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Employing ligand-redistribution reactions, two heterothiometallic cluster compounds [MOS3Cu3(m3-X)(2-

pic)3] (M¼Mo, X¼Br, 1; M¼W, X¼ I, 2) have been synthesized for third-order excited state nonlinear
optical studies. Crystallographic investigations show that clusters 1 and 2 adopt an isomorphous neutral
cubane-like skeleton. Such a neutral cubic arrangement with pyridine derivative ligands is found for the first
time in heterothiometallic cluster compounds. Their optical nonlinearities were measured by the Z-scan

technique with a 10 ns pulsed laser at 532 nm. Surprisingly, these two isomorphous clusters exhibit
diametrically opposed nonlinear refractive properties, with cluster 1 showing self-defocusing performance
(effective nonlinear refractive index n2¼�3.8 � 10�18 m2 W�1) and cluster 2 demonstrating a self-focusing

effect (n2¼ 3.5 � 10�17 m2 W�1). Both clusters additionally show strong reverse saturable absorptive abilities.
A new nonlinear refraction model is presented to simulate the experimental results. The Z-scan experimental
results imply that excited state molecules also play a major role in nonlinear refraction. The above NLO

refractive properties and absorption abilities suggest that clusters 1 and 2 may be very promising candidates
for NLO applications.

The recent great challenge in developing new optical materials
with strong excited state nonlinearities has been stimulated by
the tremendous interest in their potential applications1 in
optical communications, optical signal processing and trans-
mission, optical switching, optical data acquisition and sto-
rage, optical computing, optic-electronic modulation,2 and
especially as optical limiting (OL) materials utilized in the
protection of optical sensors and human eyes from high
intensity laser beams.3 The most frequently mentioned mate-
rials during the last decade displaying strong excited state
nonlinearities are phthalocyanine, fullerene C60 and their
derivatives.4,5 In contrast, heterothiometallic cluster com-
pounds with a cubane-type cage or planar ‘open’ skeleton
(similar to that of fullerene or phthalocyanine, respectively)
have only recently received increasing attention.6,7 Two of the
key attractive advantages of this kind of material are their
large modifiable structures and the presence of many heavy
metal atoms in the cluster, resulting in various kinds of non-
linear optical (NLO) functions that can be achieved by
manipulation of their structures and alteration of the con-
stituent atoms.

It has also been observed that many excited state absorptive
optical materials also possess nonlinear refractive properties
that may change the transverse distribution of the beam.8 Such

nonlinear refractive effects may lower the far-field optical
power density, and therefore enhance efficiency of optical
limiting, if a focusing geometry is employed and an on-axis
aperture is positioned in front of the optical sensor. Our pre-
vious studies on these heterothiometallic clusters suggest that
unlike traditional NLO compounds, both the cluster frame-
work and the skeleton components in these clusters appear to
have a considerable influence on the NLO properties. This
results in the Mo(W)=S=Cu(Ag) clusters exhibiting rather
diverse combinations of NLO effects. The clusters having
cubane-like6 and half-open cubane-like shapes9 show strong
nonlinear absorptions. Large nonlinear refraction effects are
found in the nest-shaped10 and the twin-nest-shaped clusters.11

The twenty-nuclear supra-cage-shaped cluster possesses a very
large nonlinear susceptibility.8b The hexagonal prism-shaped
clusters,8c,12 the pentanuclear planar ‘open’ clusters7 and
cluster polymers13 seem to reveal large optical limiting prop-
erties. Despite the progress that has been made, the discovery
of clusters with better and more varied NLO functions remains
the bottleneck that slows down the speed of further developing
research and applications in the field of nonlinear optics.

In order to further explore this promising field, and also to
search for better NLO materials for optical applications, we
have synthesized two heterothiometallic cluster compounds
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[MOS3Cu3(m3-X)(2-pic)3] (M¼Mo, X¼Br, 1; M¼W, X¼ I,
2; 2-pic¼ a-methylpyridine) by a ligand redistribution reac-
tion. The single-crystal X-ray diffraction shows that clusters 1
and 2 are isomorphous and adopt the neutral cubane-like
skeleton; such neutral cubic arrangement with pyridine deri-
vative ligands is found in heterothiometallic cluster com-
pounds for the first time. Furthermore, previous NLO research
on cubane-shaped clusters has been mainly focused on their
optical limiting effects and the NLO absorption performance.
However, their NLO refractive functions have never attracted
any attention. Surprisingly, these two clusters, having the same
cubane-like skeleton but with different central skeleton atoms,
show diametrically opposed signs of nonlinear refraction. The
Z-scan measurements reveal that cluster 1 shows a self-defo-
cusing effect, while cluster 2 exhibits a self-focusing perfor-
mance. This finding presents a method to alter the nonlinear
refraction by using a mixture of two soluble clusters, such as 1
and 2, with mutually opposite self-lensing effects. The refrac-
tive nonlinearity of these clusters can be attributed to an
excited state nonlinear refraction effect. A theoretical model of
excited state refraction is presented to analyze the experimental
results. The results obtained with the theoretical model are in
good accordance with the experimental data. The conditions of
the sign change of nonlinear refraction have also been studied.

