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Abstract

Reactions of trans-[(n°-CsMes),Moa(1-S),S,] (1) with 2 equiv. of CuX (X = CI~, Br~, SCN~, CN") in refluxing acetonitrile resulted
in a new set of Mo/Cu/S cluster compounds [(1>-CsMes)>Moa(1t3-S)3SCu,Cl(p-Ch ] (2), [(n°-CsMes)>Mox(j13-S)4(CuBr),] (3) and [(n’-
CsMes):Mo,(3-S)3SCupBr(p-Br)} (4), [(n°-CsMes);Mox(p3-S)4(CuSCN),] (5) and [(n°-CsMes);Mox(p3-S)3SCuy(SCN)(1-SCN) L (6)
and [(n°-CsMes),Mox(13-S)4(CuCN),] (7). Compounds 2-7 were fully characterized by elemental analysis, IR, UV-Vis, 'H NMR
and single-crystal X-ray crystallography. Compounds 2, 4 and 6 consist of two incomplete cubane-like [(1°-CsMes),Mo,(113-S);SCurX]
species bridged by a pair of p-X~ anions while 3, 5 and 7 contain a cubane-like [(1>-CsMes)>Mos(13-S)4Cu,] core with each of two ter-
minal X~ coordinated at each copper(I) center. The third-order nonlinear optical (NLO) properties of 2-5 and 7 along with [(n°-
CsMes)>,Mos(13-S)4(CuCl),] in CH,Cl, were investigated by using Z-scan technique at 532 nm. All these clusters showed strong
third-order NLO absorption effects and self-defocusing properties.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The reactions of thiomolybdates and thiotungstates
[MO,_,S,.F~ and [(n°-CsMes)MS;]™ (M = Mo, W) with
copper(I) salts have been extensively investigated due to
their rich chemistry [1-27], and their relations to biological
systems [1,5,6,28,29], and electro/photonic materials
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[11,15,16,24,26,30-39]. However, only a few reactions are
involved in the utilization of the disulfido-bridged
dimolybdenum clusters [Cp’>Mo0,S4] (Cp’ = n°-CsHs, n’-
CsHsMe or nS—CsMeS) [40,41]. For example, reactions of
a solution containing frans-[(n°-CsMes)>Mox(11-S)»S>] (1)
with 2 equiv. of CuCl in toluene gave rise to a cubane-like
cluster [(n°-CsMes),Mos(p13-S)4(CuCl),] [40].

On the other hand, we have been interested in the synthe-
sis of Mo(W)/Cu/S clusters derived from [MO,4_,S, >~ and
[(N°-CsMes)MS;]™ (M = Mo, W) [13,14,16-27,30-32,39].
Some of these clusters exhibited good third-order nonlinear
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optical (NLO) properties in solution [16,26,30-32,36,37,39].
In order to expand the chemistry of Mo(W)/Cu/S clusters
and screen out clusters with better NLO performances,
we have became to adopt other Mo(W)/S precursors
including 1 [41-43]. In fact, we have recently reported that
treatment of a suspension of 1 in methylene dichloride with
2 equiv. of Cul at ambient temperature afforded an incom-
plete cubane-like cluster [(1°-CsMes)>Mos(j13-S)3S(Cul)s]
while a cis-isomer [(n5-C5Me5)2M02(p3-S)4(CuI)2] could
be isolated through heating [(1°-CsMes),Mox(pis-
S)3S(Cul),] either in solution or in solid state [41]. Interest-
ingly, both clusters in CH,Cl, showed better NLO effects
than those of their cluster precursor 1. The results encour-
aged us to further explore reactions of 1 with other cop-
per(I) halides or pseudohalides CuX (X = Cl, Br, SCN,
CN) systemically and the third-order NLO properties of
the resulting products. In this paper, we report syntheses,
crystal structures and third-order NLO properties of a
new family of double incomplete cubane-like clusters and
cubane-like clusters derived from 1: [(nS-CSMeS)zMoz-
(13-8)3SCusCl(p-C) (2), [(n*-CsMes):Moa(1s-S)s(CuBr), ]
(3) and [(n°-CsMes):Mo,(13-S);SCurBr(p-Br)], (4), [(n’-
CsMes):Moy(p3-S)s(CuSCN),] (5) and [(n°-CsMes)Mo,
(13-S)3SCux(SCN)(u-SCN)L  (6) and  [(n*-CsMes),Mo,
(13-8)4(CuCN),] (7).

