,IWOS,] 0.56 0.40 ~421 
[(n-Bu),N],[BrCI,Cu,MoOS,] 0.51 0.40 - 1.53 - 1.75 C261 
CWWLC~,MoW 0.56 0.43 - 0.69 - 1.41 11031 
CEtN,CLC~,W~,I 0.56 0.42 -0.75 [IO31 
CW’M&,W&l -0.08 _ -0.10 - 1.25 - 1.75 Cl281 
C(AsPh,),Ag,IWS,l(SAsPh,) 0.07 -0.10 - 1.25 - 1.75 1421 

The data were measured in CH,CN solutions containing 0.1 mol dme3 of Et,NClO, as supporting 
electrolyte with platinum as working and auxiliary electrodes and a saturated coloured electrode (SCE) 
as reference electrode under a nitrogen atmosphere. 

2; position/mm 

Fig. 16. The Z scan trace showing self-focusing effect of [( PPh,),Cu,WOS,]. 

(- 1.6 x 10-17)) and organic polymers (poly-4BCMU (5 x lo-la), DANS (8 x 10-18) 
and PTS (-2 x 10-16)) at 1.06 and 1.31 pm [ 161-1631. Although the n2 value of 
8 x lo-‘* m2 W-’ was obtained with a 1.2x lob4 mol dmp3 solution of 
[(PPh3),Cu2WOS3], this is comparable with these best known third-order NLO 
materials in neat solid form. The upper limit of the concentration (1.2 x 10M4 mol 
dmV3) of the cluster in solution is currently controlled by the low solubility of the 
cluster in common organic solvents. A much larger n2 value may be expected if a 
much higher concentration can be achieved. 

Cluster [(PPh,),Cu,MoOS,] exhibits both NLO absorption (Fig. 17(a)) and 
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o.77 
-40 -30 -20 -10 0 10 20 30 40 

(0) 
Z position/mm 

0.6 
1 -4 

0.41 
110 -30 -20 -10 0 IO 20 30 40 

(b) 

Z position/mm 

Fig. 17. (a) The NLO absorption of [(PPh,),Cu,MoOS,]. (b) The NLO refraction of 
[(PPh,),Cu,MoOS,]. 

refraction (Fig. 17(b)). The effective NLO absorption coefficient CI~ and the effective 
refraction index n, were determined to be 2.6 x lo-” m W-’ and 5 x lo-l7 m2 W-’ 
respectively for a 7.4 x 10m5 mol dmm3 solution. From the ~1~ and n, values, the 
effective third-order NLO susceptibility xc3) was calculated to be 1.2 x lo-” esu (y= 
8.9 x 1O-28 esu). The xc3) values of some of the best organic polymers and semiconduc- 
tors include 8.5 x lo-” esu for PDA-PTS, 1.8 x 10-l’ esu for PDA4BCMU, 
5.0 x lo-” esu for PA, 4.8 x lo-” esu for GaAs and 4 x lo-” esu for Ge [164,165]. 
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6.2. Nest-shaped clusters 

Cluster [(n-Bu),N], [ BrCl,CusMoOS,] exhibits interesting self-defocusing and 
non-linear absorptive properties [ 261. The large self-defocusing effect and the strong 
non-linear absorption at 532 nm are clearly shown in Fig. 18(a). The combination 
of self-defocusing and non-linear absorption makes the cluster an interesting candi- 
date for optical limiting applications [166-1681. The optical limiting capability 
utilizing only the non-linear absorption of the cluster is demonstrated in Fig. 18(b). 
The light energy transmitted starts to deviate from Beer’s law as the light tluence 

-30 -20 -1c 'I 12 1.3 30 

(0) 
Z-position/mm 

:07-j 

0.01 01 1 10 100 
(b) lncedent Light fluence / J cm2 

Fig. 18. (a) The NLO refraction of [(n-Bu),N],[BrC12Cu,MoOS3]. (b) The optical limiting capability of 
[(n-Bu),N],[BrCl,Cu,MoOSJ. 
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reaches about 1 J cm-‘, and the materials become increasingly less transparent as 
the light fluence rises. The saturation fluence transmitted is approximately 10 J cm-2. 

Another nest-shaped cluster [(n-Bu),N], [(NCS),Cu,MoOS,] was discovered to 
have a very large effective third-order hyperpolarizability (y=4.8 x 10mz9 esu) as 
measured by degenerate fow-wave mixing (DFWM). It also exhibits a large optical 
limiting effect [28]. 