Results and discussion

Preparation and reactions

During the past decades, heterothiometallic cluster compounds
with a cubane-like skeleton have aroused great interest for
their structural similarity to biological models of some nitro-
genases and their large optical limiting properties.6,14 The
typical synthetic routes to tetranuclear cubane-like hetero-
thiometallic clusters have been previously described in two
ways.6,15 In the pioneering work of Muller and co-workers, the
so-called two-phase method has been applied by reacting
Cu(I)-philic ligands in organic solvent with thiometalate dis-
solved in water to construct the cubic skeleton clusters [Scheme
1(a)].15 A low-temperature solid-state synthesis, developed in
our laboratory,6 was also used to prepare cubic clusters by
directly reacting the synthon [MOnS4�n]

2� (M¼Mo, W; n¼ 0,
1, 2) with starting materials CuX and R4NX1 to form the
anionic cluster skeleton [MOnS4�nCu3X

1X3]
3�, or with CuX

and R1 (R1¼PPh3 , AsPh3 ,...) ligands to give the neutral
cubane-like clusters [MOnS4�nCu3XR1

3] [Scheme 1(b)].16

However, the yield of the cubane-like clusters with these two
methods is very low (13–24% for the former and 10–15% for
the latter).

In contrast to the two traditional methods described above,
our synthetic approach to prepare the tetranuclear cubane-like
clusters, such as 1 and 2, straightforwardly employing ligand-
redistribution reactions in two steps, has proven to be an
efficient route. First, the copper complex including mixed
ligands was pre-synthesized as the intermediate product, which
is not isolated from the reaction system. In our case, the
starting material CuX (X¼Br�, I�) reacted with 2-pic, which
acts as both the reaction solvent and the s-donor ligand. Since
2-pic exhibits a strong super-conjugation effect from the
methyl group to the pyridine ring, 2-pic has a high tendency to
coordinate with Cu atoms. The gradual dissolution of CuX
and the formation of a light yellow solution were consistent
with the formation of the intermediate product—the Lewis-
base adduct CuX(2-pic)3 .17 The second step comprises a
ligand substitution reaction; the synthon thiometalate
[MOS3]

2� acting as a bidentate ligand was added to the reac-
tion system. The solution immediately turned from light yellow
to black– (or orange–) red in color, which suggested that the
target cluster compounds were formed. Since the strength of
some Cu(I)-philic ligands of Mo(W)=S=Cu(Ag) compounds
follows the sequence: S2� > (py, PPh3) > X� (X¼Cl, Br, I,
CN), the former ligands can substitute for part or all of the
latter ligands, while the required coordination number of
copper(I) is not more than four. Two bonds of CuX(2-pic)3
were broken upon attack by the S2� belonging to the [MOS3]

2�

moiety to form the final cubic cluster skeleton [Scheme 1(c)].
Interestingly however, our previous work showed that when
we used py or 4-pic as the s-donor ligand instead of 2-pic to
react with CuX (X¼Br�, I�), only the nest-shaped clusters
were obtained (Scheme 2).10a,b,18 This observation may be due
to the fact that the presence of py and 4-pic with stronger s-
donor effect [the strength of Cu(I)-philic ligands containing py
derivatives follows: 4-pic > py > 2-pic > 3-pic] and less steric
inhibition [2-pic > 3-pic > (4-pic, py)] than 2-pic7 results in py

Scheme 1

Scheme 2
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and 4-pic coordination with copper(I). This coordination may
be easier than that of 2-pic. To verify our hypothesis, clusters 1
and 2 were further reacted with 4-pic and the 2-pic ligands
were successfully substituted by 4-pic, which was confirmed by
elemental analysis and IR spectra, and the cubane-like fra-
mework of clusters 1 and 2 was accordingly transformed into
the nest-shaped skeleton (Scheme 2).

Crystal structure

Selected bond lengths and angles for clusters 1 and 2 are listed
in Tables 1 and 2, respectively, with their ORTEP diagrams
shown in Fig. 1 and 2. Since the structures of [MOS3Cu3(m3-
X)(2-pic)3] in cluster 1 (M¼Mo, X¼Br) and 2 (M¼W, X¼ I)
are isomorphous, only the structure of cluster 1 is described in
detail. Consisting of a (MoCu3) tetrahedron interlocked with a
(BrS3) tetrahedron, the skeleton of the neutral cluster can be
described as a slightly distorted cube, in which four corners are
occupied by one Br atom and three Cu atoms, with a 2-pic
ligand bonding to each Cu atom. Three Cu(2-pic) groups are
coordinated to the [MoOS3]

2� unit across three S� � �S edges.
The Mo atom has basically retained the C3v geometry of the
free [MoOS3]

2� anion with S–Mo–S(O) angles ranging from
107.09(4)� to 111.60(12)�. The Mo–O(1) bond length in cluster
1 is 1.720(3)

+
A while the three Mo–S bond lengths are quite

similar [2.2685(11)–2.2762(11)
+
A], consistent with the expected

arrangement of one Mo¼O double bond and three Mo–S
single bonds.

