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The First Assembly of a Nest-Shaped Heterothiometallic Cluster and a
Polyoxometalate Anion — Synthesis, Characterization, and Strong Third-Order
Nonlinear Optical Response
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Two heterothiometallic cluster compounds [MOS3;Cuz(4-
pic)e]-0.5[M,057] (M = Mo 1, W 2) having a cationic cluster
skeleton and a polyoxometalate cluster anion, as well as two
other clusters [MOS3;Cu3(4-pic)s]-[BF4] (M = Mo 3, W 4) have
been synthesized for nonlinear optics studies. Single-crystal
X-ray diffraction data show that cluster 1 adopts a very inter-
esting arrangement with a cationic nest-shaped cluster skel-
eton and a polyoxomolybdenum cluster anion. This is the first
time that such a skeleton has been found for an Mo/S/Cu
heterothiometallic cluster compound and it represents a dis-
tinct structural type as compared to the analogous nest-
shaped clusters seen with a neutral or an anionic skeleton.

The nonlinear optical properties of these four clusters have
been investigated with an 8 ns pulsed laser at 532 nm, and
optical self-focusing effects have been observed. Clusters 1
and 2 with the polyoxometalate cluster anion exhibit stronger
third-order nonlinear optical absorption than clusters 3 and
4 having only a pseudo-halogen group as the anion, which
can be attributed to skeletal differences. Clusters 1 and 2 also
exhibit very large optical limiting effects toward the ns inci-
dent pulsed laser as compared with clusters 3 and 4 and
other shaped clusters with the same skeleton factors studied
previously. This demonstrates the influence of the cluster
skeleton on the nonlinear optical performance.

Introduction

The chemistry of transition metal sulfur clusters has at-
tracted considerable attention!!! and represents an impor-
tant and active area of research concerning advanced mat-
erials, biological processes, and catalytic reactions.>~# This
is because these clusters possess interesting electronic, bio-
logical, optical, structural, and catalytic properties and
show promising potential as biological models of some ni-
trogenases or various other metalloenzymes,**°! as active
centers relevant to some industrial catalytic processes,!!?
and as precursor molecules of optically functional materials
for optical limiting applications and optical signal detection
techniques.”! Currently, the tremendous interest in these
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clusters is mainly focused on the search for better materials
with third-order nonlinear optical (NLO) properties and su-
perior optical limiting (OL) effects, not only for applica-
tions in protecting optical sensors and human eyes from
high-intensity laser hazards, but also for their utilization in
optical communication, optical signal processing and trans-
mission, optical data acquisition and storage, optical com-
puting, and optic-electronic modulation.

The ongoing research and development in this promising
field shows that, in contrast to the other most frequently
mentioned NLO materials, such as phthalocyanine or ful-
lerene Cg, and derivatives thereof,!®7] these clusters possess
the combined advantages of both organic molecules and
inorganic compounds: large modifiable structures and
structures containing many heavy metal atoms. One of the
most important and promising features of these heterothio-
metallic clusters is the possibility of modifying and eventu-
ally optimizing the building blocks through subtle modi-
fications at the molecular level. Thus, all of the structural
units, terminal ligands, skeletal elements, and constituent
components can be altered just like organic molecules so
that the NLO properties can be adjusted through structural
manipulation. On the other hand, the incorporation of
heavy metal atoms may introduce more sublevels into the
energy hierarchy as compared to organic molecules with the
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same number of skeleton atoms. This permits more allowed
electron transitions, thereby leading to larger NLO effects,
especially those beneficial to NLO applications. Our studies
on these clusters have demonstrated that, unlike some tradi-
tional NLO materials, their skeletons and constituent ele-
ments have a considerable influence on their NLO perform-
ances, which results in the Mo(W)/S/Cu(Ag) clusters exhi-
biting rather diverse combinations of NLO effects. Clusters
having a cubane-like shape,”®8] a half-open cubane-like
shape,?>°1 and a hexagonal prism-shapel!”l show strong
nonlinear absorption. Strong nonlinear refraction effects
are exhibited by some nest-shaped,!'!! twin-nest-shaped,!'?
and butterfly-shaped clusters.'* The previously described
twenty-nuclear supra-cage-shaped cluster®¥ possesses very
large nonlinear susceptibility, while hexagonal prism-
shaped clusters,['% pentanuclear planar “open” clusters,['*!
and cluster polymers!!! exhibit large optical limiting prop-
erties. Nevertheless, there remains a challenge to develop
optically functional materials with strong third-order NLO
properties and superior OL effects, and to establish the gen-
eral relationships between the cluster molecular structures
and their NLO performances.

In our systematic efforts to investigate the possibilities of
controlling the size and composition of the cluster skeletons
and their third-order NLO properties, including the OL ef-
fects, as well as the coordination chemistry of thiometalates
with Lewis-base adducts through modification of their
backbone, we describe herein the synthesis of a series of
nest-shaped clusters 1—4 by ligand-redistribution reactions,
and report the characterization of their structures by X-ray
crystallography. To our surprise, the unexpected products,
clusters 1 and 2, adopt a very interesting arrangement with
a cationic nest-shaped cluster skeleton and a polyoxometal-
ate cluster anion. This is the first time that such a skeleton
has been found for an Mo/S/Cu(Ag) heterothiometallic
cluster compound. The results of Z-scan experiments show
that these clusters possess strong NLO absorptive abilities
and effective optical self-focusing behavior, which are simu-
lated by excited-state absorption theory. Large optical limit-
ing effects of this series of clusters are observed in the OL
measurements. The third-order nonlinear optical suscepti-
bilities ¥ and the third-order nonlinear hyperpolarizabili-
ties y of these clusters are also reported.