6.3. Half-open cubane-like clusters 

The non-linear absorption component of a half-open cubane-like cluster 
[Et4N13 [(p2-Br)(CuBr)JWOS3].2H20 [24] was evaluated by a Z scan experiment 
under an open aperture configuration. The measured t12 value is 6.0 x lo-” m W-l. 
The non-linear refractive component was measured by Z scan under a closed aperture 
configuration. The refractive index n2 was calculated to be 1.1 x lo-r6 m2 W-’ in a 
9.4 x 10e4 mol dmb3 solution. From the cc2 and n2 values, a third-order susceptibility 
xc3) of 2.6 x lOPi esu (y= 1.6 x lo-‘* esu) was obtained. 

6.4. &bane-like clusters 

The optical limiting capability of the cluster [(n-Bu),N], [ L,Ag,BrMoS,] (L - I 
and Cl) [21] is depicted in Fig. 19. The limiting thresholds were measured to be 0.5 
J cm-’ (L=I) and 0.6 J cm-’ (L=Cl), with a transmitted saturation fluence of 0.3 
J cmm2 in both cases. These parameters are three- and twofold better than that of 
CGo, one of the most frequently cited molecular optical limiting materials. 

The cluster [(n-Bu),N], [Br3M’BrWS4] (M’ = Cu, Ag) has also demonstrated 

0 1 2 3 4 5 6 
On-axis incident fluence / J cm’* 

Fig. 19. The optical limiting capability of [(n-Bu),N],[X,Ag,BrMoS,]: ??, X=I; 0, X=Cl; A, Cm. 
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excellent optical limiting capability [ 223. Substitution of Cu by Ag leads to significant 
improvement of the limiting performance. Results of temporal profile analysis and 
pump-probe experiments show that the excellent optical limiting capability of the 
cubane-like clusters stems from their efficient excited triplet state absorption. 

6.5. Twin nest-shaped clusters 

2 scan data (Fig. 20(a)) of a twin nest-shaped cluster [Et4N]4[Br21,Cu6Mo,0&~~ 
[23] reveal that the compound possesses self-defocusing ability and, in addition, 
strong non-linear absorption at 532 nm. It is noted that the NLO properties of the 

0015 - : . . . 

5 ,;~*:.-.fl +* . . -- . . 
5 _dp’-IC . . . 

.c * . E 0.010 - 
!2 . - 
e ?? . 

E- .- 
0.005 - . 

_= 
. 

0.000 -~‘~“““~‘ll”“~‘~““‘~~~‘~.~“~“’ 
-80 -60 -40 -20 0 20 40 60 80 

(01 
Z-position / mm 

ii 

..I,..I..I.I,II d .,,.,,,. I 
0 5 10 15 20 

(b) lncldent Light fluence / J cme2 

Fig. 20. (a) The self-defocusing ability of [Et,N],[BrJ,Cu,Mo,O&J. (b) The optical limiting data of 

CEt,Nl,CBr,I,Cu,Mo,O,S,1. 



52 Hong- Wei Hou et al.lCoordination Chemistry Reviews IS3 (1996) 25-56 

“dime? (of two nest-shaped fragments) are very similar to those of the “monomers” 
(nest-shaped clusters). In the case of optical limiting capability (Fig. 20(b)), the light 
energy transmitted starts to deviate from Beer’s law as the input light fluence reaches 
about 1.5 J cm- 2. The limiting threshold was measured as 2 J cmd2 with a transmitted 
saturation fluence of 8.5 J cmV2. 

6.6. Hexagonal prism-shaped and supra-cage-shaped clusters 

The best optical limiting performance is achieved with the second of the two 
hexagonal prism-shaped clusters [(AsPh,),Ag,W,Ss] [ 1281 and [( PPh,),Ag,Mo,S,] 
[29]. The optical non-linearity of these clusters is effectively irradiance dependent, 
which permits them to be used for both energy limiting and power limiting. The 
optical limiting threshold measured for the latter cluster is one order of magnitude 
lower than that of C,,. The lower limiting threshold provides a larger safety 
margin for the optical device to be protected. The supra-cage-shaped cluster 
[(n-Bu),N],[Cu,,Mo,O,S,,] [ 301 also exhibits strong third-order NLO effects 
(y= 5.7 x 1O-28 esu). 
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