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The heterothiometallic cluster compound has been synthesized by the(Et4N)4[Mo4Cu8O4S12M(Ph2PS)2NN4]
reaction of with in An X-ray structure determination(Et4N)2[Mo2Cu6Br2I4O2S6] K[(Ph2PS)2N] CH3CN.
revealed that the anionic cluster consists of a square framework which is formed by four[Mo4Cu4O4S12]~

building blocks linked via four Cu atoms, and four pendant units, each bound toMoOS32~ Cu[Ph2P(S)NP(S)Ph2]
one of the corner moieties. The structure can also be regarded as a tetramer of nest-shapedMoOS3

monomers co-polymerized by sharing the limbic Cu atoms. TheMoCu3OS3[(Ph2PS)2N] [Ph2P(S)NP(S)Ph2]~
ligand adopts a classical S,S@-chelating mode, resulting in the formation of a six-membered ring of chairCuS2P2N
conÐguration. The nonlinear optical (NLO) properties were studied with an 8 ns pulsed laser at 532 nm. Its optical
response to the incident light exhibits good optical absorptive and refractive e†ects, with m W~1a2\ 1.2 ] 10~11
and m2 W~1 for a 1.2] 10~4 mol dm~3 DMF solution.n2\ [2.04 ] 10~18

The coordination chemistry of thiometallates [MO
n
S4~n

]2~
(M\ Mo, W; n \ 0È2) and their related compounds has been
well documented owing to their relevance to certain biological
processes,1,2 catalytic reactions3 and their strong nonlinear
optical characteristics.4 To date, some of us have reported a
number of new nonlinear optical materials based on clusters
with di†erent structural modes, including the supra-cubic
cage,5 twin-nest shape,6 incomplete cubane,7,8 hexagonal
prism shape9 and windmill-like structure.10,11 Unfortunately,
direct technical applications are often frustrated by the clus-
tersÏ low solubility in common organic solvents. One way to
circumvent this practical problem is to introduce bulky
organic ligands into the clusters to increase their solubility.
The bis(dialkylchalcogenidophosphoryl)amide [(R2PQ)2N]~
(Q\ S or Se ; R\ Ph or Pr) ligands were selected for this
purpose. Although they have recently been the focus of many
studies due to the structural diversity of their metal complex-
es,12h19 there are few examples of their complexes with reac-
tive cluster units. In this paper we describe the single crystal
X-ray structure of a remarkable square-like dodecanuclear
cluster compound synthesized by a two-step solidÈliquid strat-
egy. Investigation of the clusterÏs nonlinear optical properties
showed that it exhibits good nonlinear absorptive and
refractive properties.

Experimental
Materials and general methods

The compound was prepared by the liter-(NH4)2[MoO2S2]ature method.20 was obtained from the reac-K[(Ph2PS)2N]
tion of with KOBut in MeOH in an analogous(Ph2PS)2NH
manner to literature procedures.21,22 Solvents and the solid

reagents were purchased as AR grade and used without
further puriÐcation. Infrared spectra were recorded on a
Fourier FT-10SX spectrophotometer from pressed KBr
pellets. Electronic spectra were taken on a Hitachi U-3410
spectrophotometer. Carbon and hydrogen analyses were
obtained on a PE 240C elemental analyzer. The compositions
of copper and molybdenum were analyzed with a JA
1100 ] 2000 ICP quantometer.
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ground mixture of (0.23 g, 1 mmol), CuI(NH4)2[MoO2S2](0.40 g, 2 mmol) and (0.42 g, 2 mmol) was put into aEt4NBr
reaction tube and heated at 80 ¡C for 4 h under a nitrogen
atmosphere. After extracting the resultant black solid with

(30 mL), the extract was Ðltered to a†ord a deep-redCH3CN
Ðltrate.6 Block-shaped dark-red crystals of the title compound
were obtained by adding a solution of (0.49 g,K[(Ph2PS)2N]
1 mmol) in 5 ml (one drop of water was added toCH3CN
increase the solubility of the potassium salt) into the Ðltrate
and allowing it to stand for 2 days. Yield 0.26 g, 28% based
on Mo. The product shows characteristic infrared absorptions
(KBr pellet, cm~1) : 1172(s) and 787(s) ; l(PÈS) 576(vs),l(P2N)
l(MoÈO) 903(vs), 445(s). Anal. calc. forl(MoÈSb)C, 42.05 ; H, 4.41 ; N, 3.06 ; Cu,C128H160Cu8Mo4N8O4P8S20 :
13.91 ; Mo, 10.49 ; found : C, 42.10 ; H, 4.45 ; N, 3.17 ; Cu, 13.60 ;
Mo, 10.90%.

