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Abstract

Reactions of (NH4),MoS, with 4 equiv. of CuBr and 1 equiv. of AgBr in excess a-methylpyridine (a-MePy) gave rise to a pen-
tanuclear cluster [MoS;Cuy(a-MePy)sBr;] - 2(a-MePy)g 5 (1) while those of (NH,),MoS, with 4 equiv. of CuBr in a-MePy afforded a
one-dimensional polymeric cluster {{MoS4Cuy(a-MePy);Br](p-Br) - (a-MePy)},, (2). The X-ray analysis of 1 and 2 showed that the
four copper atoms in 1 or 2 are coordinated by a central tetrahedral [MoS,*~ ligand via four p;-S atoms, giving a MoS,Cu, frag-
ment with an approximate D,, symmetry. Each fragment in 2 is further interconnected by a p-Br atom to form a one-dimensional
zig-zag chain. The nonlinear optical (NLO) property of 1 and 2 was studied by 35 ps laser pulses, and their third-order nonlinear

susceptibility & was measured by DFWM.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Tetrathiometallate anions [MS,]*~ (M = Mo, W) and
their clusters with various transition metals are well doc-
umented owing to their rich coordination chemistry
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[1-12], their relations to industrial catalysis process
[13-15], biological systems [16-19], and photonic materi-
als [20,21]. It is noteworthy that the Mo(W)/Cu(Ag)/S
clusters, especially those containing pyridine and its
derivatives, e.g. [WS4Cuyul»(Py)s], have exhibited very
good nonlinear optical properties in solution [22]. Those
clusters have usually been prepared either from the reac-
tion of [MS,]*~ with Cu* or Ag* under the presence of
the basic ligands such as pyridine and its derivatives or
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from the substitution of the labile ligands coordinated at
metals of some preformed clusters with pyridine and its
derivatives [23,24]. On the other hand, we have recently
been interested in synthesis of Mo(W)/Cu(Ag)/S clusters
from [MS4*~ or [Cp*MS;]” (M = Mo, W) and their
third-order nonlinear optical (NLO) properties [25,26].
As our continuing efforts to make new clusters for the
NLO materials, we herein report the preparation, struc-
tural characterization and third-order NLO properties
of two novel clusters [MoS;Cuy(a-MePy);sBr;] - 2(a-
MePy)ys (1) and {[MoS4Cuy(a-MePy);Br](p-Br) - (a-
MePy)},, (2), which were isolated from reactions of
(NH4),[MoS,] with CuBr/AgBr or CuBr in o-methyl-
pyridine.

2. Results and discussion
2.1. Synthesis

Under the presence of basic ligands such as pyridine
and its derivatives, copper(I) ion showed different reac-
tivity toward [MS4]*~ relative to Ag*/[MS,*~ system.
For instance, reactions of (NHy),[MS4] with CuX in
pyridine gave rise to a set of neutral pentanuclear bime-
tallic clusters [MS4CusX,(Py)s] (M = Mo, W; X =Cl,
Br, I, NCS) [22,23a], whereas those of (NH,4),[MS,] with
AgX (X=Cl, Br, I) in pyridine and its derivatives
formed a series of one-dimensional polymeric clusters
[RPyH],[MS,Ag], (M =Mo, W, R=H, a-MePy, B-
MePy, y-MePy) [23b]. What will happen if the thiome-
tallates react with Cu® and Ag" together in pyridine
and its derivatives? With this question in mind, we car-
ried out reactions of (NHjy),[MoS,] with 4 equiv. of
CuBr and 1 equiv. of AgBr in excess a-MePy. A stand-
ard workup did not produce the expected trimetallic
Mo/Cu/Ag/S cluster but a bimetallic pentanuclear clus-
ter [MoS4Cuy(a-MePy)sBr;] - 2(a-MePy)y s (1) as red
plates in 63% vyield (Scheme 1). Reaction between
(NHy),[MoS,4] with CuBr and AgBr in different molar
ratios (1:3-4:1-2) always led to the formation of 1. If

AgBr

[a-MePyH],[MoS4Ag]n

4CuBr, AgBr
(NHz)2MoS4 a-MePy, Nz [MoS4Cus(o-MePy)sBr2]-2(a-MePy)o.5
(1)
4CuBr
{[MoS4Cus(o-MePy)3Br](u-Br)-(o-MePy)}n
a-MePy, N2
2
Scheme 1.