2. Results and discussion
2.1. Synthesis and spectral characterization of 2-7

Treatment of 1 with 2equiv. of CuCl in refluxing
CH;CN followed by a standard workup afforded the
known single cubane-like cluster [(1°-CsMes)>Mos(jt3-S)a-
(CuCl),] (33% vyield) and a new double incomplete
cubane-like cluster 2 (51% yield) (Scheme 1). Similar reac-
tions of 1 with 2 equiv. of CuBr produced 3 and 4 in 46%
and 30% yields, respectively. It is noticed that the double
incomplete cubane-like cluster 2 or 4 gradually underwent
the trans-to-cis isomerization [41] to form the cubane-like
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cluster [(n°-CsMes)>Mos(p3-S)4(CuX),] (X =Cl, Br (3))
during the reaction period. For example, reactions of 4 in
refluxing CH3CN for 20 h followed by column chromatog-
raphy on silica gave rise to a mixture of 3 (38% yield) and 4
(57% yield). Continuous heating of this solution of 4 did
not significantly increase the yield of 3 (41% yield) but 4
(48% yield) became decomposed after a heating period of
40 h and some unknown species occurred in the "H NMR
spectra. Similar phenomena were once observed in their
iodide analogue [41], though 2 or 4 may be cleaved into
2 equiv. of incomplete cubane-like [(°>-CsMes)>Moo(pi3-
S)3S(CuX),] clusters before the isomerization.
Intriguingly, analogous reactions of 1 with 2 equiv. of
CuSCN gave rise to the single cubane-like cluster 5 in
31% yield coupled with the double incomplete cubane-like
cluster 6 (~2% yield) (Scheme 1). In the case of CuCN, no
expected double incomplete cubane-like cluster [(1°-
C5M65)2M02(H3-S)3SCU2(CN)(H'CN)]Z but only the
cubane-like cluster 7 was isolated in 23% yield. In both
cases, the yield for the double incomplete cubane-cluster
was quite low, which may be attributed to the formation
of a large amount of insoluble dark brown solids during
the reaction. Short reaction time (2-3 h) or running the
reactions at low temperatures (e.g. 0 °C) did not improve
the yield for the double incomplete cubane-like cluster 6.
It is understandable that both SCN™ and CN™ are versatile
bridging ligands that may link some Mo/Cu/S cluster spe-
cies existed in the reaction mixture to form certain kinds of
insoluble Mo/Cu/S cluster-based coordination polymers
[18,27,44]. In fact, the IR spectra revealed that these solids
contained the SCN™ (2118/2073 cm™ ") or CN~ (2129/
2117 cm™ ') stretching vibrations and the bridging Mo-S
vibration at 427 or 453 cm™'. X-ray fluorescence analysis
conformed that these samples contained Mo, Cu and S ele-
ments (Mo:Cu:S =2:2:6 for X=SCN™~ and 2:2:4 for
X = CN"). However, numerous attempts to grow their sin-
gle crystals to elucidate their actual compositions failed.
Compounds 2-7 are readily soluble in CH,Cl, or
CHCls, slightly soluble in CH;CN, benzene or acetone,
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Scheme 1.
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and insoluble in Et,O and hexane. The CH,Cl, solvated
molecules in 3 - 0.5CH,Cl, and 7 - CH,Cl, could be readily
removed in vacuo at ~60 °C. The elemental analyses were
consistent with the chemical formulas of 2, 3 - 0.5CH,Cl,,
4-6 and 7 - CH,Cl,. In the IR spectra of 2, 4 and 6, bands
at 503 (2), 503 (4), and 498 (6) cm ™' and 428 (2), 428 (4),
and 455 (6) cm~! may be assigned as the terminal Mo = S
and the bridging Mo-S stretching vibrations, respectively
[41,45]. The IR spectra of 3, 5 and 7 showed only one
bridging Mo-S stretching vibration at 451 (3), 454 (5),
and 455 (7) ecm~'. Compounds 5, 6 and 7 also exhibited
the stretching vibrations of SCN™ or CN™ at 2093 (5),
2115/2078 (6), and 2154/2087 (7) cm ™!, respectively. The
UV-Vis spectra of 2 and 4 in CH,Cl, were characterized
by four bands, while those of 3, 5 and 6 had three absorp-
tions and that of 7 had two absorptions (Fig. 1). Relative to
the bands at 338 and 448 nm (1) [40], those at 350 and
491 nm (2), 393 and 474 nm (3), 352 and 491 nm (4), 387
and 468 nm (5), 469 nm (6), and 456 nm (7) are red-shifted,
and they are probably dominated by the S — Mo(V)
charge-transfer transitions of [(n°-CsMes)>,Mo0,S4] moiety
[41,46]. The "H NMR spectra of 2, 4, and 6 showed two
sharp singlets related to protons of two n°-CsMes groups
at 2.06 and 2.29 ppm (2), 2.06 and 2.28 ppm (4) and 2.06
and 2.17 ppm (6), while those of 3, 5 and 7 presented only
one single resonance of m°-CsMes groups at 2.09 ppm
(3), 2.12 (5), and 2.08 ppm (7). The identities of 2,
3-0.5CH,Cl,, 4-6 and 7 - CH,Cl, were further confirmed
by single crystal X-ray analysis.