Crystallography

A deep-red prismatic crystal was mounted on a glass Ðber. All
measurements were carried out on a Siemens Smart CCD
area detector di†ractometer by using an u-scan technique.
The data reductions were performed on a Silicon Graphics
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Table 1 X-Ray crystallographic data for (Et4N)4[Mo4Cu8O4S12-M(Ph2PS)2NN4]

Chemical formula C128H160Cu8Mo4N8O4P8S20Formula weight 3655.68
Crystal system Tetragonal
Space group I41/aa/A� 29.1337(2)
b/A� 29.1337(2)
c/A� 19.7246(2)
U/A� 3 16 741.7(2)
Z 16
j(Mo-Ka)/A� 0.710 73
k/mm~1 1.654
R, wR [I[ 2p(I)] 0.0554, 0.1287
(all data) 0.1251, 0.1595

Indy workstation using Smart CCD software and an empirical
SADABS absorption correction was applied.23 The structure
was solved by direct methods and reÐned by full-matrix least
squares on F2 using the SHELXTL-PC (Version 5.1)
package.24 All non-hydrogen atoms were reÐned anisotropi-
cally. The hydrogen atoms were placed in their calculated
positions (CÈH 0.96 assigned Ðxed isotropic thermalA� ),
parameters (1.2 times for and 1.5 times for of theCH2 CH3atoms to which they are attached) and allowed to ride on their
respective parent atoms. Their contributions were included in
the structure factor calculations. Table 1 shows the details of
data processing and structure reÐnements.

CCDC reference number 156519. See http : //www.rsc.org/
suppdata/nj/b1/b102238p/ for crystallographic data in CIF or
other electronic format.

Optical measurements

A DMF solution of the compound was placed in a 5 mm
quartz cuvette for NLO measurements and the NLO proper-
ties were measured with an 8 ns pulse at 532 nm generated
from a Q-switched frequency-doubled Nd : YAG laser. The
spatial proÐles of the optical pulses were nearly Gaussian after
passage through a Ðlter. The pulsed laser was focused onto the
sample cell with a 15 cm focal length lens. The spot radius of
the laser beam was measured to be 55 lm. Incident and trans-
mitted pulses energies were measured simultaneously by two
energy detectors (RJP-735 Energy Probes, laser precision).
The NLO properties of the sample were determined by per-
forming z-scan measurements. The sample was mounted on a
translation stage that was controlled by a computer to move
along the z axis with respect to the focal point. An aperture of
0.5 mm radius was placed in front of the transmission detector
and the transmittance was recorded as a function of the
sample position on the z axis (closed aperture z-scan). To
obtain the NLO absorption, the z-dependent sample transmit-
tance was measured without the aperture (open aperture
z-scan).

Results and discussion

Synthesis and characterization

Clusters with an open square-like framework have aroused
great interest for their aesthetic symmetry25h31 and large
optical limiting properties.32 Interestingly, they can also act as
good building blocks for polymerization.26,33h36 In contrast
to the wealth of pentanuclear square frameworks,25h36 there
are remarkably few examples of the title type reported.37 Twin
nest-shaped products are of interest because their bridge
cleavage can introduce di†erent ligands into the cluster struc-
ture with the substituted products often maintaining the nest-
shaped skeleton.38 Taking advantage of this reactivity, we
Ðrstly succeeded in introducing into the[Ph2P(S)NP(S)Ph2]~

heterothiometallate system through ligand replacement in two
steps : (1) preparation of a solution containing the reactive
twin nest-shaped dimer by a(Et4N)2[Mo2Cu6Br2I4O2S6]solid state reaction below 100 ¡C, according to our pre-
vious work ;4,6 and (2) reaction of the dimer with

in acetonitrile followed by crystal[Ph2P(S)NP(S)Ph2]~growth from solution. The second step probably comprises a
substitution reaction and an oligomerization process together
with the elimination of a CuI species (Scheme 1). This pro-
cedure was based on the principle that solidÈliquid reactions
at low heating temperature possess characteristic properties
similar to those of the original solidÈgas reactions.39 This was
later substantiated by the failure of attempts to produce a
tungsten analog of by(Et4N)4[Mo4Cu8O4S12M(Ph2PS)2NN4]the same method using as the starting(NH4)2[WO2S2]material ; in this system the corresponding twin nest-shaped
tungsten analog has never been isolated.4,6