the amount of AgBr used in the reaction was increased
(e.g., (NH4)o[Mo0S4)/CuBr/AgBr = 1:4:8 (molar ratio)),
a large amount of crystals of [a-MePyH],[MoS4Ag],
coupled with a trace amount of crystals of 1 was iso-
lated. However, the analogous reaction without AgBr
generated a new polymeric cluster {{MoS;Cuy(a-Me-
Py);Br](u-Br) - (a-MePy)},, (2) as red blocks in 82%
yield. Since the formation of 1 apparently depends on
the presence of AgBr relative to the formation of 2,
the role of AgBr deserves comment. AgBr may partly
dissolve in a-MePy and react with [MoS,]*~ to form pol-
ymeric [AgMoS,]"" species [23b,23¢]. The presence of
such chain-like species may prevent the formation of
the polymeric W/Cu/S species like 2 in solution and thus
promote the formation of the discrete molecule 1. As
discussed later in this paper, compound 1 is structurally
related to other two Mo/Cu/S clusters [MoS;Cuy-
Py¢Br,], [23c] and [PPhy],-[MoS4(CuBr),] [5b]. How-
ever, their synthetic procedures are somewhat different.
The latter two compounds were prepared either from
substitution of part of bromides of the preformed cluster
[(n-Bu)4N]4[Mo0S4CugBrg] via pyridine or from reactions
of [PPhy],[MoS,] with CuBr in acetone.

Compounds 1 and 2 are relatively stable toward air
and moisture. They are soluble in DMF and MeCN,
and insoluble in Et,O, MeOH, CH,Cl, and CHCl;.
The elemental analysis of 1 or 2 is consistent with their
chemical formula. The FT-IR spectra of 1 and 2 display
Mo-S;,; stretching vibration bands at 449/423 (1) and
443/415 (2) em™!. As shown in Fig. 1, the electronic
spectrum of 1 or 2 exhibits a broad absorption bands
at 521 (1) or 506 (2) nm, which is probably originated
from sulfur to tungsten charge-transfer transition of
the MoS, moiety [10]. The "H NMR spectra of 1 and
2 in DMSO-dg¢ at ambient temperature display multi-
plets for the protons of a-MePy at 7.43-7.79 ppm (1)
and 7.38-7.80 ppm (2) and a single resonance of CHj3
group at 3.33 (1) and 3.32 (2), respectively. Their similar
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Fig. 1. Electronic spectra of 1 and 2 in DMF with concentrations of
1.5x107* M in a 1 cm thick glass cell.
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"H NMR patterns suggest that the solution structure of
2 may be different from its polymeric structure demon-
strated by X-ray diffraction discussed below.

2.2. Crystal structure of [MoS,Cuy(a-MePy)sBry] - 2(o-
MePy)os (1)

Crystal 1 crystallizes in the triclinic space group P1
and an asymmetric unit contains an independent
[MoS4Cuy(a-MePy)sBr;] molecule and two one-half of
o-MePy solvated molecules. There is no evident inter-
action between the cluster and the o-MePy solvated
molecules. Fig. 2 shows the perspective view of [MoSy-
Cuy(a-MePy)sBr,] molecule and Table 1 lists its se-
lected bond lengths and angles. In the structure of
[MoS4Cuy(a-MePy)sBr,] molecule, each of the four
copper atoms is attached to one edge of the MoS, tet-
rahedron to form a saddle-like MoS,Cuy structure with
an approximate D,, symmetry. The oxidation states for
Mo and each of the four Cu atoms remain to be +6
and +1, respectively. The MoS4Cuy skeleton of 1
closely resembles those observed in [PPhy],[MoS4(Cu-
Br)4] - Me,CO [5b], [A]L[MS4Cus(NCS)4]*~ (A = PPhy,
NEty, M =Mo, W) [27a], [NBuy[MoS4(CuCl),]
[27b], [MS4;Cu4PyeX5] (M =Mo, W; X=Cl, Br, I,
SCN) [22], and [MS4Cuys(dppm)4](PFg), (M = Mo, W)
[25a]. Interestingly, compared with the reported sym-
metric structures [MS4CuyPysX5], the structure of
[MoS4Cuy(a-MePy)sBr,] of 1 is unsymmetric in that
Cu(1l) coordinates only one o-MePy while the other
coppers coordinate either one a-MePy and one Br or
two o-MePy molecules. Therefore Cu(l) assumes an
approximate trigonal planar coordination geometry
and Cu(2), Cu(3) and Cu(4) have a distorted tetrahe-
dral geometry. Because of the different coordination

Fig. 2. Perspective view of the molecular structure of 1 with 50%
thermal ellipsoids. All hydrogen atoms and solvent molecules are
omitted for clarity.