2.2. Crystal structures of [(1n’-CsMes)>Mos( i3-S s-
SCuX(u-X)], (2: X=CI, 4: X=Br; 6: X=SCN)

Being crystallized in the monoclinic space group P2,/c,
the asymmetric unit for either 2 or 4 or 6 consists of half
of the discrete molecule [(n5-C5Mes)2M02(u3-S)3SCu2X(p—
X)L (X=CI (2); X=Br (4); X=SCN (6)). Their cell
parameters of 2 and 4 are essentially identical, and so are
their molecular structures. Therefore only the perspective
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Fig. 1. Electronic spectra of [(n°-CsMes)Mox(j13-S)4(CuCl),] (0.9 x
107°M), 2-6 (1.0x 107> M) and 7 (1.2x 107°M) in CH,Cl, in a 1 cm
thick glass cell.

views of 4 and 6 are shown in Figs. 2 and 3. Selected bond
lengths and angles for 2, 4 and 6 are compared in Table 1.
X-ray diffraction analysis confirmed that 2 or 4 or 6 has a
dimeric structure that is composed of two incomplete
cubane-like [(m°-CsMes),Mo,(13-S)3SCu,X]  fragments
linked by two p-X atoms. A crystallographic inversion cen-
ter is located at the center of the cluster. These dimeric struc-
tures resemble those found in (PPhy),[(n°-CsMes)>M(ps-
S);CusXs(u-X)h (M = Mo, X =Br; M =W, X=Cl, Br),
which contains two incomplete cubane-like [(1n°>-CsMes),-
M(13-S);CusX,] fragments interconnected by a pair of
bridging X~ groups. In the case of thiocyanate clusters,
the structure of 6 is different from that of (PPhy),[(n°-
C5M65)2M(H3-S)3CU3X2(H-X)]2, in which each of the two
triply-bridging SCN™ groups link three Cu(I) centers of
the other [(1n°-CsMes),M(p3- S);Cus(SCN),] fragment to
form a double cubane-like structure.

In each [(n°-CsMes),Mos(113-S);SCu,X] fragment, the
formal oxidation states for Cu and Mo atoms are assumed
tobe+1and +5, respectively. Although the structure of each
fragment is closely related to that of [(n°>-CsMes),-
Mo,(13-S)3SCusl,], the two Cu atoms show different
coordination geometries. The Cu(1) or Cu(1A) atoms is tet-
rahedrally coordinated by two p3-S atoms and two bridging
X~ groups, while the Cu(2) or Cu(2A) atoms adopt an
approximately trigonal planar geometry, coordinated by
one terminal X~ group and two L3-S atoms. Because of the
different coordination geometries of the two copper atoms,
the Mo---Cu contacts are also different: Mo(2)- - -Cu(lo)/
Mo(2)- - -Cu(2) = 2.7202(9) A/2.6462(7) A (2); 2.7230(9) A/
2.6450(9) A (4); 2.7100(8) A/2.6327(8) A (6), which corre-
late with the number of bonding interactions at Cu(I)
centers. The Mo(2)- - -Cu(2) contact is comparable to those
observed in [(m°-CsMes)>Mos(13-S);SCus,1,] [41], while the
Mo(2)- - -Cu(1) one is longer than those in clusters contain-
ing tetrahedrally-coordinated Cu such as [MoS4Cu4Pysl,]
(2.658(3)-2.697(3) A) [47] but somewhat shorter than
[CuzsMoS;Br](PPh3);S - 0.5Me,CO  (2.776(2)-2.840(3) A)
[2]. The Cu-p3-S bond lengths also reflect the mode of coor-
dination of copper atoms: Cu(2)-p3-S av. 2.2215(13) A (2),
2.2192(12) A (4) and 2.2150(14) A (6) for a trigonal geome-
try and Cu(1)-ps-S av. 2.2729(11) A (2), 2.2771(11) A (4)
and 2.2697(14) A (6) for a tetrahedral environment. The
mean Cu-p3-S bond length in 2 (2.2472(13) A) or 4
(2.2482(12) A) or 6 (2.2424(14) A) is comparable to_those
in (PPhy)s{(n’-CsMes):Mo(us-8)sCusBrsh (2.236(3) A) [21]
and (PPhy)3[MoOS;Cu;CLJ[CuCl,] (2.243(2) A) [48]. The
mean Mo-u3-S bond length in 2 or 4 or 6 is slightly longer
than those in (PPhy)y[(n>-CsMes),Mo(p3-S)sCusBr3],
(2.290(3) A) and (PPhy4)3[MoOS;Cu;CL][CuCl,] (2.272
(2) A). The mean Mo(1)---Mo(2) contact and terminal
Mo(1)=S(4) in 2 or 4, or 6 are close to those of the corre-
sponding ones of [(1°-CsMes)>Mox(}13-S)3S(Cul),]. Within
the CuX,Cu frame, the Cu(1)-X(1A) and Cu(1A)-X(1)
bond lengths are significantly longer than the Cu(1)-X(1)
and Cu(1A)-X(1A) bonds. Therefore, the two incomplete
cubes of 2, 4, and 6 are weakly associated.
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Fig. 2. Perspective view of 2 with labeling scheme and 50% thermal ellipsoids. All hydrogen atoms are omitted for charity.