The structure of has(Et4N)4[Mo4Cu8O4S12M(Ph2PS)2NN4]been determined by single crystal X-ray di†raction, the asym-
metric unit being one-quarter of the formula unit. The anionic
cluster core is shown in Fig. 1. Selected bond distances and
angles are listed in Table 2. The cluster nucleus consists of
four corner Mo atoms and four edge Cu (Cu2) atoms in an
approximately square array, together with four capping Cu
atoms (Cu1) each attached to a corner Mo atom. The cluster
anion in the crystal is located at the [4 site with four Mo
atoms at the corners of a distorted square of edge length 5.48

Scheme 1 Substitution and co-polymerization of the twin-nest inter-
mediate in solution.CH3CN

Fig. 1 ORTEP diagram (30% probability ellipsoids) showing the
cluster core of the title compound. Only one six-membered CuS2P2Nring is shown for clarity. Symmetry code : (A) ]y, [x, 1 [ z ; (B) [y,
]x, 1[ z ; (C) 1[ x, [y, z.
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Table 2 Selected bond lengths and angles (¡) in(A� ) (Et4N)4-[Mo4Cu8O4S12M(Ph2PS)2NN4]

Mo1ÈO1 1.703(3) Mo1ÈS3 2.2481(13)
Mo1ÈS2 2.2493(12) Mo1ÈS1 2.2623(15)
Mo1ÈCu1 2.7314(7) Mo1ÈCu2A 2.7359(7)
Mo1ÈCu2 2.7719(7) Cu1ÈS3 2.2853(14)
Cu1ÈS1 2.2870(14) Cu1ÈS5 2.3251(15)
Cu1ÈS4 2.3664(14) Cu2ÈS1B 2.3006(14)
Cu2ÈS2 2.3181(14) Cu2ÈS2B 2.3473(14)
Cu2ÈS3 2.3657(13)
O1ÈMo1ÈS3 111.03(15) O1ÈMo1ÈS2 110.60(14)
S3ÈMo1ÈS2 108.26(5) O1ÈMo1ÈS1 110.85(16)
S3ÈMo1ÈS1 107.09(5) S2ÈMo1ÈS1 108.89(5)
S3ÈCu1ÈS5 111.53(5) S3ÈCu1ÈS1 105.01(5)
S3ÈCu1ÈS4 100.79(5) S1ÈCu1ÈS5 116.35(6)
S5ÈCu1ÈS4 107.31(5) S1ÈCu1ÈS4 114.77(5)
S1BÈCu2ÈS2B 104.31(5) S1BÈCu2ÈS2 124.60(6)
S1BÈCu2ÈS3 99.87(5) S2ÈCu2ÈS2B 109.18(6)
S2BÈCu2ÈS3 117.30(5) S2ÈCu2ÈS3 102.17(5)
Mo1ÈS1ÈCu1 73.80(4) Mo1ÈS1ÈCu2A 73.67(4)
Mo1ÈS2ÈCu2A 73.02(4) Mo1ÈS2ÈCu2 74.71(4)
Cu1ÈS1ÈCu2A 111.77(6) Cu2ÈS2ÈCu2A 104.13(5)
Mo1ÈS3ÈCu1 74.10(4) Mo1ÈS3ÈCu2 73.80(4)
Cu1ÈS3ÈCu2 102.86(5) P1ÈS4ÈCu1 102.85(7)

P2ÈS5ÈCu1 101.58(7)