Table 1
Selected bond lengths (A) and angles (°) for [MoS;Cuy4(a-MePy)sBr;] -
2(a-MePy)o 5 (1)

Mo(1)- - -Cu(l) 2.629(3) Mo(l)- - -Cu(2) 2.703(4)
Mo(l)- - -Cu(3) 2.690(3) Mo(1)- - -Cu(4) 2.669(3)
Mo(1)-S(1) 2.264(6) Mo(1)-S(2) 2.236(5)
Mo(1)-S(3) 2.251(5) Mo(1)-S(4) 2.251(5)
Br(1)-Cu(2) 2.496(3) Br(2)-Cu(4) 2.643(4)
Cu(1)-S(1) 2.283(6) Cu(1)-S(4) 2.266(6)
Cu(1)-N(1) 1.99(1) Cu(2)-S(1) 2.320(6)
Cu(2)-SQ2) 2.320(6) Cu(2)-NQ2) 2.06(2)
Cu(3)-S(2) 2.316(5) Cu(3)-S(3) 2.316(5)
Cu(3)-N(3) 2.10(2) Cu(3)-N(@4) 2.09(2)
Cu(4)-S(3) 2.292(5) Cu(4)-S(4) 2.315(6)
Cu(d)-N(5) 2.04(2) Cu(1)- - -Br(2) 2.991(4)
Cu(l)---Mo(l)---Cu(3)  172.54(12)  Cu(2)---Mo(l)---Cu(d)  169.05(11)
S(1)-Mo(1)-S(2) 109.5(2) S(1)-Mo(1)-S(3) 110.7(2)
S(1)-Mo(1)-S(4) 108.9(2) S(2)-Mo(1)-S(3) 110.2(2)
S(2)-Mo(1)-S(4) 108.4(2) S(3)-Mo(1)-S(4) 109.2(2)
S(1)-Cu(1)-S4) 107.7(2) S(1)-Cu(1)-N(1) 125.1(5)
S(4)-Cu(1)-N(1) 123.0(5) N(1)-Cu(1)-Mo(1) 169.4(5)
S(1)-Cu(2)-S(2) 104.8(2) S(1)-Cu(2)-N(2) 115.6(5)
S(1)-Cu(2)-Br(1) 113.3(2) S(2)-Cu(2)-N(2) 111.1(5)
S(2)-Cu(2)-Br(1) 105.5(2) N(2)-Cu(2)-Br(1) 106.2(5)
S(2)-Cu(3)-S(3) 105.2(2) S(2)-Cu(3)-N(3) 113.7(6)
S(2)-Cu(3)-N(4) 106.6(5) S(3)-Cu(3)-N(3) 108.2(5)
S(3)-Cu(3)-N(4) 116.7(5) N(3)-Cu(3)-N(4) 106.6(7)
S(3)-Cu(4)-S(4) 105.6(2) S(3)-Cu(d)-N(5) 131.7(5)
S(3)-Cu(4)-Br(2) 102.02) S(4)-Cu(4)-N(5) 110.2(5)
S(4)-Cu(4)-Br(2) 96.8(2) N(5)-Cu(4)-Br(2) 104.9(5)
Cu(1)-S(1)-Mo(1) 70.6(2) Cu(1)-S(1)-Cu(2) 111.3(2)
Cu(2)-S(1)-Mo(1) 72.3(2) Cu(2)-S(2)-Mo(1) 72.7(2)
Cu(2)-S(2)-Cu(3) 119.7(2) Cu(3)-S(2)-Mo(1) 72.4(2)
Cu(3)-S(3)-Mo(1) 72.12) Cu(3)-S(3)-Cu(4) 117.9(2)
Cu(4)-S(3)-Mo(1) 71.9(2) Cu(1)-S(4)-Mo(1) 71.2(2)
Cu(1)-S(4)-Cu(4) 93.5(2) Cu(4)-S(4)-Mo(1) 71.5(2)