Fig. 3. Perspective view of 6 with labeling scheme and 50% thermal ellipsoids. All hydrogen atoms are omitted for charity.

2.3. Crystal structures of [(’-CsMes)>Mos(us-S) .
(CuBr),]-0.5CH,Cl, (3-0.5CH,CL), [(’-CsMes);
Mos(115-8) 4 CuSCN )] (5) and [(1~CsMes)sMos(us-S)

Compound 3 - 0.5CH,Cl, crystallizes in the monoclinic
space group C2/c and the asymmetric unit consists of one
independent  [(n°-CsMes)>Mo»(p13-S)4(CuBr),] molecule
and half of the CH,Cl, solvated molecule, while 5 crystal-
lizes in the monoclinic space group C2/c¢ and the asymmetric
unit contains half of the [( n5 -CsMes),Mos(13-S)4(CuSCN), ]
molecule, and 7 - CH,Cl, crystallizes in the orthorhombic
space group Pccn and the asymmetric unit has half of the
[(N°-CsMes),Mos(1s-S)4(CuCN),] molecule and half of
the CH,Cl, solvated molecule. As 3, 5 and 7 have a similar
molecular structure, only the molecular structures of 5 and 7
were presented in Figs. 4 and 5. Selected bond lengths and
angles of 3, 5 and 7 are compared in Table 2.

Compounds 3, 5 and 7 consist of a distorted Mo0,S,Cu,
cubane-like core structure in which one cis-[(n°-CsMes),
Mo, (p-S),S,]moiety is bound to two CuX (X = Br—, SCN™,

CN7) units via six Cu—S bonds . The resulting cube is closely
related to those of their chloride and iodide analogues.
Although there is no symmetry in 3 and its chloride and
iodide analogues, there is a two-fold axis running through
the center of the cube of 5 or 7. Each Cu atom has a distorted
tetrahedral coordination geometry. The mean Mo- - -Cu con-
tact, Mo-;3-S and Cu-p3-S bond lengths are comparable to
those found in other Mo0,S,Cu, cubane-like clusters such
as [(dtc);Mox(p3-S)4(CuBr),] [43] and [(n’-CsMes)Mo,
(13-S)4(CuX),] (X=Cl, 1) [40,41]. The mean Mo---Mo
contact is longer than that in [(dtc),Mos(p3-S)4(CuBr),],
but comparable to those in [(1°-CsMes)>Mos(13-S)a
(CuX),] (X =Cl, I). Other bond lengths involved in cop-
per(I) centers and the terminal groups are normal.