The three Cu atoms are almost equivalent, each is coordi-
nated with two m3-S atoms, one m3-Br atom and one 2-pic
ligand, forming three reverse distorted tetrahedrons. The bond
angles of these three Cu atoms are 96.03(3)–123.44(10)� for
Cu(1), 95.35(3)–127.14(11)� for Cu(2), and 95.06(3)–
126.40(11)� for Cu(3). The Mo–Cu lengths, ranging from
2.6687(6) to 2.6838(6)

+
A, are slightly longer than those in

[Et4N]3[MoOS3(m2-Br)(CuBr)3] [2.645(3)–2.663(2)
+
A],9a but

are significantly shorter than those in [MoOS3Cu3Cl(PPh3)3]
[2.705(2)–2.740(2)

+
A].15 The Cu–S distances, varying from

2.2735(12) to 2.2812(11)
+
A, are obviously longer than those in

[Bu4N]2[MoOS3Cu3BrCl2] [2.230(3)–2.243(2)
+
A]10c and fall in

the same range as those found in [MoOS3Cu3(PPh3)3-
(S2P(OBu)2)] [2.266(5)–2.331(6)

+
A]19 and [MoOS3-

Cu3Cl(PPh3)3] [2.277(5)–2.322(5)
+
A].15 The bond distance of

Cu(2)–Br(1) [2.8564(8)
+
A] is slightly shorter than that of the

Cu(1)–Br(1) bond [2.8888(8)
+
A] and the Cu(3)–Br(1)

bond [2.8640(8)
+
A], while the three Cu–N bond lengths are

almost the same. From the bond lengths of Cu–S and Cu–Br,
we can also conclude that the coordination of the Cu(2) atom
with the S(1)� � �S(2) edge and the Br(1) atom is stronger than
that of the Cu(1) atom with the S(1)� � �S(3) edge and the Br(1)
atom. The same is true for the Cu(3) atom with the S(2)� � �S(3)
edge and the Br(1) atom, although all three Cu atoms have the
same coordination mode, namely CuS2Br(2-pic).

Table 1 Selected bond lengths (
+
A) and angles (�) for cluster [MoOS3-

Cu3Br(2-pic)3], 1

Br(1)–Cu(2) 2.8564(8) Cu(1)–N(3) 1.978(3)
Br(1)–Cu(3) 2.8640(8) Cu(1)–S(1) 2.2735(12)
Br(1)–Cu(1) 2.8888(8) Cu(1)–S(3) 2.2809(12)
Mo–O(1) 1.720(3) Cu(2)–N(2) 1.978(3)
Mo–S(1) 2.2685(11) Cu(2)–S(1) 2.2743(12)
Mo–S(3) 2.2739(10) Cu(2)–S(2) 2.2771(12)
Mo–S(2) 2.2762(11) Cu(3)–N(1) 1.980(4)
Mo–Cu(2) 2.6687(6) Cu(3)–S(3) 2.2747(12)
Mo–Cu(3) 2.6719(6) Cu(3)–S(2) 2.2812(11)
Mo–Cu(1) 2.6838(6)

Cu(2)–Br(1)–Cu(3) 70.261(19) N(2)–Cu(2)–Br(1) 107.40(10)
Cu(2)–Br(1)–Cu(1) 69.457(18) S(1)–Cu(2)–Br(1) 96.90(4)
Cu(3)–Br(1)–Cu(1) 68.870(19) S(2)–Cu(2)–Br(1) 95.35(3)
O(1)–Mo–S(1) 111.03(12) N(1)–Cu(3)–S(3) 119.38(11)
O(1)–Mo–S(3) 111.60(12) N(1)–Cu(3)–S(2) 126.40(11)
S(1)–Mo–S(3) 107.09(4) S(3)–Cu(3)–S(2) 107.41(4)
O(1)–Mo–S(2) 111.52(12) N(1)–Cu(3)–Br(1) 102.48(12)
S(1)–Mo–S(2) 107.78(4) S(3)–Cu(3)–Br(1) 97.94(4)
S(3)–Mo–S(2) 107.61(4) S(2)–Cu(3)–Br(1) 95.06(3)
N(3)–Cu(1)–S(1) 123.44(10) Mo–S(1)–Cu(1) 72.44(3)
N(3)–Cu(1)–S(3) 123.13(10) Mo–S(1)–Cu(2) 71.95(3)
S(1)–Cu(1)–S(3) 106.68(4) Cu(1)–S(1)–Cu(2) 92.06(4)
N(3)–Cu(1)–Br(1) 102.14(10) Mo–S(2)–Cu(2) 71.76(3)
S(1)–Cu(1)–Br(1) 96.03(3) Mo–S(2)–Cu(3) 71.79(3)
S(3)–Cu(1)–Br(1) 97.10(4) Cu(2)–S(2)–Cu(3) 92.46(4)
N(2)–Cu(2)–S(1) 115.85(10) Mo–S(3)–Cu(3) 71.95(3)
N(2)–Cu(2)–S(2) 127.14(11) Mo–S(3)–Cu(1) 72.20(3)
S(1)–Cu(2)–S(2) 107.55(4) Cu(3)–S(3)–Cu(1) 91.14(4)