geometries of copper atoms, the Mo---Cu contacts of
1 are different: one short Mo(1)---Cu(l) bond
(2.629(3) A) and three long Mo(1l)---Cu bonds
(2.669(3)-2.703(4) A). The observed trend of
Mo(1)---Cu contacts correlates with the number of
bonding interactions at Cu centers. The short
Mo(1)- - -Cu(1) contact occurs at Cu(1), which interacts
with N (a-MePy), two p3-S and one Mo atom, and is
comparable to those observed in clusters containing
trigonally-coordinated Cu such as [NBuy[MoS,
(CuCl)y] (av. 2.609(2) A) [27b], [PPhy[(Cp*MoS;-
Cu;Br,),(pu-Br),] (av. 2.652 A) [28]. The long
Mo(1)- - -Cu separations are observed for Cu(2), Cu(3)
and Cu(4), which interact with two p3-S, two N (o-
MePy) (or one N(ao-MePy) and one Br) ligands and
one Mo atom, and are close to those reported in
[MoS,CuysPyel,]  (2.658(3)-2.697(3) A) [23a], but
shorter than those found in clusters containing
tetrahedrally-coordinated Cu such as [CuzMoS;Br]-
(PPh;);S - 0.5Me,CO (2.776(2)-2.840(3) A) [1b], and
[MoS,Cus(dppm)4](PFg), (2.737(2)-2.747(2) A) [25a].
The Cu-p3-S bond lengths also reflect the mode of
coordination of the copper atoms: av. 2.275 A for a
trigonal geometry and av. 2.313 A for a tetrahedral
environment. The mean Cu—p;-S distance (2.304 A) is
similar to those reported in [MoS;Cu4Pygl>] (av.
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2.286 /%) [23a] and [PPhy][(Cp*MoS;Cu;Br;),(p-Br),]
(2.234 A) [28]. The Mo atom in the MoS,Cuy core of
1 is at the centre of a slightly distorted tetrahedral
MoS; unit being S-Mo-S angles of 108.4(2)-
110.7(2)°. The mean Mo—;3-S bond length of 2.251 A
is slightly longer than that of [MoS,Cus(Py)sls] (2.232
A) [23a] and [NBuy],[MoS4(CuCl)y] (av. 2.230 A)
[27b]. We noticed a weak interaction between Cu(l)
and Br(2) (2.991(4) A), which may cause the Cu(4)-
Br(2) bond distance (2.643 A) to be longer than that
of Cu(2)-Br(1) bond (2.496(3) A). The average Cu-Br
length of 1 (2.570 A) is longer than that of the corre-
sponding ones of [PPhy][Cp*WS;Cu;3Brs(dppm)]
(2.452 A) [28]. The average Cu-N distance of 2.06 A
is comparable to those found in [MoS;CusPygl;] (av.
2.033 A) [23a] and [MoS4Cug¢Py4(p-Br),], (av. 1.970
A) [23¢].

2.3. Crystal structure of {[MoS,Cuy(a-MePy);Br]-
(u-Br) - (o-MePy)}, (2)

Crystal 2 crystallizes in the orthorhombic space
group Pca2; and the an asymmetric unit contains one
[M0S4Cuy(a-MePy);Br,] molecule and one o-MePy
solvated molecule. An X-ray analysis of 2 shows that
it has a one-dimensional polymeric chain with the
o-MePy solvated molecule inserted between chains
(Fig. 3). There is no evident interaction between chains
and between chains and the a-MePy solvent molecules.
Table 2 presents the selected bond lengths and angles
of 2. As shown in Fig. 4, the repeating unit, [MoS,-
Cuy(a-MePy);Br;], having the similar MoS,Cuy skele-
ton of 2, interconnects via p-Br bridges into an infinite
chain along b axis. Within the repeating unit, the four
copper atoms have two different coordination geome-
tries. Cu(1) and Cu(3) display a trigonal planar coordi-
nation geometry while Cu(2) and Cu(4) adopt a distort
tetrahedral coordination geometry. Because of the dif-
ferent coordination geometry of the Cu atoms, the
Mo---Cu contacts of 2 are also different: two short
Mo(1)---Cu (2.6120(10)-2.6241(10) A) and two long
Mo(1)- - -Cu bonds (2.663(2)-2.676(2) A). The observed
trend of Mo(1)---Cu contacts correlates with the num-
ber of bonding interactions at Cu centers. The short
Mo(1)- - -Cu contact occurs at Cu(l) and Cu(3), which
interacts with two ps3-S, one N(a-MePy) (or one Br) lig-
ands and one Mo atom, while the long Mo(1)---Cu
contacts are observed for Cu(2) and Cu(4), which inter-
act with two p-S, one N(a-MePy), one -Br and one Mo
atom. The short and long Mo(l)---Cu contacts are
comparable to those of the corresponding ones of 1.
The Cu—p;3-S bond lengths also reflect the mode of
coordination of copper atoms: av. 2.236 A for a trig-
onal geometry and av. 2.293 A for a tetrahedral envi-
ronment. The mean Cu—3-S distance (2.265 A) is
shorter than that of 1. The mean Cu—p-Br bond length

Fig. 3. Perspective view of a section of the 1D chain of 2 with 50%
thermal ellipsoids. All hydrogen atoms and solvent molecules are
omitted for clarity.

of 2.573 Aois similar to that in [MoS4CugPy4(u-Br),],
(av. 2.587 A) [23c], but longer than those observed in
[Cp*WS;Cu,Br(p-Br)(PPhs),] (2.640 A) [29a], [Et4N],
[CusBry]  (2.448 A) [29b], and [Prs"N]4CuyBrg]
(2.398 A) [29¢c]. The terminal Cu(3)-Br(l) length
(2.2783(12) A) is close to that of the corresponding
one [Cp*WS;Cuy-Br(u-Br)(PPhs)y] (2.286(3) A) [29a].
The mean Mo—p;3-S length (2.243 A) and Cu—N length
(1.972 A) are normal relative to those of the corre-
sponding ones of 1.