2.4. Third-order NLO properties for 2-5, 7 and
[(’-CsMes) ;Mo ( p5-S)3S( CuCl), ]

As mentioned earlier in this paper, 6 has very low yield
and thus we did not measure its NLO properties. On the
other hand, we included the known cubane-like cluster
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Table 1
Selected bond lengths (A) and angles (°) for 2, 4 and 6

2(X=Cl 4 (X =Br) 6 (X = SCN?)
Mo(1)---Mo(2) 2.9416(7) 2.9474(7) 2.9477(12)
Mo(2)- - -Cu(1) 2.7202(9) 2.7230(9) 2.7100(8)
Mo(2): - -Cu(2) 2.6462(7) 2.6450(7) 2.6327(8)
Mo(1)-S(1) 2.3620(13) 2.3616(12) 2.3570(12)
Mo(1)-S(2) 2.3439(10) 2.3432(9) 2.3422(13)
Mo(1)-S(4) 2.1344(11) 2.1347(10) 2.1192(13)
Mo(2)-S(1) 2.3331(10) 2.3345(9) 2.3285(12)
Mo(2)-S(2) 2.3371(12) 2.3372(11) 2.3280(12)
Mo(2)-S(3) 2.2609(11) 2.2607(10) 2.2785(12)
Cu(1)-S(1) 2.2931(11) 2.2962(11) 2.2741(13)
Cu(1)-S(3) 2.2526(11) 2.2580(10) 2.2652(14)
Cu(2)-S(2) 2.2388(11) 2.2351(10) 2.2331(13)
Cu(2)-S(3) 2.2041(13) 2.2032(12) 2.1969(14)
Cu(1)-X(1) 2.2722(12) 2.3936(7) 1.929(4)
Cu(1)-X(1A) 2.4919(14) 2.6075(11) 2.5642(14)
Cu(2)-X(2) 2.1530(11) 2.2731(7) 1.898(4)
S(1)-Mo(1)-S(2) 101.52(4) 101.37(3) 101.10(5)
S(1)-Mo(1)-S(4) 103.86(5) 103.69(4) 101.00(5)
S(2)-Mo(1)-S(4) 102.35(4) 102.23(4) 103.46(5)
S(1)-Mo(2)-S(2) 102.60(4) 102.37(3) 102.39(5)
S(1)-Mo(2)-S(3) 105.94(4) 106.03(4) 106.04(4)
S(2)-Mo(2)-S(3) 105.55(4) 105.46(4) 105.58(4)
S(1)-Cu(1)-S(3) 107.57(4) 107.41(4) 108.34(5)
S(1)-Cu(1)-X(1) 127.02(5) 127.63(3) 119.50(13)
S(1)-Cu(1)-X(1A) 109.86(5) 110.35(4) 104.63(5)
S(3)-Cu(1)-X(1) 115.77(5) 114.80(3) 119.97(13)
S(3)-Cu(1)-X(1A) 102.86(4) 102.32(3) 103.40(6)
X(1)-Cu(1)-X(1A) 89.14(4) 89.83(3) 97.64(11)
S(2)-Cu(2)-X(2) 124.56(5) 124.69(4) 119.71(14)
S(2)-Cu(2)-S(3) 110.99(5) 111.06(4) 111.82(5)
S(3)-Cu(2)-X(2) 123.93(4) 123.57(3) 128.13(14)
Cu(1)-S(3)-Cu(2) 103.35(4) 103.46(4) 102.78(6)
Cu(1)-X(1)-Cu(1A) 90.86(4) 90.17(3)

2 X(1) = N(1), X(1A) = S(5A), X(2) = N(2).

Fig. 4. Perspective view of 5 with labeling scheme and 50% thermal
ellipsoids. All hydrogen atoms are omitted for charity.

2209

Fig. 5. Perspective view of 7 with labeling scheme and 50% thermal
ellipsoids. All hydrogen atoms are omitted for charity.

[(°-CsMes)>Mox(13-S)3S(CuCl),] [40] in the measurement
of third-order NLO properties of this series. As shown in
Fig. 1, the UV-Vis spectra of 2-5 and 7 had relatively
low linear absorption in 532 nm, which promises low inten-
sity loss and little temperature change by photon absorp-
tion during their NLO measurements. The nonlinear
absorption effects of 2-5, 7 and [(n°-CsMes)>Mox(ji5-
S)3S(CuCl),] in CH,Cl, were evaluated by the Z-scan tech-
nique under an open-aperture configuration (Fig. 6a, and
Figs. S3a-S7a in Supplementary data). Although the
detailed mechanism is still unknown, it is interesting to
note that the NLO absorption data obtained under the
conditions used in this study can be well described by
Egs. (1) and (2), which are derived to describe a third-order
NLO process [49,50].

1 e i
== [x In[l + g(Z)]e~" de ()
§(2) = ol (2) @

where light transmittance 7(Z) is a function of the sample’s
Z position (with respect to the focal point at Z = 0). I(Z) is
the incident light irradiance. oy and o, denote linear and
effective third-order NLO absorptive coefficients, respec-
tively. L is the optical path and 7 is the time. The solid lines
in Fig. 6a and Figs. S3a-S7a are theoretical curves from
Eqgs. (1) and (2). The data collected under the open aper-
ture configuration indicated that they all exhibit good non-
linear absorption properties. The effective o, values for 2-5,
7 and [(n°-CsMes),Mo(113-S)3S(CuCl),] are listed in Table
3.