Results and Discussion

Synthetic Reactions

The cationic cluster skeleton [MOS;Cu;(4-pic)s]" (M =
Mo, W; 4-pic = 4-picoline) present in clusters 1—4 was
straightforwardly prepared in two steps by a ligand-redis-
tribution reaction. In the first step, the copper complex
bearing mixed ligands was pre-synthesized as an interme-
diate, which did not have to be isolated from the reaction
system. In the present case, the starting material CuX [X =
Cl™, (CH5CN)4BF,7] was treated with 4-picoline, which
served as both the reaction solvent and the o-donor ligand.
Since 4-pic exhibits a strong super-conjugation effect from
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the methyl group to the pyridine ring, it can be expected to
show a high tendency to coordinate to Cu atoms. The grad-
ual dissolution of CuX with the formation of a light-yellow
solution were consistent with the formation of the interme-
diate product, i.e. the Lewis-base adduct CuX(4-pic);.['®!
Then the synthon thiometalate [MOS;]>~ was added to the
reaction system as a bidentate ligand. The solution immedi-
ately turned from light-yellow to black-red (or orange-red)
in color, which suggested that the target cluster compounds
had been formed. Since the sequence of some Cu'-philic
ligands of Mo(W)/S/Cu(Ag) compounds can be regarded as
S2~ > (py, PPh3) > X~ (X = Cl, Br, I, CN), the former
ligands can substitute part or all of the latter ligands, while
the required coordination number of copper is not more
than four. Two bonds of CuX(4-pic); were broken by the
attack of the S*>~ of the [MOS;]>~ moiety and in forming
the final cationic cluster skeleton.

At the stage of forming the final cluster molecules, the
BF, ™ anion in the reaction systems of clusters 3 and 4 can
help to achieve a charge balance with the cationic cluster
skeleton [MOS;Cus(4-pic)s] " leading to formation and pre-
cipitation of the clusters [MOS;Cus(4-pic)s]'[BF4s] (M =
Mo 3, W 4) as expected (Scheme 1). To our surprise, the
same does not take place in the reactions leading to the
formation of clusters 1 and 2. This is due to the fact that
the expected target clusters [MOS;Cus(4-pic)s]-Cl were not
formed in the same way. These target clusters were to have
been prepared to explore the relationship between the con-
stituent components of the clusters and their NLO proper-
ties through comparing the isomorphous clusters with the
same cationic cluster skeleton and different anions. Previ-
ous work has shown that large cations of appropriate size
may combine with the anionic cluster skeletons through
either charge-transfer or other non-bonding interactions.['”)
In such a reaction system, the oxophilic Ca?*, La**, and
Nd3* cations may be coordinated by the oxygen atoms of
DMSO or DMF to form the larger bivalent and trivalent
complex cations [M(DMSO),]"* or [M(DMF),]"* (M =
Ca, La, Nd; x = 6, 8; n = 2, 3). These complex cations can
induce the cluster anions in the solution to assemble into
some special structural types of heterothiometallic clusters.
In the present reaction systems involving clusters 1 and 2,
we assume that the crystallizing procedure, not being per-
formed in an oxygen- and moisture-free environment, re-
sults in the transformation of excess [MOS;*~ into
[M,O,]> (M = Mo, W) due to exposure to oxygen and
atmospheric moisture. The polyoxometalate anion
[M,O,]>~, being larger than the CI~ anion, is much more
effective in precipitating the cationic cluster skeletons. Even

crystallization, N,

-
o

[NH,],[MOS;] + [Cu{MeCN),][BF,] + 4—picoline|

[MOS;Cuy(4-pic)e] [BF4] M=Mo 3, W 4

Scheme 1
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if the clusters [MOS;Cus(4-pic)e]-Cl have already formed,
the small CI~ anion can still be easily displaced by
[M,O-]>". Since the polyoxometalate anion [M,O,]>~ with
the larger, more suitable size can stabilize an appropriately
sized cation, the original cluster cations [MOS;Cus(4-
pic)s]™ tend to combine with this large polyoxometalate an-
ion [M,O,]*~ by the assembly reaction in solution, finally
crystallizing from the solution in the form of the interesting
cluster skeleton with a cationic nest-shaped cluster skeleton
and a polyoxometalate cluster anion (Scheme 2).

[NH4]5[MOS;] + CuCl + 4-picoline

M=Mo 1.W 2 crystallization, air

[MOS;Cus(4-pic)e]-0.5[M,07] [MOS;Cu;s(4-pic)s]-Cl

Scheme 2

Structural Description

The crystal structures of these clusters [MOS;Cus(4-
pic)s])L (M = Mo, W; L = 0.5 M»0,, BF,) reveal a nest-
shaped cluster cation and a polyoxometalate cluster anion
in the case of 1, or a pseudo halogen group BF;~ anion in
the case of 4. To the best of our knowledge, the nest-shaped
clusters always adopt the configuration of a neutral skel-
eton, e.g. [MOS;Cusl(py)s],l''"! or an anionic skeleton, e.g.
[BusN],[MOS;CusBrCL]Mal or [PPhy],[MOS;(CuCl);]!#
(M = Mo, W). This is the first time that clusters such as 1,
with a cationic nest-shaped cluster skeleton and a polyoxo-
metalate cluster anion, have been found for Mo/S/Cu(Ag)
systems and they show a surprising difference in compar-
ison with their nest-shaped cluster analogues. ORTEP plots
of clusters 1 and 4 are shown in Figures 1 and 2. Selected

Figure 1. A perspective view of the structure of cluster
[MOOS3CU3(4-piC)6]'O.5[M0207] (l)
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Figure 2. A perspective view of the structure of cluster
[WOS;Cu;(4-pic)][BF4] (4)

bond lengths and angles are listed in Tables 1 and 2. Since
the structures of the [MOS;Cu;(4-pic)s]* cation in clusters
1 and 4 are isomorphous, only the structure of cluster 1 is
described in detail.