2.4. Non-linear optical (NLO) properties of 1 and 2

As shown in Fig. 1, both 1 and 2 have low absorb-
ance at 532 nm. This promises low intensity loss and
small temperature changes by photon absorption when
the laser pulses propagate in the two materials. Results
from DFWM are given in Figs. 5 and 6, in which the so-
lid line is the theoretical fitted curve. The measured sig-
nal may originate not only from the nonlinear process of
the ground states but also from the excited states and
two-photon absorption and higher order optical non-
linearities for the high incident laser power. Under inci-
dent intensity of 0.2 mJ, the third-order susceptibility



398 W.-H. Zhang et al. | Journal of Organometallic Chemistry 690 (2005) 394-402

Mo(1)- - -Cu(2) 2.663(2)
Mo(1)- - -Cu(4) 2.676(2)
Mo(1)-S(2) 2.247(2)
Mo(1)-S(4) 2.246(3)
Br(2)-Cu(4) 2.573(2)
Cu(1)-S(4) 2.209(3)
Cu(2)-S(1) 2.295(3)
Cu(2)-N(2) 2.006(8)
Cu(3)-S(3) 2.238(2)
Cu(d)-S4) 2.285(3)
Cu(2)- --Mo(1)- - -Cu(4) 170.69(3)
S(1)-Mo(1)-S(3) 109.67(11)
S(2)-Mo(1)-S(3) 108.25(8)
S(3)-Mo(1)-S(4) 109.07(10)
S(1)-Cu(1)-N(1) 121.73)
S(1)-Cu(2)-S(2) 105.74(10)
S(2)-Cu(2)-N(2) 124.5(2)
S(2)-Cu(3)-Br(1) 127.08(8)
S(3)-Cu(4)-S(4) 105.58(10)
S(3)-Cu(4)-Br(2) 99.06(9)
S(4)-Cu(4)-Br(2) 106.11(9)
Cu(1)-S(1)-Mo(1) 71.06(9)
Cu(2)-S(1)-Mo(1) 71.91(9)
Cu(2)-S(2)-Cu(3) 118.02(13)
Cu(3)-S(3)-Mo(1) 71.78(7)
Cu(4)-S(3)-Mo(1) 72.22(8)
Cu(1)-S(4)-Cu(4) 100.46(12)

Table 2

Selected bond lengths (A) and angles (°) for [MoS,Cuy(a-MePy);Br](p-Br) - (a-MePy),, (2)
Mo(1)---Cu(1) 2.6120(10)
Mo(1)---Cu(3) 2.6241(10)
Mo(1)-S(1) 2.239(3)
Mo(1)-S(3) 2.239(2)
Br(1)-Cu(3) 2.2783(12)
Cu(1)-S(1) 2.255(3)
Cu(1)-N(1) 1.934(6)
Cu(2)-S(2) 2.289(3)
Cu(3)-S(2) 2.243(3)
Cu(4)-S(3) 2.301(3)
Cu(4)-N(3) 1.975(8)
Cu(1)---Mo(1)- - -Cu(3) 174.77(5)
S(1)-Mo(1)-S(2) 109.12(11)
S(1)-Mo(1)-S(4) 108.02(10)
S(2)-Mo(1)-S(4) 112.69(11)
S(1)-Cu(1)-S(4) 108.78(10)
S(4)-Cu(1)-N(1) 129.5(3)
S(1)-Cu(2)-N(2) 112.1(3)
S(2)-Cu(3)-S(3) 108.43(9)
S(3)-Cu(3)-Br(1) 124.47(8)
S(3)-Cu(4)-N(3) 121.5(2)
S(4)-Cu(4)-N(3) 116.1(3)
N(3)-Cu(4)-Br(2) 106.2(2)
Cu(1)-S(1)-Cu(2) 108.87(12)
Cu(2)-S(2)-Mo(1) 71.88(8)
Cu(3)-S(2)-Mo(1) 71.53(7)
Cu(3)-S(3)-Cu(4) 118.37(12)
Cu(1)-S(4)-Mo(1) 71.79(9)
Cu(4)-S(4)-Mo(1) 72.39(9)

Nt 5/

7 ?%

Fig. 4. Extended structure of 2 looking down the b axis.