The nonlinear refractive properties of 2-5, 7 and [(n’-
CsMes),Moo(13-S)3S(CuCl),] were assessed by dividing
the normalized Z-scan data obtained under closed aperture
by the normalized Z-scan data collected under the open
aperture configuration (Fig. 6b and Figs. S3b—S7b). The
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Table 2
Selected bond lengths ( ) and angles (°) for 3-0.5CH,Cl,, 5 and 7 - CH,Cl,*
Mo(1)---Mo(2) 2.8584(11) Mo(1)---Mo(1A) 2.8508(7) 2.8655(9)
Mo(1)---Cu(1) 2.7866(14) Mo(1)---Cu(1) 2.7970(6) 2.7847(7)
Mo(1)---Cu(2) 2.7843(14) Mo(1)---Cu(1A) 2.7605(6) 2.7966(7)
Mo(2)---Cu(1) 2.7806(13)
Mo(2) -Cu(2) 2.7843(16)
Mo(1)-S(1) 2.328(2) Mo(1)-S(1) 2.3330(7) 2.3363(11)
Mo(1)-S(2) 2.337(2) Mo(1)-S(1A) 2.3266(8) 2.3372(12)
Mo(1)-S(3) 2.2186(19) Mo(1)-S(2) 2.2236(7) 2.2166(12)
Mo(2)-S(1) 2.328(2)
Mo(2)-S(2) 2.331(2)
Mo(2)-S(4) 2.230(2)
Cu(1)-S(1) 2.264(2) Cu(1)-S(1) 2.2493(7) 2.2718(12)
Cu(1)-S(3) 2.403(2) Cu(1)-S(2) 2.4538(10) 2.3926(13)
Cu(1)-S(4) 2.385(2) Cu(1)-S(2A) 2.3774(11) 2.3848(13)
Cu(2)-S(2) 2.262(2)
Cu(2)-S(3) 2.392(2)
Cu(2)-S(4) 2.386(2)
Cu(1)-X(1) 2.2650(17) Cu(1)-X(1) 1.8833(19) 1.968(5)
Cu(2)-X(2) 2.2507(18)
S(1)-Mo(1)-S(2) 100.64(8) S(1)-Mo(1)-S(1A) 101.30(4) 105.12(4)
S(1)-Mo(1)-S(3) 106.39(8) S(1)-Mo(1)-S(2) 106.66(2) 105.99(4)
S(2)-Mo(1)-S(3) 105.89(8) S(2)-Mo(1)-S(1A) 105.93(2) 101.60(4)
S(1)-Mo(2)-S(2) 100.81(8)
S(1)-Mo(2)-S(4) 105.97(8)
S(2) Mo(2)-S(4) 106.49(8)
S(1)-Cu(1)-S(3) 102.53(8) S(1)~Cu(1)-S(2) 101.92(2) 102.42(4)
S(1)-Cu(1)-S(4) 103.04(8) S(1)-Cu(1)-S(2A) 103.44(2) 101.88(4)
S(1)~Cu(1)-X(1) 124.43(8) S(1)~Cu(1)-X(1) 121.53(7) 127.63(13)
S(3)-Cu(1)-S(4) 98.35(8) S(2)-Cu(1)-S(2A) 100.07(4) 102.18(4)
S(3)-Cu(1) X(l) 110.14(8) S(2)-Cu(1)-X(1) 109.87(7) 108.15(13)
S(4)-Cu(1)-X(1 114.72(8) S(2A)-Cu(1)-X(1) 117.01(7) 111.60(12)
S(2)~Cu(2)- S(3 102.71(8)
S(2)-Cu(2)-S(4) 103.66(9)
S(2)-Cu(2)-X(2) 123.72(8)
S(3)-Cu(2)-S(4) 98.64(8)
S(3)-Cu(2)-X(2) 110.38(8)
S(4)-Cu(2)-X(2) 114.35(8)
* X =Br (3); X(1)= X(1) = C(11) (7 - CH,CL,).

effective third-order NLO refractive indexes n, can be
derived from the difference between normalized transmit-
tance values at valley and peak positions (ATy_p) by using
Eq. (3) [51,52]:

/10(()
0.812n/(1 — e~=t)

where /A is the wavelength of the laser, o is the linear coef-
ficient, L is the sample thickness, 7 is the peak irradiation
intensity at focus. As shown in Table 3, the effective
third-order NLO refractive indexes n, values are negative,
indicating that they all show strong self-defocusing effect.