Table 2 Selected bond lengths (
+
A) and angles (�) for cluster [WOS3-

Cu3I(2-pic)3], 2

W(1)–O(1) 1.776(8) Cu(1)–N(1) 1.977(9)
W(1)–S(1) 2.255(3) Cu(1)–S(2) 2.286(4)
W(1)–S(2) 2.258(3) Cu(1)–S(1) 2.294(3)
W(1)–S(3) 2.257(3) Cu(2)–N(2) 1.996(10)
W(1)–Cu(1) 2.6758(18) Cu(2)–S(1) 2.294(4)
W(1)–Cu(3) 2.6863(17) Cu(2)–S(3) 2.320(4)
W(1)–Cu(2) 2.7056(17) Cu(3)–N(3) 1.989(11)
I(1)–Cu(2) 2.972(2) Cu(3)–S(2) 2.294(4)
I(1)–Cu(1) 2.986(2) Cu(3)–S(3) 2.303(4)
I(1)–Cu(3) 2.996(2)

O(1)–W(1)–S(1) 110.1(3) S(1)–Cu(2)–S(3) 104.47(13)
O(1)–W(1)–S(2) 110.8(3) N(2)–Cu(2)–I(1) 103.1(3)
S(1)–W(1)–S(2) 108.48(11) S(1)–Cu(2)–I(1) 98.35(10)
O(1)–W(1)–S(3) 111.1(3) S(3)–Cu(2)–I(1) 98.94(10)
S(1)–W(1)–S(3) 107.85(12) N(3)–Cu(3)–S(2) 124.6(3)
S(2)–W(1)–S(3) 108.47(12) N(3)–Cu(3)–S(3) 121.5(3)
Cu(2)–I(1)–Cu(1) 66.85(5) S(2)–Cu(3)–S(3) 105.68(12)
Cu(2)–I(1)–Cu(3) 66.78(5) N(3)–Cu(3)–I(1) 103.4(4)
Cu(1)–I(1)–Cu(3) 67.61(5) S(2)–Cu(3)–I(1) 95.89(10)
N(1)–Cu(1)–S(2) 127.7(3) S(3)–Cu(3)–I(1) 98.65(10)
N(1)–Cu(1)–S(1) 115.3(3) W(1)–S(1)–Cu(1) 72.05(10)
S(2)–Cu(1)–S(1) 106.19(13) W(1)–S(1)–Cu(2) 72.97(10)
N(1)–Cu(1)–I(1) 107.5(3) Cu(1)–S(1)–Cu(2) 91.34(12)
S(2)–Cu(1)–I(1) 96.37(10) W(1)–S(2)–Cu(1) 72.16(10)
S(1)–Cu(1)–I(1) 97.98(10) W(1)–S(2)–Cu(3) 72.33(10)
N(2)–Cu(2)–S(1) 123.3(3) Cu(1)–S(2)–Cu(3) 93.22(13)
N(2)–Cu(2)–S(3) 122.7(3) W(1)–S(3)–Cu(3) 72.18(9)
Cu(3)–S(3)–Cu(2) 90.57(12) W(1)–S(3)–Cu(2) 72.46(10)

Fig. 1 A perspective view of the structure of the neutral cluster
[MoOS3Cu3Br(2-pic)3], 1.
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Third-order optical nonlinearities

Previous NLO investigations on cubane-like shaped clusters
were largely devoted to exploring their optical limiting effects
and the NLO absorption performance;6 their NLO refractive
functions seem to have been generally neglected for a long
time. In this report, the excited state optical nonlinearities of
clusters 1 and 2 for a 10 ns pulse width was determined by an
open-aperture Z-scan measurement.20 The optical perfor-
mances of nonlinear absorption and refraction are shown in
Fig. 3 and 4, for clusters 1 and 2, respectively. Fig. 3(a) and
4(a) depict the Z-scan experimental results under the open-
aperture configuration for the nonlinear absorptive component
of clusters 1 and 2, while Fig. 3(b) and 4(b) show those
obtained by dividing the closed-aperture data by the open-
aperture data to effectively eliminate the absorptive effect and
reveal the nonlinear refractive behavior of clusters 1 and 2. The
nonlinear refraction is found to have a negative sign for cluster
1 and a positive sign for cluster 2, with the effective n2 values of
� 3.8 � 10�18 m2 W�1 for cluster 1 and 3.5 � 10�17 m2 W�1

for cluster 2, derived from the theoretical curves. Obviously,
cluster 1 demonstrates a self-defocusing performance, while
cluster 2 displays a self-focusing effect. To make a comparison
of the NLO refractive effects, the effective n2 values of clusters
1 and 2, as well as other different structural clusters such as
nest-shaped,10 butterfly-shaped,21 half-open cubane-shaped,9

twin-nest-shaped,11 hexagonal-prism-shaped,8c,12 linear-
shaped,22 twenty-nuclear cage-shaped,8b planar ‘open’
shaped,7 and 3-D cluster polymers13 are listed in Table 3. The
change in transmittance is very large in the open-aperture case
[Fig. 3(a) or 4(a)], which indicates that these two clusters have
a strong excited state absorption, or a reverse saturable
absorption (RSA), at 532 nm.