The cationic skeleton of 1, with an MoOS;Cus aggregate,
displays a nest-shaped structure. The central Mo atom is
tetrahedrally coordinated by three S atoms and one O atom.
The Mo(1)—0O(1) bond length of 1.699(8) A is character-
istic of a double bond, while the three equivalent Mo—S
bond lengths of 2.2692(17) A are in the typical range for
single bonds. Compared to the free [MoOS;]*~ ion, the
MoOS; fragment adopts an ideal crystallographic Cs sym-
metry at 0.3333, 0.3333, z axis through the Mo(1) atom
and the O(1) atom, with three equal S—Mo—S bond angles
[107.78(5)°]. In addition, weak interactions exist between
the Mo atom and th°e three Cu atoms, while the Mo—Cu
distances [2.6879(9) A] in cluster 1 are slightly shorter than
those in [MoCu3;0S;(PPh;);{S,P(OBu),}] [2.739(3) AJl!’I
and [MoCu;0S5(PPh;);(CH;COO)] [2.710(1) AJ.2% The
three Cu atoms exhibit the same coordination mode. Each
adopts a distorted tetrahedral geometry and is coordinated
by two ps-S atoms and two 4-pic ligands, forming three al-
most equivalent CuS,(4-pic), units. These three CuS,(4-
pic), units are joined by a central Mo atom through three
pairs of S—S edges, thereby forming the skeleton of the cat-
ion [MOS;Cu;(4-pic)s]*. Since they have similar coordina-
tion environments, there is no obvious difference between
Cu(l), Cu(1A), and Cu(1B). The Cu(1)—S(1) bond length
[2.2777(19) /OX] is almost identical to the Cu(1)—S(1)(—x +
y+ 1, =x + 3, 2) [2.2789(18) A] and S(1)=Cu(1)(—y + 3,
x — y + 2, z) bond lengths [2.2789(18) A], but the
Cu(1)—N(1) distance [2.059(6) A] is a little shorter than the
Cu(1)—N(2) distance [2.107(6) A]. On the other hand, the
average Cu—S bond length [2.2785(18) A] in cluster 1 is
greater than that in its anionic analogue [BusN],[MoOS;.
Cu;BrCl,] [2.238(3) /D\] and is akin to that in its neutral
analogue [MoOS;Cu;I(py)s] [2.288(5) A]. This may be at-
tributed to the fact that in cluster 1 and [MoOS;Cusl(py)s]
there is a strong super-conjugation effect in the pyridine
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Table 1. Selected bond lengths [A] and angles [°] for the cluster [MoOS;Cu;(4-pic)g]-0.5[M0,05] (1). — Symmetry transformations used
to generate equivalent atoms: #1: —x + y + 1, —x + 3, z; #2: —y + 3, x —yp + 2, z;#3: —y + Lx -y + 2, z; #4: —x + y — 1, —x

+ 1,z #5 —x, —y + 2, —z

Mo(1)—O(1) 1.699(8)
Mo(1)—S(1) 2.2692(17)
Mo(1)—S(1)#1 2.2692(17)
Mo(1)—S(1)#2 2.2692(17)
Mo(1)—Cu(1) 2.6879(9)
Mo(1)—Cu(1)#1 2.6879(9)
Mo(1)—Cu(1)#2 2.6879(9)
Cu(1)—N(1) 2.059(6)
Cu(1)-N(2) 2.107(6)
O(1)—Mo(1)—S(1) 111.12(5)
O(1)—Mo(1)—S(1)#1 111.12(5)
O(1)—Mo(1)—S(1)#2 111.12(5)
S(1)#1—Mo(1)—S(1) 107.78(5)
S(1)#1—Mo(1)—S(1)#2 107.78(5)
S(1)#2—Mo(1)—S(1) 107.78(5)
O(2)#3—Mo(2)—0(2) 108.1(3)
OQ2)#3—Mo(2)—O(2)#4 108.1(3)
0(2)—Mo(2)—0(Q2)#4 108.1(3)

Mo(2)—0(2) 1.705(7)
Mo(2)—O0(2)#3 1.705(7)
Mo(2)—O(2)#4 1.705(7)
Mo(2)—0(3) 1.8557(13)
0(3)—Mo(2)#5 1.8557(13)
Cu(1)-S(1) 2.2777(19)
Cu(1)—S(1)#1 2.2789(18)
S(1)—Cu(1)#2 2.2789(18)
O(2)#3—Mo(2)—0(3) 110.8(3)
0(2)-Mo(2)-0(3) 110.8(3)
O(2)#4—Mo(2)—0(3) 110.8(3)
Mo(2)—0(3)—Mo(2)#5 180.0
Cu(1)—S(1)—Cu(1)#2 112.93(8)
Mo(1)—S(1)—Cu(1) 72.48(5)
Mo(1)—S(1)—Cu(1)#2 72.45(5)
S(1)—Cu(1)—S(1)#1 107.15(8)
N(1)—Cu(1)~N(2) 105.3(2)

Table 2. Selected bond lengths [A] and angles [°] for the cluster
[WOS;Cus(4-pic)e]'[BF4] (4). — Symmetry transformations used to
generate equivalent atoms: #1: —x + y, —x + 1, z; #2: —y + 1, x
—y+ Lz #3: —x+y —x, s #HE -y x— ),z