In accordance with the observed o, and n, values, the
effective third-order susceptibility »* and the hyperpolariz-
ability y value can be calculated by Eqgs. (4) and (5) [51,52]:

9 % 10%m2c2 | 2
|X(3)\ — \J (‘TOOOQ (4)

y = ¥ /NF* ()

ATy p (3)

ny =

cnny
80m

where c is speed of light in vacuum, ny is linear refractive in-
dexes of the sample. N is the number density (concentration)
of the clusters in the samples; F* (=3.25) is the local field
correction factor. Table 3 lists the effective third-order sus-
ceptibilities > that are calculated by Eq. (4). These results
showed that 2-5, 7 and [(nS-CSMeS)zMoz(u3-S)3S(CuC1)2]
possess strong third-order optical nonlinearities.
According to Eq. (5), N represents the number density
(concentration) of a compound. Therefore the hyperpolar-
izability y value can be used to represent NLO properties of
neat materials. Table 4 lists the y values of 2-5, 7,
[(m°-CsMes),Mo,(13-S)3S(CuCl),] and some reported
NLO materials for comparison. The y values of 2-5, 7
and [(n°-CsMes),Mo,(}13-S)3S(CuCl),] are comparable to
those of the Mo/S/Cu clusters [32,51,53-55], better than
those observed in Cgy and C;q [56], organometallic com-
pounds and their films like TiOPc [57,58]. It is noticed that
the y values of the single cubane-like clusters ([(n’-
CsMes)o,Mos(113-S)3S(CuCl),], 3, S, and 7) are 2-4 times
larger, while those of the double incomplete cubane-like
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Fig. 6. Z-scan data of 5.13 x 107* M CH,Cl, of 4 at 532 nm. (a) The data
were evaluated under the open aperture configuration. (b) The data were
assessed by dividing the normalized Z-scan data obtained under the closed
aperture by the normalized Z-scan data in (a). The black dots are the
experimental data, and the solid curve is the theoretical fit.

clusters (2 and 4) are nearly 8 times larger than that of their
precursor [(n°>-CsMes)>Mos(pi- S),S,]. These enhancements
in y value may be ascribed to skeletal extension of metal
cluster [30,59,60]. Among these single cubane-like clusters,
the y values seem not get much changed though each clus-
ter has its own distinct periphery X groups around its [(n°-
CsMes)>,Mo,(113-S)3SCu,] core. The same thing occurred
for the double incomplete cubane-like clusters 2 and 4.
However, the y values of the double incomplete cubane-like
clusters (2 and 4) are about 2 times larger than those of the
corresponding single cubane-like clusters ([(n°-CsMes),-
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Mo,(u3-S);S(CuCl),] and 3). This improvement may be
due to the existence of the double incomplete cubane-like
cluster framework of 2 and 4.

3. Experimental
3.1. General

All manipulations were performed under an argon
atmosphere using standard Schlenk-line techniques. Com-
pound 1 was prepared according to the literature method
[40]. CH5CN was pre-dried over activated molecular sieves
and refluxed over P,Os under argon. All other chemicals
were used as purchased. 'H NMR spectra were recorded
at ambient temperature on a Varian UNITY plus-400 spec-
trometer where the chemical shifts were referenced to TMS
in CDCl;. IR spectra were recorded on a Varian Scimitar
1000 spectrometer (4000-400 cm™'). Elemental analyses
for C, H and N were performed on a Carlo-Erba
CHNO-S microanalyzer. Electronic spectra were measured
on a Varian Cary 50 UV-Vis spectrophotometer.