7 (derived from Eq. (1)) and the second hyperpolariz-
ability y (derived from Eq. (2)) are obtained as
2.05x 10713 esu, 1.06 x 103! esu (1), and 2.01 x 1013,
1.02 x 107! esu (2), respectively. It is noted that most
of the well performing third-order NLO materials re-
ported in the literature are solid compounds such as me-
tal polyyne polymers [30,31], metallophthalcyanine films
[32,33], etc., which are neat materials. According to Eq.
(2), N is the number density of a compound (concentra-
tion) and L. is the Lorentz field factor correction. There-

%]
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#

-
L5
1

Intensity (a.u.)
o 3

o
1

30 20 -10 0 10 20 30
Delay time (ps)

Fig. 5. The DFWM signal for 1 at 1.0 x 107> M in DMF with 35 ps
laser and 1 mm cell.

fore, we can use the hyperpolarizability y to represent
NLO properties of neat materials. Table 3 lists the y va-
lue of some Mo(W)/Cu(Ag)/S clusters and known NLO
materials for comparison. The y values of 1 and 2 are
comparable to those of the metal sulfide clusters derived
from [MS,]>~ or [MOS;]*~ (M = Mo, W) and somewhat
larger than those of Cgy and Cy, [34], organometallic
compounds, and their films like TiOPc [30-33,35-37].
Considering the fact that the impressive y values for 1
and 2 and other Mo(W)/Cu(Ag)/S clusters are obtained
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Fig. 6. The DFWM signal for 2 at 1.0 x 107> M in DMF with 35 ps
laser and 1 mm cell.

from a very diluted solution, much better NLO perform-
ance can be anticipated if the solubility of the cluster can
be improved significantly or a thin film of the cluster can
be engineered.

3. Conclusions

We have demonstrated the preparation of two novel
Mo/Cu/S clusters 1 and 2 from (NHj4),MoS;/CuBr/
AgBr/a-MePy or (NH4),MoS;/CuBr/a-MePy system.
The molecular structures of 1 and 2 have been charac-
terized by spectroscopy and X-ray analysis. Compound
1 or 2 consists of a MoS,Cuy fragment with an approx-

imate D,; symmetry. In the structure of 2, the p-Br
atom bound at one copper of the MoS4Cuy fragment
further links the other copper atom of another frag-
ment to form a 1D zig-zag chain. Compounds 1 and
2 exhibit good NLO performance in solution. There-
fore, they may be optimized for the photonic devices
and may have potential applications in optical switches
and OL materials.

4. Experimental
4.1. General

All manipulations were carried out under pure nitro-
gen using standard Schlenk techniques. (NHy)>MoS,
was prepared according to the literature method [38].
Other chemicals were obtained from commercial sources
and used as received. All solvents were predried over
activated molecular sieves and refluxed over the appro-
priate drying agents under argon. The IR spectrum
was recorded on a Nicolet MagNa-IR FT-IR spectrom-
eter as KBr disk (4000-400 cm™'). UV-Vis spectra were
measured on a TU-1800SPC spectrophotometer. The
elemental analysis for C, H, N were performed on a Car-
lo—Erba microanalyzer. "H NMR spectra were recorded
at ambient temperature on a Varian UNITYplus-400
spectrometer. 'H NMR chemical shifts were referenced
to the DMSO-dg signal.

Table 3
Comparison of the y value of some Mo(W)/Cu(Ag)/S clusters and known NLO materials
Compounds 7 (esu) A (nm) Reference
[(n-Bu)4N],[MoOS3(CuNCS)s] 48x107%° 532 [20¢]
[M0oOS;Cus(4-pic)g] - 0.5[M0,0-] 1.32x 1073 532 [22b]
[WOS;Cus(4-pic)e] - 0.5[M0,0-] 1.87x107% 532 [22b]
[M0oOS;Cus(4-pic)e](BF4) 2.89x 1073 532 [22b]
[WOS;Cus(4-pic)e](BE4) 443 %1073 532 [22b]
[Mo0S4Cus(a-MePy)sBr,] - 2(a-MePy)o.s 1.06 x 103! 532 This work
{[M0S4Cuy(a-MePy);Br](u-Br) - (a-MePy)},, 1.02x 1073 532 This work
Ceo 7.5% 1073 1910 [34]
Cro 1.3x 10733 1910 [34]
trans-[Mo(CO)4(PPhs),] 8.49 x 10732 532 [35]
cis-[Mo(CO)4(PPhs)] 43751073 532 [35]
[(n°-CsHs),Ti(CCCgHs),] 9.2% 10733 1907 [36]
Platinum polyynes 5.6x107% 1064 [30,31]
~8.56x 1073
Substituted benzoporphyrin zinc complexes 1.8x107% 532 [37]
~2.6x107%
H,PcBu, (Pc = phthalocyanine) ~3x 1073 1907 [32]*
VOPcBu, ~8x 1073 1907 [321°
TiOPc 1.04x 1073 1907 [33]°
TiOPc 535x 1073 1907 [331¢