W(1)-O(1) 1.772(8)  Cu(1)—S(1) 2.303(2)
W(1)—S(1) 2.2568(19) S(1)— Cu(1)#1 2.287(2)
W(1)—S(1)#1 2.2568(19) Cu(1)—S(1)#2 2.287(2)
W(1)—S(1)#2 2.2568(19) Cu(1)~N(1) 2.098(7)
W(1)—Cu(l) 2.7037(10) Cu(1)~N(2) 2.029(7)
W(1)—Cu(1)#1 2.7037(10) (1)~ B(1) 1.308(6)
W(1)—Cu(1)#2 2.7037(11) F(2)—B(1) 1.316(7)
O(H-W()=S(1)  110.56(5) N(@2)—Cu(1)~-N(1)  106.2(3)
O()—-W(1)=S()#1  110.56(5) S(1)#2—Cu(1)~S(1) 105.77(10)
O()-W(1)=S(H#2  110.56(5) N(2)—Cu(1)-S(1)  112.62(19)
S(H-W(1)=S()#2  108.36(6) N(1)—Cu(1)—S(1)#2 108.33(18)
S(H#1-W(1)=S(1)  108.36(6) N(1)~Cu(1)~S(1)  106.62(19)
S(1)#1—W(1)—S(1)#2 108.36(6) N(2)—Cu(1)—S(1)#2 116.81(19)
W(1)-S(1)—Cu(l)  72.72(6) F(1)-B(1)-F(2) 106.2(7)

W(1)—=S(1)—Cu(1)#1 73.03(6)
Cu(1)#1—-S(1)—Cu(1) 113.99(9)

F(1)#3—B(1)—F(1)#4 112.5(6)
F()#4—B(1)-F(2) 106.2(7)

ring that may result in 4-pic or py showing a high tendency
to coordinate to a Cu atom, while the coordination between
the Cu atom and the S atoms is weakened accordingly.
The unexpected polyoxometalate dianion [Mo,O;]*~
formed in the present case originated from the adventitious
introduction of air during the crystallization period. The
dianion possesses a strict crystallographic C, symmetry, in
which two MoQy, tetrahedra share a vertex. The two equiva-
lent MoO; moieties in the [M0,0,]>~ anion are oriented
essentially perpendicularly to their respective Mo(2)—0(3)
bonds in an almost eclipsed arrangement. All three inde-
pendent Mo(2)—0(2) bond lengths are equal [1.705(7) A]
and are slightly longer than the Mo(1)—O(1) bond lengths,
this being characteristic of a double bond, while the
Mo(2)—0(3) bond lengths [1.8557(13) A] are in the typical
range for single bonds. All six independent
0(2)—Mo(2)—0Q2)(—x + y —1, —x + 1, z) bond angles
are the same [108.1(3)°] and are clearly smaller than the
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O(1)=Mo(1)—S(1) and O(2)—Mo(2)—0O(3) bond angles. It
is interesting and noteworthy that the O(1)—Mo(1)—S(1)
[111.12(5)°] and O(2)—Mo(2)—0(3) [110.8(3)°] bond angles
are in the same range, which may be attributed to the
Mo(2)—0(3) bond length being typical of a single bond,
like the Mo(1)—S single bond. It is also noteworthy that
the [Mo,O-]>~ anion shows a perfectly straight
Mo—O—Mo axis in the present case with the
Mo(2)—0O(3)—Mo(2)(—x, —y + 2, —z) bond angle being
equal to 180.0°, which is clearly different from that de-
scribed previously [Mo—O—Mo angle 153.6(5)°].2!]

Spectral Characterization

The IR spectra of the [MOS;Cus(4-pic)g]-L clusters (M =
Mo, W; L = 0.5 M,0,, BF,) exhibit strong characteristic
bands at 436 cm ! (1), 428 cm ! (2), 437 cm ™! (3), and 428
cm™! (4) attributable to the ps-S stretching vibration, while
very strong absorptions at 908 cm ™! (1), 925 cm ™! (2), 910
cm ! (3), and 924 cm ™! (4) can be attributed to the charac-
teristic v(M —0,) vibration of the bridging MOS; group. In
addition, due to the presence of [M,O5]>~ anions, the ab-
sorption at 885 cm™! (1) and 865 cm ™! (2) in the IR region
may correspond to the stretching vibration of M—O double
bonds in [M,O,]>~ anions (M = Mo, W).

The similarity in the structures of these clusters leads to
similar electronic spectra, as shown in Figure 3. The red
shifts in the spectra of clusters 1 and 3 are expected, since
these species contain one Mo atom instead of one W atom.
The first absorption peaks of these four clusters located at
424nm (3.8:10° cm™'mol™"dm?) (1), 392nm (6.1-103
cm™'mol™dm? (2) and 407nm (3.1-10° cm™ !
mol~!-dm?) (3), 376 nm (3.9-10°> cm™ "'mol~!-dm?) (4) can
be assigned to charge-transfer bands of the type
(m)S—(d)M (M = Mo, W) arising from the MOS; moiety.
The charge-transfer bands of 1 and 3 are blue-shifted, while
those of 2 and 4 are red-shifted compared to those of the
free [MOS;]?~ anion (459 nm for Mo and 375 nm for W,
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Figure 3. Electronic spectra of 1.0-10~% mol-dm 3 MeCN solutions
of clusters 1—4 with an optical pathlength of 1 cm

respectively).[??l The electronic spectra of these four clusters
show relatively low linear absorption in the visible and
near-infrared regions, promising low intensity loss, and little
temperature change caused by photon absorption when
pulsed light propagates in the materials, showing that the
clusters have potential as optical limiters.