It is well-known that the origin of excited state optical
nonlinearity in molecules is related to the intensity-dependent
population distribution of excited states. The nonlinear
absorption of materials includes molecular absorption in each
energy level. The nonlinear refraction of materials is similar to
the nonlinear absorption in that it also results from the energy-
level transitions in molecules. Each molecular level can be
characterized by an absorption cross-section and by an index
of refraction. So the complex intensity-dependent index of
refraction for molecules can be written as:23

ZðIÞ ¼
X
i

NiZi þ iðl=4pÞ
X
i

Nisi ð1Þ

Fig. 3 Z-scan measurement of cluster 1 in 6.2 � 10�4 mol dm�3

DMF solution. (a) The data collected under the open-aperture con-
figuration; (b) the data obtained by dividing the normalized Z-scan
data obtained under the closed-aperture configuration by the nor-
malized Z-scan data in (a). The filled symbols represent the Z-scan
experimental results and the solid curves are the theoretical fits based
on Z-scan theoretical calculations. The input energy is 220 mJ.

Fig. 2 A perspective view of the structure of the neutral cluster
[WOS3Cu3I(2-pic)3], 2.

Fig. 4 Z-scan measurement of cluster 2 in 5.3 � 10�4 mol dm�3

DMF solution. (a) The data collected under the open-aperture con-
figuration; (b) the data obtained by dividing the normalized Z-scan
data obtained under the closed-aperture configuration by the nor-
malized Z-scan data in (a). The filled symbols represent the Z-scan
experimental results and the solid curves are the theoretical fits based
on Z-scan theoretical calculations. The input energy is 220 mJ.
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where l is the wavelength, Zi , si and Ni are the refraction
volume (which will be defined in the following discussion), the
absorption cross-section and the population of each level,
respectively.

In our Z-scan experiments, the input energy is not high and
the laser pulse width is longer than the lifetime of the excited
state level, which is usually on the order of hundreds of pico-
seconds. This enables us to apply the steady-state nonlinear
absorption theory, which describes RSA by using a two-
energy-level model.23 Then the equation for the intensity of a
laser beam propagating (along the positive z direction)
through a nonlinear medium can be written as:5c

dI

dz
¼ �a I ð2Þ

where a is the nonlinear absorption coefficient that describes
RSA by using a two-energy-level model, which can be
expressed as a function of the incident pulsed light intensity
I:5c

a ¼ a0 þ
1 þ Ka

I
Is

1 þ I
Is

s0N ð3Þ

a0 is the linear absorptive coefficient, Is¼ h�n=s0ts0 is the
saturable intensity,N is the concentration of the cluster sample
solution, and Ka¼ ss=s0 is the ratio of the excited state
absorption cross-section to the ground state absorption cross-
section. If Ka > 1, the medium displays a reverse saturable
absorption. By contrast, ifKa < 1, only a saturable absorption
effect occurs.

Based on the discussion above, the Z-scan measurements20

have been therefore conducted on clusters 1 and 2 by using
TEM00 mode laser pulses, which have a beam waist radius
of o0 , a Gaussian temporal profile of duration t, and a pro-
pagation direction along positive z. The irradiance I thus
varies with z, r, and t as:24

Iðz; r; tÞ ¼ o2
0

o2ðzÞ I00 exp � t

t

� �2
� �

exp � 2r2

o2ðzÞ
� �� �

ð4Þ

where o(z)¼o0[1þ (z=z0)
2]1=2 is the beam radius at z,

z0¼ po0
2=l is the diffraction length of the beam, and I00 is the

on-axis peak irradiance at focus. The parameters of the
absorption cross-sections of the ground and excited states are
listed in Table 4. Theoretical fits to our experimental results are
shown in Fig. 3(a) and 4(a) as solid lines. It is obvious that the
theoretical calculations agree well with our experimental
results. The parameters of these clusters are obtained from the
theoretical analysis. The saturable intensity Is and coefficient
Ka are calculated to be Is¼ 1.5 � 108 W cm2 and Ka¼ 4.0 and
8.0 for clusters 1 and 2, respectively. The absorption cross-
section of the ground state is known to be s01¼ 3.22 � 10�18

cm2 and s02¼ 1.24 � 10�18 cm2 for clusters 1 and 2, respec-
tively. Therefore, we can finally obtain the excited state
absorption cross-sections to be ss1¼ 12.9 � 10�18 cm2 and
ss2¼ 9.92 � 10�18 cm2 for clusters 1 and 2, respectively.