(MoÉ É ÉMo). If the amide ligands are excluded, there existsA�
two approximate mirror planes, which intersect at the [4 axis
and individually involve the two diagonal directions of the
square framework. The tetrahedron consisting of the corner

moieties is manifested in the SÈMoÈS(O) angles thatMoOS3range from 107.0(9) to 111.0(3)¡ ; each of the four edge Cu
atoms displays highly distorted tetrahedral coordination to
four atoms with SÈCuÈS angles ranging from 99.8(7) tol3-S117.3(0)¡. The four capping Cu atoms coordinated to the

ligand also display highly distorted[Ph2P(S)NP(S)Ph2]~tetrahedral coordination with SÈCuÈS angles varying in the
range 100.7(9)È116.3(5)¡. Interestingly, the MoÈCu distances
are similar (2.73È2.77 even though the two Cu atoms are inA� ),
di†erent coordination environments. The short MoÈCu dis-
tances indicate signiÐcant cluster interactions between these
heteronuclear metal atoms. Four capping subunitsCuÈS2P2Nare alternately located above and below the square framework
plane as the moieties change their orientations in theMoOS3framework. Each metallacycle adopts a familiarCuS2P2Nchair conÐguration, exhibiting shorter PÈN [mean 1.58(3) A� ]
and longer PÈS bonds [1.99(8) than those found in the freeA� ]

salt, which is consistent with delocalization[S2P2(Ph4)N]~
within the ring.2 Another way to view the cluster core is in
terms of the nest-shaped building block Four[MoOS3Cu3]`.
such units in alternate orientations are co-polymerized by
sharing four limbic Cu atoms to form the greater oligomeric
motif (see Fig. 1).

Optical response

The UV-visible absorption spectrum of the cluster in DMF
solution is shown in Fig. 2. Although two distinct absorption
peaks were found at 340 and 440 nm, the cluster has relatively
low linear absorption in the visible and near-IR region.

A z-scan measurement of the compound in a DMF solution
(1.2] 10~4 mol dm~3) is shown in Fig. 3(a), where the Ðlled
squares are the experimental data measured with an open
aperture. This clearly illustrates that the absorption increases
as the incident light irradiance rises since light transmittance
(T ) is a function of the sampleÏs z position (with respect to the
focal point at z\ 0). Nonlinear absorption and[a \ a2(Ii)]linear absorption can be described well by eqn. (1) and (2),(a0)where a and are the linear and e†ective third-order NLOa0absorptive coefficients, respectively, q is the time, and L is the
optical path. The solid line is the theoretical curve from eqn.

Fig. 2 Absorption spectra of the title compound as a 1.2 ] 10~4 mol
dm~3 DMF solution with a 1 mm optical length.

(1) and (2)40 and the e†ective nonlinear absorptive index, a2 ,
is estimated to be 1.2 ] 10~11 mW~1.

T (z) \
1

Jpq(z)

P

~=

=
ln[1] q(z)]e~q2 dq (1)

q(z) \ a2effI(z)
1 [ e~a0L

a0
(2)

The nonlinear refractive components of the compound were
assessed by dividing the normalized z-scan data obtained in
the open aperture conÐguration [Fig. 3(b)]. An e†ective third-
order nonlinear refractive index can be derived from then2di†erence between normalized transmittance values at valley
and peak positions by using eqn. (3). The data show(*TVhP)that the cluster has a negative refractive nonlinearity, which

Fig. 3 z-scan measurement of the title compound as a 1.2 ] 10~4
mol dm~3 DMF solution. (a) The data were collected with an open
aperture conÐguration. (b) The data were obtained by dividing the
normalized z-scan measured with a closed aperture conÐguration by
the normalized z-scan data in (a).
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indicates self-defocusing behavior. The e†ective third-order
NLO refractive index is given by :n2

n2eff \
ja0

0.812pI(1[ e~a0L)
*TVhP (3)

where L is the sample thickness, I is the peak irradiation
intensity at focus and j is the wavelength of the laser. The
refractive index was calculated to be [2.04] 10~18 m2n2W~1. A good Ðt was found between theory and experiment,
indicating that the process is e†ectively third order. Although
these measured values of and were obtained with aa2 n21.2] 10~4 mol dm~3 solution of the title compound, they are
comparable with many of the best known third-order
materials in neat solid form, such as (2] 10~20 m2SiO2W~1) and CdS (2.5] 10~18 m2 W~1)41 or SrLaGa3O7(11.1] 10~20 m2 W~1) and (6.5] 10~20 m2Ca2Ga2SiO7W~1).42 The origins of these good NLO properties can be
attributed to the third-order bound-electronic e†ect, excited-
state e†ect, two-photon absorption and nonlinear scat-
tering.43,44 A much larger value may be expected withn2more concentrated solutions. Further work on the NLO
mechanism is in progress.
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