Nonlinear Optical Properties

The third-order nonlinear optical (NLO) properties and
the optical limiting (OL) performances of clusters 1—4 in
MeCN solution were investigated with an 8-ns duration in-
cident pulsed laser at 532 nm. The nonlinear absorption
components of clusters 1—4 were evaluated by Z-scan ex-
periments with an open-aperture configuration (Figure 4).
The NLO absorption data obtained under the conditions
used in this study can be adequately described by Equa-
tions (1) and (2),** which describe a third-order NLO ab-
sorptive process:

oo

1 _r2
T(Z)=—— J.ln[l+q(Z)e ™ 1ar 1
e J M
. 3 22 ol
q(Z) = a, A . B
1+(Z/Zy) o,
v % 2

Here, 0 and o, are linear and effective third-order NLO
absorptive coefficients, light transmittance 7 is a function
of the sample’s Z-position (with respect to focal point Z =
0), Z is the distance of the sample from the focal point, L
is the sample thickness, I, is the peak irradiation intensity
at focus, Z, = nwj/k, where o, is the spot radius of the
laser pulse at focus and A is the laser wavelength, r is the
radial coordinate, ¢ is the time, and ¢, is the pulse width.

The nonlinear refractive properties of clusters 1—4 were
assessed by dividing the normalized Z-scan data obtained
under the closed-aperture configuration by the normalized
Z-scan data obtained under the open-aperture configura-
tion (Figure 5). An effective third-order nonlinear refract-
ive index n, can be derived from the difference between
normalized transmittance values at valley and peak posi-

Eur. J. Inorg. Chem. 2002, 55—64

8 2s

[t

<

E 20

g .

g

; 1.5+

el

Q

N 1.0

<

£

5 05

Z
00 i 1 1 i 1
-60 -40 =20 0 20 40 60

Z-position/mm

8 25

g i

B 20

g R

Z A Myt

; 15+

-

(]

N0

E i o’

£

s 05f

Z
00 1 X I L I
60 -40 20 0 20 40 60

Z-position/mm

Figure 4. Open-aperture Z-scan data of clusters 1 (filled squares), 2
(filled circles), 3 (filled triangles), and 4 (filled diamonds) in MeCN
solution at 532 nm with 8 ns wide laser pulses; the solid curves are
the theoretical fits based on Z-scan theoretical calculations; the Z-
scan data of both 1 and 3 have been shifted vertically by 1 unit for
presentation purposes

tions (AT\.,) using Equation (3), where [ is the incident
pulsed light intensity.[?4
— }\'(x()
n, = — ATV—P 3)
08127 I(1—e ")

Based on our previous time-resolved nonlinear transmis-
sion studies!'* and the NLO experimental results reported
here, we can reasonably conclude that the physical origin of
the observed reverse saturable absorption (RSA) in clusters
1—4 can be attributed to excited-state absorptive nonlin-
earities. Figures 4 and 5 show the typical NLO absorptive
and refractive effects, respectively, of clusters 1—4, in which
the filled squares 1, circles 2, triangles 3, and diamonds 4
represent the experimental data from the Z-scan measure-
ments, while the solid lines represent the theoretical fitting
on the basis of Equations (1)—(3) to the experimental data.
A reasonably good fit between the experimental data and
theoretical curves was obtained, which suggests that the
experimentally obtained NLO effects are effectively third-
order in nature. The effective o, values of 1.1:107° m-W~!
1), 1.2:107° m'W~! (2), 5.8:1071° m-W~! (3), 6.3-107 10
m-W~! (4), and n, values of 1.22:107% esu (esu =
7.162:10'3 m>-v=2) (1), 7.18-:107° esu (2), 6.52:10° esu (3),
and 5.93-107!° esu (4), were derived for the samples from
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Figure 5. Closed-aperture Z-scan data of clusters 1 (filled squares),
2 (filled circles), 3 (filled triangles), and 4 (filled diamonds) in
MeCN solution at 532 nm with 8 ns wide laser pulses; the solid
curves are the theoretical fits based on Z-scan theoretical calcula-
tions; the Z-scan data of both 1 and 3 have been shifted vertically
by 1 unit for presentation purposes

their respective theoretical curves. In accordance with the
observed o, and n, values, the modulus of the effective
third-order susceptibility x® can be calculated by Equa-

tion (4).[234
J “

o

Here, v is frequency of the laser light, n, is the linear
refractive index of the sample, and g, and ¢ are the permit-
tivity and the speed of light in a vacuum, respectively. For
3.52:107% (1), 2.67-107* (2), 4.82:107* (3), and 3.75:107*
mol-dm 3 (4) MeCN solutions, the 3 values were calcu-
lated to be 8.7-1071° (1), 9.3-:1071° (2), 2.6-1071° (3), and
3.1-1071° esu (4). The corresponding moduli of the hyper-
polarizabilities v of 1.32:1073% esu (1) and 1.87-1073° esu
(2), 2.89:107 3" esu (3) and 4.43-1073! esu (4), were sepa-
rately obtained from ¥® = y-NF*, where N is the number
density (concentration) of the clusters in the samples and
F* = 3.1 is the local field correction factor.