On the other hand, generally the nonlinear refraction can be
described by a Kerr type effect (i.e., Dn¼ gI).25 However, for
the excited state nonlinear optical effect, we find that the
excited state nonlinear refraction cannot be well interpreted as
a Kerr effect. In order to explain such nonlinear refraction
phenomenon of clusters 1 and 2, eqn. (1) must be introduced,
and therefore the total refractive index of a multi-level mole-
cular system in the low-intensity case is equal to the sum of the
linear refractive index of the solvent n0 and the nonlinear
refractive indices arising from all possible energy level transi-
tions. The refractive index due to each transition is propor-
tional to the population difference between two levels, where
we define the constant of proportionality, the refractive
volume, as Zn . For our two-energy-level model, the nonlinear
index n can be represented as:26

Table 4 The parameters of the absorption cross-section and the re-
fraction volume of both the ground and the excited states

Cluster 1 Cluster 2

s0=10�18 cm2 3.22 1.24
ss=10�18 cm2 12.9 9.92
Ka 4.0 8.0
Z0=10�22 cm3 1.17 1.17
Zs=10�22 cm3 0.59 2.34
Kr 0.5 2.0

Table 3 Nonlinear optical refractive values of the heterothiometallic cluster compounds measured at 532 nm with ns laser pulses

Compound Structure type n2=m
2 W�1 N=mol dm�3 Ref.

[MoOS3Cu2(PPh3)3] Butterfly 5.0 � 10�17 7.4 � 10�5 a 21
[WOS3Cu2(PPh3)4] Butterfly 8.0 � 10�18 1.2 � 10�4 a 21
[Et4N]3[MoOS3(CuBr)3(m2-Br)] Half-open cubane-like � 2.3 � 10�16 1.9 � 10�3 a 9(a)
[Et4N]3[WOS3(CuI)3(m2-I)] Half-open cubane-like � 3.0 � 10�17 2.3 � 10�4 a 9(c)
[MoAu2S4(AsPh3)2] Linear 5.1 � 10�17 6.4 � 10�4 b 22
[WAu2S4(AsPh3)2] Linear 1.0 � 10�16 5.4 � 10�4 b 22
[Mo2Ag4S8(PPh3)4] Hexagonal prism 2.2 � 10�16 1.3 � 10�4 c 8(c)
[MoOS3Cu3(4-pic)6] � 0.5[Mo2O7] Nest 1.7 � 10�16 3.52 � 10�4 a 10(a)
[WOS3Cu3(4-pic)6] � 0.5[W2O7] Nest 1.0 � 10�16 2.67 � 10�4 a 10(a)
[MoOS3Cu3(4-pic)6] �BF4 Nest 9.0 � 10�17 4.82 � 10�4 a 10(a)
[WOS3Cu3(4-pic)6] �BF4 Nest 8.2 � 10�18 3.75 � 10�4 a 10(a)
[Et4N]4[Mo2O2S6Cu6I6] Twin-nest � 6.0 � 10�17 2 � 10�3 a 11(a)
[n-Bu4N]4[Mo8Cu12O8S24] Twenty-nuclear cage � 3.5 � 10�16 8.0 � 10�4 b 8(b)
{[Et4N]2[MoS4Cu4(CN)4]}n 3-D cluster polymer 1.8 � 10�16 3.64 � 10�5 d 13(a)
{[Et4N]2[WS4Cu4(CN)4]}n 3-D cluster polymer 1.2 � 10�16 2.93 � 10�5 d 13(a)
[Et4N]2[MoS4Cu4(SCN)4(2-pic)4] Planar ‘open’ � 8.5 � 10�16 7.44 � 10�4 d 7(b)
[Et4N]2[WS4Cu4(SCN)4(2-pic)4] Planar ‘open’ � 6.8 � 10�16 6.98 � 10�4 d 7(b)
[MoS4Cu4Br2(py)6] Planar ‘open’ 1.8 � 10�16 3.8 � 10�4 d 7(c)
[WS4Cu4Br2(py)6] Planar ‘open’ 1.1 � 10�16 2.83 � 10�4 d 7(c)
[MoS4Cu4I2(py)6] Planar ‘open’ 2.5 � 10�16 1.39 � 10�4 d 7(c)
[WS4Cu4I2(py)6] Planar ‘open’ 1.2 � 10�16 5.5 � 10�4 d 7(c)
[MoOS3Cu3Br(2-pic)3] Cubane-like � 3.8 � 10�18 6.2 � 10�4 d This work
[WOS3Cu3I(2-pic)3] Cubane-like 3.5 � 10�17 5.3 � 10�4 d This work

a In CH3CN. b In CH2Cl2 . c In acetone. d In DMF.

62 New J. Chem., 2002, 26, 58–65



n ¼ n0 þ Z0N0 þ ZSNS ð5Þ
When all the molecules are in the ground state, n0s¼ n0þ Z0N

is the linear refractive index of the solution. For the sake of
simplicity, we only consider the case of steady state. In this
case, we can obtain eqn. (6):26

n ¼ n0 þ
1 þ kr

I
Is

1 þ I
Is

Z0N ð6Þ

where Kr¼ Zs=Z0 is the ratio of the refraction volume of the
excited state to that of the ground state.