#100% Pc film.

® PMMA doped film.

¢ Film before thermal annealing.
9 Film after thermal annealing.
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4.2. Synthesis

4.2.1. Preparation of [ MoS,Cuy(o-MePy)sBr;] - 2(a-Me-
Py)os (1)

To a red solution of (NH4),MoS,; (0.026 g 0.1
mmol) in 15 mL of a-MePy was added CuBr (0.058
g 0.4 mmol) and AgBr (0.020 g 0.1 mmol). The mixture
was stirred at ambient temperature for 40 min to give
rise to dark red solution along with some insoluble so-
lid, which was filtered off. Diethyl ether (20 mL) was
slowly diffused into the filtrate to form red plates of
[MoS4Cuy(a-MePy)sBr»] - 2(a-MePy)o 5 (1) one day la-
ter, which were collected by filtration, washed with
MeCN and Et,O, and dried in vacuo. Yield: 0.082 g
(67%). Anal. Calc. for CsigHyBroCusMoNgS,: C
36.12, H 3.54, N 7.02. Found: C 3645, H 3.59, N
7.33. UV-Vis (DMF, Ap/nm (&M 'em™')): 521
(2300), 393 (5900). IR (cm™'): 3055 (w), 1606 (s),
1486 (s), 1453 (s), 1382 (w), 1302 (s), 1154 (w), 1107
(m), 1063 (m), 1028 (w), 802 (w), 773 (s), 765 (s), 722
(W), 493 (m), 449 (m), 423 (w). '"H NMR (DMSO-d,,
400 MHz, 25 °C): 6 7.43-7.79 (m, 20H, Py), 3.33 (s,
15H, CH3).

4.2.2. Preparation of {[ MoS,;Cuy(a-MePy);Br](u-Br)-
(4-MePy)}, (2)

To a red solution of (NH4),MoS, (0.026 g 0.1
mmol) in 15 mL of «-MePy was added CuBr (0.058
g 0.4 mmol). The mixture was allowed to stir at ambi-
ent temperature for 40 min to afford a homogeneous
solution. Diethyl ether (20 mL) was slowly diffused into
the solution to form red block crystals of {[MoS,.
Cuy(a-MePy)3Br](u-Br) - (a-MePy)},, (2) three days la-
ter, which were collected by filtration, washed with
MeCN and Et,O, and dried in vacuo. Yield: 0.083 g
(82%). Anal. Calc. for CyyHogBro,CusMoNySy: C
28.52, H 2.79, N 5.54. Found: C 28.50, H 2.83, N
5.54. UV-Vis (DMF, Ama/nm (M lem™1): 506
(1800), 404 (4400). IR (cm™'): 3444 (m), 3048 (w),
3032 (w), 2914 (w), 1606 (s), 1565 (w), 1487 (vs),
1453 (s), 1383 (w), 1302 (s), 1158 (m), 1062 (m), 763
(s), 722 (m), 492 (w), 443 (m), 415 (w). 'H NMR
(DMSO-dg, 400 MHz, 25 °C): ¢ 7.38-7.78 (m, 12H,
Py), 3.32 (s, 9H, CHs;).

4.2.3. X-ray crystallography

Diffraction data for 1 and 2 were collected on a Ri-
gaku Mercury CCD X-ray diffractometer employing
graphite-monochromated Mo Ko radiation (4=
0.71070 A). A red plate crystal of 1 with dimensions
0.45x%x0.35x0.15 mm and a red block crystal of 2
with dimensions 0.45x0.40 x 0.12 mm were mounted
on glass fibers, and cooled at 193 K in a liquid nitro-
gen stream. Diffraction data were collected at @ mode
with a detector to crystal distance of 35 mm. Indexing
was performed from 6 images each of which was ex-

posed for 15 s. Cell parameters were refined by using
the program CrystalClear (Rigaku and MSC, Ver.
1.30, 2001) on all observed reflections between 6 of
3.0° and 27.5°. A total of 1080 (1) and 1440 (2) oscil-
lation images were collected in the range
1.92°<20<5496° (1) and 1.99° <26 <54.96° (2),
respectively. The collected data were reduced by using
the program CrystalStructure (Rigaku and MSC, Ver
3.60, 2004), and an absorption correction (Multi-Scan)
was applied which resulted in transmission factors
ranging from 0.300 to 0.572 (1) and from 0.178 to
508 (2). The reflection data were also corrected for
Lorentz and polarization effects.