From the above discussions, we can reasonably state that
clusters 1—4 exhibit similar NLO properties. All exhibit
strong RSA and effective self-focusing performances, as de-
picted in Figures4 and 5. In the light of the aforemen-
tioned nonlinear absorptive and refractive experimental

2
cny

80rn

9% 10% nc?
2v 2

+ n,
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data, an obvious skeleton atom effect on the nonlinear op-
tical properties was observed. For clusters 1, 2 and 3, 4, a
significant improvement in the NLO absorptive effects was
observed on going from Mo-containing cluster 1 to W-con-
taining cluster 2, and from cluster 3 to cluster 4, respect-
ively, i.e. with increasing size of metal atom; this is indicat-
ive of a heavy atom effect. On the other hand, although
the clusters 1—4 possess the same cationic cluster skeleton,
their different anions, especially the polyoxometalate an-
ions in clusters 1 and 2, result in stronger nonlinear ab-
sorptive performances and larger x® values being observed
for clusters 1 and 2 as compared to those of clusters 3 and
4, which demonstrates the evident skeleton influence on the
NLO properties of clusters 1—4.

The presence of the combined effects of strong RSA and
self-focusing in clusters 1—4 may significantly enhance the
overall optical limiting (OL) performance of these four
clusters. The optical limiting effects of clusters 1—4 are de-
picted in Figure 6. The linear and nonlinear transmission
data (open triangles for 1, filled squares for 2, open circles
for 3, and filled diamonds for 4) were measured with
532 nm laser pulses of 8-ns duration at cluster concentra-
tions of 3.52:107% (1), 2.67-107* (2), 4.82:10~* (3), and
3.75:10~* mol-dm 3 (4) in MeCN solution. Figure 6 shows
how the transmittances of the cluster sample solutions de-
crease as the laser fluence increases, and how the solution
becomes increasingly less transparent as the incident flu-
ence rises, characterizing the typical optical limiting effects.
Experiments using neat MeCN solvent gave no detectable
OL effect. This indicates that solvent contributions are neg-
ligible. The values of the limiting threshold, which is de-
fined as the incident fluence at which the actual trans-
mittance falls to 50% of the corresponding linear trans-
mittance, were measured as 0.26 J-cm~2 (1), 0.20 J-cm ™2
(2), 0.45 J-cm ™2 (3), and 0.34 J-cm ™2 (4), with the same
linear transmittance of 72% in each case.

Table 3 lists the heterothiometallic clusters presented
here and investigated previously, together with their limit-
ing thresholds, along with data for some other frequently
mentioned OL materials. From the perspective of the OL
application, the present four clusters having a nest-shaped
skeleton are clearly better than the known good optical
limiting materials fullerene Cq!®®! and cubane-like shaped
clusters,[?*8] while their limiting thresholds are greater than
those of phthalocyanine derivatives,[’®! the hexagonal
prism-shaped cluster [Mo,Ag,Sg(PPhs),],['%1 and some
pentanuclear planar “open” shaped clusters
[MS,Cu,sL(py)e],l'* which are among the best optical lim-
iting materials reported to date. Comparison of clusters 1,
2 and clusters 3, 4 allows a comparison of Mo- and W-
containing systems. The W-containing clusters always seem
able to outperform their corresponding Mo-containing
counterparts in OL performance at a given wavelength and
with similar linear transmittance, just as in this report
where the OL effect of 2 is superior to that of 1, while 4 is
better than 3. This is consistent with the fact that the OL
effects of Ag-containing clusters are better than those of
their Cu-containing homologues, which may be due to the

Eur. J. Inorg. Chem. 2002, 55—64



First Assembly of a Nest-Shaped Heterothiometallic Cluster and a Polyoxometalate Anion

Table 3. The limiting thresholds of some OL materials measured at 532 nm with ns laser pulses
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Compound Structure Solvent Linear trans- Limiting Threshold  ref.
mission (%)  [J cm™?]
Ceo - toluene 62 1.6 6b]
[BuyN]5[WS4Cu;Bry] Cubane-like shaped MeCN 70 1.1 [8a,8b]
[BusNJ;[WS,Ag;Bry] Cubane-like shaped MeCN 70 0.6 [8a,8b]
[BuyN]5[MoS,Ag;Brl;] Cubane-like shaped MeCN 70 0.5 (2a]
[BuyN]5[MoS,4Ag;Bry] Cubane-like shaped MeCN 72 0.7 80]
[BuyN]5[MoS,Ag;BrCls] Cubane-like shaped MeCN 70 0.6 (2a]
[Et4N14[M0,0,SsCu¢Br,l4] Twin-nest shaped MeCN 70 2 [120]
[M0OS;Cus(PPhs);{S,P(OBu),}] Open cubane-like shaped CH,Cl, 90 5 119
[MoS4Ags(PPh3);{S,P(OBu),}] Open cubane-like shaped CH,Cl, 90 0.8 (19
[M0oOS;Cu;(4-pic)s]:0.5[Mo0,0,]  Nest shaped MeCN 72 0.26 this work
[WOS;Cu;(4-pic)s]-0.5[W,04] Nest shaped MeCN 72 0.20 this work
[M0oOS;Cus(4-pic)s]-[BF4] Nest shaped MeCN 72 0.45 this work
[WOS;Cu;(4-pic)s][BF4] Nest shaped MeCN 72 0.34 this work
[MoS4Cugly(py)al, Two-dimensional network polymer DMSO - 0.6 [150]
{[Et4N])[M0S4Cuys(CN)4]},, Three-dimensional framework polymer DMF 70 0.28 [15a]
{[EtsN][WS4Cuys(CN)4l}, Three-dimensional framework polymer DMF 70 0.15 [15a]
Phthalocyanine derivatives - toluene 85 0.1 701
[Mo0,Ag,4Ss(PPhs),] Hexagonal-prism shaped MeCN 92 0.1 [100]
[Et;N];[M0S4Cus(SCN)4(2-pic)y] Planar “open” shaped DMF 84 0.5 [14a.14b]
[Et4N][WS,Cuy(SCN)4(2-pic)s]  Planar “open” shaped DMF 86 0.3 [14a.14b]
[Mo0S4Cu,Cly(py)g] planar “open” shaped DMF 78 0.15 [14a]
[WS4CuyCly(py)s] planar “open” shaped DMF 64 0.10 [14a]
[MoS4Cu,Bra(py)s] Planar “open” shaped DMF 72 0.10 [14a]
[WS4CuyBra(py)s] Planar “open” shaped DMF 72 0.08 [14a]
[MoS,4Cuylx(py)el Planar “open” shaped DMF 72 0.08 [14a]
[WS4Cuylx(py)s] Planar “open” shaped DMF 72 0.07 [14a]
0.8 N resents a great challenge and considerable efforts still need
07} wmfad s, to be made to further explore this promising field of re-
Pt VIR search
= 06} * “OO qu .
9 .l %" OO
2 05 % S
'z T 4te® . .
g 04f N ) Experimental Section
g i A cluster 1 u P )
‘P- 031 m  cluster 2 ‘l S " QQQD . . . :
b ] % General: All reactions and manipulations were conducted using
0.2p | © oluster3 - » %ﬁ’\, standard Schlenk techniques under an atmosphere of nitrogen un-
o1 | ¢ clusterd ¢ less specifically mentioned. The compounds (NH4),[MOS;] (M =
0.0 , | . Mo, W) were prepared according to the literature.[*?l Likewise, the
' 10 100 1000 complex [Cu(MeCN),]'[BF4] was synthesized based on a literature