Based on eqns. (4) and (6), as well as on the standard
theory of the Z-scan technique,20 we can describe the re-
lationship between the ratio of the refractive volumes and the
sign of the nonlinear refraction. We calculated the refraction
index change in the cases of Kr¼ 4, 2, 0.8, and 0.4. The results
are shown in Fig. 5. When Kr is larger than 1, the behavior is
self-focusing; when Kr is less than 1, self-defocusing will be
observed. Such a model was used to study the nonlinear
optical properties of the heterothiometallic clusters 1 and 2,
and successfully fit our experimental results, which are shown
in Fig. 3(b) and 4(b) as solid lines. The ratio Kr is calculated to
be 0.5 from the fitted curve for cluster 1 and 2.0 for cluster 2.
The refraction volume of the ground state is Z0¼ 1.17 � 10�22

cm3, which is calculated from n0s . Finally, we can obtain the
excited state refraction volume Zs1¼ 0.59 � 10�22 cm3 for
cluster 1 and Zs2¼ 2.69 � 10�22 cm3 for cluster 2.

Conclusions

We have synthesized and characterized two isomorphous
heterothiometallic clusters 1 and 2, with the same cubane-like
skeleton and different central skeleton atoms. Such a neutral
cubic arrangement with pyridine derivative ligands is found for
the first time in heterothiometallic cluster compounds. The
different synthetic routes to cubane-like shaped clusters were
formulated, based on the reactivity of the trithiometalate, and
have been discussed and compared with each other.

The skeleton atomic effect on the NLO refractive perfor-
mance has been studied. A small alteration in the central
skeleton atoms may lead to diametrically different nonlinear
refractive properties, with cluster 1 showing a self-defocusing
effect and cluster 2 exhibiting a self-focusing property. Such
opposing behavior make these two clusters with a neutral
cubic skeleton very attractive for nonlinear optical applica-
tions. The Z-scan technique was applied to investigate the
optical nonlinearity, the reverse saturable absorption and the
excited state nonlinear refraction of DMF solutions of clusters
1 and 2. A new nonlinear refraction model is presented to

simulate the experimental results. Some parameters were
obtained from these theoretical calculations. These experi-
ments imply that excited state molecules also play a major role
in nonlinear refraction. The ratio of the excited state absorp-
tion cross-section to the ground state absorption cross-section
Ka is 4.0 and 8.0 for clusters 1 and 2, respectively. When the
ratio of refraction volumes of the excited state to that of the
ground state Kr > 1, the behavior is self focusing and self-
defocusing whenKr < 1. Such a study opens up possibilities to
further explore and establish the structure-function relation-
ships of these kinds of NLO materials, and can be helpful to
synthesize still better materials with strong NLO properties or
various NLO functions through rational molecular structure
design.

Experimental

Materials and methods

All reactions and manipulations were conducted using stan-
dard Schlenk techniques under an atmosphere of nitrogen. The
compounds (NH4)2MOS3 (M¼Mo, W) were prepared
according to literature procedures.27 Solvents were carefully
dried and distilled prior to use, and all other chemicals were
used as commercially available.

Elemental analysis for carbon, hydrogen and nitrogen were
performed on a Perkin–Elmer 240C elemental analyzer. Infra-
red spectra were recorded with a Nicolet FT-170SX Fourier
transform spectrometer (KBr pellets). Electronic spectra were
measured on a Shimadzu UV-3100 spectrophotometer.

Syntheses

Preparation of cluster [MoOS3Cu3(m3-Br)(2-pic)3], 1. CuBr
(3 mmol, 0.431 g) was added to 20 mL 2-pic and the
solution was stirred for ca. 5 min. at room temperature.
Then (NH4)2MoOS3 (1 mmol, 0.244 g) was added. The
reaction system immediately changed color to black-red and
was stirred for an additional 10 min. The resulting solution
was subsequently filtered to afford a black-red filtrate.
Black–red crystals (0.322 g; yield: 42.5%) were obtained after
several days by layering the filtrate with i-PrOH. Anal. calcd.
for MoOS3Cu3BrC18H21N3 (%): C, 28.5; H, 2.8; N, 5.5;
found: C, 28.6; H, 2.9; N, 5.7%. UV-vis [DMF, lmax=nm,
103 e=cm�1 mol�1 dm3)]: 495 (5.2), 376 (10.2), 311 (19.9). IR
(KBr pellet; cm�1): 1603(vs), 1483(s), 902(vs) n(Mo–Ot),
754(vs), 447(vs) n(Mo–m3-S).