The crystal structures of 1 and 2 were solved by
heavy-atom Patterson methods (1) [39] and Direct
methods (2) [40], and expanded using Fourier tech-
niques [41]. For 1 and 2, all non-hydrogen atoms ex-
cept those of o-MePy molecules were refined
anisotropically. Due to the slow evaporization of the
solvated a-MePy molecules in crystal 1, two of them
were fixed with constrained parameters and refined
with an occupancy factor of 0.5. All hydrogen atoms
except for those on the two a-MePy solvent molecules
in 1 were put on the calculated positions and were in-
cluded in the final structure-factor refinement. In the
case of 1, the largest residual electron density (1.75
e/f‘f) in the final Fourier map is close to Mo(1) atom
(1.2 A). All the calculations were carried out on a
DELL workstation using the CrystalStructure crystal-
lographic software package (Rigaku and MSC, Ver
3.60, 2004). The crystal data along with the structure
refinement parameters for 1 and 2 are summarized in
Table 4.

4.2.4. Third-order susceptibility measurement

The third-order susceptibility »® of 1 or 2 was
measured by DFWM with the 35 ps laser pulses
(532 nm) generated by a Continuum mode-locked
Nd:YAG laser with repetition rate of 10 Hz. The
% values of the samples were obtained by compari-
son of the magnitude of the phase conjugate signal
with that of the CS, reference using Eq. (1) [42a],
and the second hyperpolarizability y was obtained by
Eq. (2) [42b]

I 1/2 d n 2
.(3) R . ref .
“ (eSU) <1ref) d <nret‘>

o-d-explad/2
2 d oplnd]2) o) 1)
1 — exp(—ad)

o
NL.’

7(esu) (2)

where I is the intensity of the conjugate signal, n is the
linear refractive index, d is the path length, o is the
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Table 4
Summary of crystallographic data of [MoS4Cuy(a-MePy)sBr;] - 2(0-MePy)y 5 (1) and [MoSsCuy(a-MePy);Br](p-Br) - a-MePy,, (2)

1 2

Empirical formula C36H42BT2CU4MON6S4 C24H28Br2Cu4M0N4S4
Formula weight 1196.94 1010.68
Crystal system Triclinic Orthorhombic
Space group P1 Pca2,
a (A) 11.7717(9) 28.386(2)
b (A) 13.753(2) 7.6206(5)
¢ (A) 16.157(2) 15.1505(12)
o (°) 89.72(3)
B () 74.11(2)
7 (%) 82.46(2)
V(A% 2492.7(6) 3277.3(4)
V4 2 4
D, (g/em?) 1.595 2.048
u(em™Y) 37.28 56.48
20max (°) 55.0 55.0
Reflections collected 27346 33021

Unique reflections

No. observations (/> 3.00 a(1))

No. variables
Rkl

R,

GOF*

Largest residual

10960 (Rin; = 0.067)
3489

3870 (Rine = 0.075)
2720

331 240

0.070 0.029

0.081 0.030

1.090 0.839

1.75, —0.94 0.55, —0.68

peaks and holes (e/A3)

2 R= ZHFol_ch”/ZngL _—
R, = {WZ(lFollecl) /ZwlFol P

© GOF = { S w(|Fo|—|F:))*(M—N)}'", where M is the number of reflections and N is the number of parameters.

linear absorption coefficient, N is the number density
(concentration) of the cluster in the sample and
L. =[(n* +2)/3]* is the Lorentz field factor correction.
The subscript “ref” refers to CS, with a value of
7®=68x10"" esu at 532 nm for the 35 ps laser
[42c].
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Appendix A. Supplementary data

Crystallographic data for the structural analyses have
been deposited with Cambridge Crystallographic Data
Centre, CCDC Nos. 240182 (1) and 240183 (2). Copies
of this information may be obtained free of charge from
The Director, CCDC, 12 Union Road, Cambridge, CB2

1E2, UK (fax: +44 1223 336033; email: deposit@ccdc.
cam.ac.uk or www: http://www.ccdc.cam.ac.uk). Sup-
plementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.jorganchem.2004.09.052.
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