Input Fluence/mJ em”

Figure 6. The 8 ns optical limiting effects of clusters 1—4 in MeCN
solution; the energy transmission is plotted vs. the input fluence

heavy-atom effect. The importance of the heavy atom effect
with regard to the efficiency of nonlinear absorption and
the OL capabilities has already been noted in the case of
the metallophthalocyanine system.[”>23] Moreover, the OL
behavior of cluster 1 is greater than that of cluster 3 and
the limiting threshold of 2 is superior to that of 4, which
suggests a cluster skeleton effect on their NLO and OL
properties. It has been proven that both the cluster skel-
etons and the heavy atoms are responsible for the NLO
effects of the heterothiometallic clusters,['*a although
which one plays a more active and important role in their
NLO performances is still not very clear. It currently rep-
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procedure.*%! The solvents were carefully dried and distilled prior
to use; other chemicals were generally used as received from com-
mercial sources. — Elemental analyses for carbon, hydrogen, and
nitrogen were performed on a Perkin—Elmer 240C elemental ana-
lyzer. — Infrared spectra were recorded with a Nicolet FT-170SX
Fourier transform spectrometer (KBr pellets). — Electronic spectra
were measured on a Shimadzu UV-3100 spectrophotometer.

[M0OS;Cus(4-pic)g]-0.5[Mo0,0-] (1): CuCl (0.297 g, 3 mmol) was
added to 4-picoline (20 mL) and the solution was stirred for ca.
Smin at room temperature. Then, (NH4)>,MoOS; (0.293 g,
1.2 mmol) was added. The reaction mixture immediately turned
black-red. After stirring for a further 10 min, the solution was fil-
tered to afford a black-red filtrate. Black-red crystals (0.132 g,
19.8%) were obtained after several days by layering the filtrate with
iPrOH in air. — C3¢H4,CusMo,N¢Oy4 5S3 (1109.5): caled. C 39.0,
H 3.8, N 7.6; found C 38.7, H 3.9, N 7.8. — UV/vis (MeCN, A/
nm, 10% g/cm™mol~!-dm?): 424 (3.8), 326 (6.8), 290 (7.7). — IR
(KBr pellets): ¥ = 1615 (vs), 1421 (s), 908 (vs), 885 (s), 813 (vs),
492 (vs), 436 (vs).
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Table 4. Crystal data for [MoOS;Cus(4-pic)s]-0.5[M0,0-] (1) and [WOS;Cu;(4-pic)s] [BF4] (4)

Compound 1 4

Empirical formula C36H42N6CU3M0204A583 C36H42N6BCU3F4OS3W
Molecular mass 1109.44 1132.22

Temperature [K] 293(2) 293(2)

Radiation

Crystal color and habit
Crystal size [mm]
Crystal system

Space group

a[A]

b[A]

¢ [A]

V [A3]

Z

Dculcd. [g'cmis]

F (000)

p [mm~']
Collection range [°]
Scan method
Index ranges

Reflections collected/unique
Absorption correction
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [ > 20(1)]

R indices (all data) i
Largest diff. peak and hole [erA ™3]

Mo-K, (A = 0.71073 A)
black-red block
0.26 X 0.24 X 0.10

Mo-K, (» = 0.71073 A)
orange-red block
0.54 X 0.44 X 0.32

Trigonal Trigonal

P-3 P-3

12.95640(10) 12.6610(18)
12.95640(10) 12.6610(18)
15.26030(10) 15.684(3)
2218.51(3) 2177.3(6)

2 2

1.661 1.727

1110 1116

2.149 4.275

1.33 <0 <2833 1.30 < 6 < 25.01
® scan y scan
-15=h=16 0=h=15
-17=k=9 —-15=k=0
-20=17=18 0=/=18
15712/3640 [R;,, = 0.0876] 2839/2550 [R;n, = 0.0847]
empirical empirical
3640/6/165 2550/8/167