Preparation of cluster [WOS3Cu3(m3-I)(2-pic)3], 2. The same
procedure as in the preparation of cluster 1 was employed to
synthesize cluster 2 except that CuI (3 mmol, 0.571 g) was
used instead of CuBr (3 mmol) and (NH4)2WOS3 (1 mmol,
0.332 g) was used instead of (NH4)2MoOS3 (1 mmol). Deep-
red crystals (0.556 g; yield: 62.3%) were obtained. Anal.
calcd. for WOS3Cu3IC18H21N3 (%): C, 24.2; H, 2.4; N, 4.7;
found: C, 24.1; H, 2.3; N, 4.8. UV-vis [DMF, lmax=nm,
(103 e=cm�1 mol�1 dm3)]: 427 (5.7), 324 (14.4), 293 (19.7). IR
(KBr pellet; cm�1): 1602(vs), 1483(vs), 917(vs) n(W–Ot),
753(vs), 437(vs) n(W–m3-S).

Reactions of clusters 1 and 2 with 4-pic. The above described
crystals of clusters 1 or 2 (0.379 g, 0.5 mmol of 1; 0.447 g,
0.5 mmol of 2) were added to 4-pic (15 mL). The mixture
was stirred for 2 h at ca. 60 �C such that the crystalline
compounds were completely dissolved. Stirring was
continued for another 2 h at room temperature, and then the
mixture was filtered to afford a red (or orange–red) filtrate.
The filtrate was layered with i-PrOH and black-red crystals

Fig. 5 Theoretical curves for different Kr values.
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of 3 or orange–red crystals of 4 were obtained after several
days. The product was washed with EtOH and Et2O and
dried under vacuum. Yield: 0.161 g (31%) 3, 0.246 g (42%)
4. These two compounds were identified as having the tetra-
nuclear nest-shaped skeleton [MOS3Cu3(4-pic)6]

þ (M¼Mo, 3;
W, 4) by using spectroscopic methods and elemental analyses.
3: Anal. calcd. for MoOS3Cu3C36H42N6Br (%): C, 41.7; H,
4.1; N, 8.1; found: C, 41.5; H, 4.0; N, 8.3%. IR (KBr pellet,
cm�1): 1614(vs), 1421(s), 910(vs) n(Mo–Ot), 813(vs), 492(vs),
437(vs) n(Mo–m3-S). 4: Anal. calcd. for WOS3Cu3C36H42N6I
(%): C, 36.9; H, 3.6; N, 7.2; found: C, 36.6; H, 3.5; N,
7.0%. IR (KBr pellet, cm�1): 1614(vs), 1420(s), 924(vs) n(W–
Ot), 813(vs), 492(vs), 428(vs) n(W–m3-S).

Crystal structure determinations

A well-developed single crystal of cluster 1 or 2 with suitable
dimensions was mounted on a glass fiber. The diffraction data
of 1 were collected at 20± 2 �C on a Siemens Smart CCD
area-detector diffractometer by using an o-scan technique. The
data reductions of 1 were performed on a Silicon Graphics
Indy workstation with SAINT-CCD software. The diffraction
data of 2 were collected on a Siemens P4 four-circle dif-
fractometer with unit cell parameters determined from auto-
matic centering of 25 reflections by least-squares methods. The
data were corrected for Lorentz and polarization effects during
data reduction using XSCANS. Both structures of 1 and 2

were solved by the direct methods and refined by full-matrix
least-squares on F2 using the SHELXTL-PC (version 5.1)
package of crystallographic software.28 All non-hydrogen
atoms were refined anisotropically by full-matrix least-squares
methods. The hydrogen atoms were placed in their calculated
positions, fixed isotropic thermal parameters were assigned
and riding on their respective parent atoms were allowed.
Data processing and structure refinement parameters are listed
in Table 5.

CCDC reference numbers 162907 and 162908. See
http:==www.rsc.org=suppdata=nj=b1=b108513c= for cyrstallo-
graphic data in CIF or other electronic format.

Optical measurements

The third-order NLO absorptive and refractive properties of
the cluster solutions of 1 and 2 were measured by the Z-scan
technique20 at 532 nm, using a Continuum ns=ps Nd:YAG

laser system with a pulse width of 10 ns at a 1 Hz repetition
rate. The clusters are stable toward air and laser light under the
experimental conditions. The spatial profiles of the optical
pulses were of nearly Gaussian transverse mode. The pulsed
laser was focused onto the sample cell with a 20 cm focal
length mirror. The energies of the input and output pulses were
measured simultaneously by precision laser detectors (Rjp-735
energy probes) that were linked to a computer by an IEEE
interface,29 while the incident pulse energy was varied by a
Newport Co. attenuator. The experimental data were collected
utilizing a single shot at a rate of 1 pulse per minute to avoid
the influence of thermal effects. The samples were mounted on
a translation stage that was controlled by the computer to
move along the axis of the incident laser beam (Z direction)
with respect to the focal point instead of being positioned at its
focal point. To determine both the sign and magnitude of the
nonlinear refraction, a 0.2 mm diameter aperture was placed in
front of the transmission detector and the transmittance
recorded as a function of the sample position on the Z axis
(closed-aperture Z-scan). To measure the nonlinear absorp-
tion, the Z-dependent sample transmittance was taken without
the aperture (open-aperture Z-scan). The linear transmittance
of the samples is 90% for 1 and 95% for 2 separately, at the
input energy of 220 mJ.
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