1.033 1.073

R, = 0.0682, wR, = 0.2113
R, = 0.1070, wR, = 0.2398
1.340 and —2.776

R, = 0.0563, wR, = 0.1542
R, = 0.0769, wR, = 0.1640
2.485 and — 2.142

[WOS;Cu;3(4-pic)g]-0.5[W,04] (2): Cluster 2 was synthesized fol-
lowing the same procedure as used in the preparation of cluster 1,
except that (NH4)>,WOS; (0.398 g, 1.2 mmol) was used instead of
(NH4),M00S; (1.2 mmol). Orange-red crystals (0.143 g, 18.5%)
were obtained. — C3H4,CusNO45S3W, (1285.3): caled. C 33.6,
H 3.3, N 6.5; found C 34.0, H 3.5, N 6.8. — UV/vis (MeCN, A,/
nm, 103 e/cm™"mol~!-dm?): 392 (6.1), 283 (15.2). — IR (KBr pel-
lets): ¥ = 1615 (vs), 1423 (s), 925 (vs), 865 (s), 813 (vs), 492 (vs),
428 (vs).

[MoOS;Cu;(4-pic)g|'[BF,4] (3): Cu(MeCN),BF, (0.944 g, 3 mmol)
was added to 4-picoline (20 mL) and the solution was stirred for
ca. Smin at room temperature. Then, (NH4),MoOS; (0.244 g,
I mmol) was added. The reaction mixture immediately turned
deep-red. After stirring for a further 10 min, the solution was fil-
tered to afford a deep-red filtrate. Deep-red crystals (0.818 g,
78.3%) were obtained after several days by layering the filtrate with
iPrOH. — C3¢H4,BCusF,;MoNgOS; (1044.3): caled. C 41.4, H4.1,
N 8.1; found C 41.6, H 4.3, N 8.2. — UV/vis (MeCN, A /nm,
103 ¢/ecm~'-mol~!-dm?3): 407 (3.1), 281 (15.8). — IR (KBr pellets):
vV = 1614 (vs), 1420 (s), 910 (vs), 813 (vs), 492 (vs), 437 (vs).

[WOS;Cu;s(4-pic)s]'[BF4] (4): Cluster 4 was synthesized following
the same procedure as used in the preparation of cluster 3, except
that (NH4),WOS; (0.332 g, 1 mmol) was used instead of
(NH4),Mo00S; (1 mmol). Orange-red crystals (0.965 g, 85.2%)
were obtained. — C3sH4>BCu3F4NgOS;W (1132.2): caled. C 38.2,
H 3.8, N 7.4; found C 38.3, H 3.9, N 7.5. — UV/vis (MeCN, A,/
nm, 10% e/cm~"mol~!-dm?): 376 (3.9), 284 (10.7). — IR (KBr pel-
lets): v = 1614 (vs), 1420 (s), 924 (vs), 813 (vs), 492 (vs), 428 (vs).
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Crystal Structure Determinations: Well-shaped single crystals of
clusters 1 and 4 of suitable dimensions were selected and mounted
on glass fibers. The diffraction data for 1 were collected on a Sie-
mens Smart CCD area-detector diffractometer using the w-scan
technique. The data reductions for 1 were performed on a Silicon
Graphics Indy workstation using Smart-CCD software. The dif-
fraction data for 4 were collected on an Enraf—Nonius CAD4
four-circle diffractometer with unit-cell parameters determined
from the automatic centering of 25 reflections by the least-squares
method. Intensities were corrected for Lorentz polarization effects
and an absorption correction was applied using the y-scan tech-
nique. The structures of both 1 and 4 were solved by direct
methods and refined by full-matrix least-squares against F? using
the SHELXL-97 programs.[*”l All non-hydrogen atoms were re-
fined anisotropically by the full-matrix least-squares method. The
hydrogen atoms were placed in their calculated positions, assigned
fixed isotropic thermal parameters, and allowed to ride on their
respective parent atoms. The data processing and structure refine-
ment parameters are listed in Table 4.

Crystallographic data (excluding structure factors) for the cluster
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publications nos. CCDC-164299 (cluster 1) and CCDC-164300
(cluster 4). Copies of the data can be obtained free of charge
on application to the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK. [Fax: (internat.) +44 (0)1223/336033; E-mail:
deposit@ccdc.cam.ac.uk].

Optical Measurements: A solution of the respective cluster 1—4 in
MeCN was placed in a 5-mm quartz cuvette for optical limiting
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property measurements, which were performed with linearly polar-
ized 8-ns pulses at A = 532 nm generated from a Q-switched fre-
quency-doubled Nd:YAG laser. The clusters 1—4 proved to be
stable towards air and laser light under the experimental condi-
tions. The spatial profiles of the optical pulses were of near-
Gaussian transverse mode. The pulsed laser was focused onto the
sample cell using a mirror of focal length 30 cm. The spot radius
of the laser beam was measured as 55 um (half-width at 1/e*> max-
imum). The energy of the input and output pulses was measured
simultaneously by precision laser detectors (Rjp-735 energy
probes), which were linked to a computer through an IEEE inter-
face,?8] while the incident pulse energy was varied by a Newport
Com. attenuator. The interval between the laser pulses was chosen
as 1 s to avoid the influence of thermal and long-term effects.

The third-order NLO absorptive and refractive properties of clus-
ters 1—4 were determined by performing Z-scan measure-
ments.[2*] The samples were mounted on a translation stage that
was controlled by computer to move along the axis of the incident
laser beam (Z-direction) with respect to the focal point rather than
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 trans-
mittance was recorded as a function of the sample position on
the Z axis (closed-aperture Z-scan). To determine the nonlinear
absorption, the Z-dependent sample transmittance was measured
without the aperture (open-aperture Z-scan).
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