3.2. Syntheses

3.2.1. Reactions of 1 with CuCl

A suspension containing 1 (30 mg, 0.05 mmol) and CuCl
(10 mg, 0.10 mmol) in 4 mL of CH3CN was refluxed for
20 h, forming a dark green solution. After cooling to room
temperature, the resulting mixture was concentrated to
dryness in vacuo, and the components were separated by
column chromatography on silica. Elution with CH,Cl,/
Et,O (8:1) gave a dark brown band first. The solution
was concentrated to ca. 2mL in vacuo and then layered
by Et,O (8 mL) for two weeks to form dark brown needles
of 2. Yield: 20 mg (51% based on Mo). The component in
the second green band was eluted with acetone/CH,Cl,
(1:4). A similar workup to that used in the isolation of 2
produced dark green prisms of [(1°-CsMes),Mox(jis-
S)4(CuCl),]. Yield: 13 mg (33% based on Mo). Anal. Calc.
for C40H60C14C114MO4S8 (2) C, 3046, H, 3.83. Found: C,
30.02; H, 4.06%. IR (KBr disk): 2955 (m), 2900 (m), 1626
(m), 1475 (m), 1422 (m), 1378 (s), 1022 (m), 503 (s), 428
(m) ecm™'. UV-Vis (CH,Cly, Amax (nm (¢ M~'cm™1))):
259 (54,200), 320 (27,800), 350 (24,600), 491 (7300). 'H
NMR (CDCls, 400 MHz, ppm): 6 2.06 (s, 30H, —CHj3),
2.29 (s, 30H, —CH3y).

Table 3

NLO parameters of 2-5, 7 and [(n°-CsMes)>Mox(j13- S)4(CuCl),]

Compounds ¢ (x107* M) s (x10710 m/W) 1> (x107 ! esu) 7@ (x107" esu)
[(n*-CsMes),Mos(jis- S)a(CuCl),] 10.7 7.58 —12.08 2.49

2 5.11 8.77 —16.95 2.90

3 9.82 6.10 —11.72 2.01

4 5.13 7.49 —17.59 2.49

5 4.80 3.80 —7.54 1.25

7 12.5 5.50 —11.59 1.82
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Table 4

Comparison of the y values of 2-5, 7 and some known NLO materials

Compounds 7y (esu) A (nm) Ref.
[(n3-CsMes),Mo,(t3-S)4(CuCl),] 1.19x107% 532 This work
2 2.84x10°% 532 This work
3 1.05x 1072 532 This work
4 2.48x107% 532 This work
5 1.34x10°% 532 This work
7 7.45%x 107 532 This work
[(n*-CsMes),Mo,(t-S),S5] 3.07x107%° 532 [41]
[(n°-CsMes),Mos(13-S)3S(Cul),] 5.65x 107 532 [41]
[(n°-CsMes)>Mos(13-S)4(Cul)s] 1.18x107% 532 [41]
[(7-Bu)4sNL[MoOS;(CuNCS);] 48%x107% 532 [32]
[MoS4Cuy(o-MePy)sBr>] - 2(a-MePy) ¢ 5 1.06 x 107! 532 [53]
{[M0S,4Cuy(0-MePy);Br](p-Br) - (a-MePy)},, 1.02x 1073 532 [53]
[M0OS;Cus(4-pic)] - [BF4] 2.89x 1073 532 [54]
[MoOS;Cus(4-pic)s] - 0.5[Mo0,0] 1.32x 1073 532 [54]
(Et4N)3[WOS5(CuBr)3(11,-Br)] - 2H,O 0.6x 1078 532 [51]
[EtsNL[MoS4Cus(SCN)4(2-pic)sJ* 0.29x10 3! 532 [55]

Ceo 7.5% 10734 1910 [56]

Cro 13x1073 1910 [56]
VOPcBu, (PMMA doped film)® 8 x 1073 1907 [57]
TiOPc (film before thermal annealing) 1.04x 1073 1907 [58]
TiOPc (film after thermal annealing) 535%x 107 1907 [58]

& pic = methylpyradine (picoline).
® Pc = phthalocyanine.

3.2.2. Reactions of 1 with CuBr

The similar reactions of 1 (30 mg, 0.05 mmol) with
CuBr (15 mg, 0.10 mmol) followed by column chromatog-
raphy on silica using CH,Cl,/Et,O (8:1) led to the forma-
tion of dark-green needles of 3-0.5CH,Cl, and dark-
brown prisms of 4, respectively. Yield: 21 mg (46% based
on Mo) for 3-0.5CH,Cl, and 13 mg (30% based on Mo)
for 4. Anal. Calc. for C,ysH;3Br,ClCu,Mo,S,
(3:0.5CH,Cl,): C, 26.76; H, 3.40. Found: C, 26.13; H,
3.77%. IR (KBr disk): 2956 (m), 2911 (m), 1624 (m),
1477 (m), 1421 (m), 1380 (s), 1020 (m), 451 (m) cm .
UV-Vis (CH>Cly, Jmax (mm (¢ M 'em™h))): 296
(21,000), 393 (4400), 474 (2000). 'H NMR (CDCls,
400 MHz, ppm): 6 2.09 (s, 30H, -CHj3). Anal. Calc. for
C4oHgoBrsCusMoySg (4): C, 27.37; H, 3.45. Found: C,
27.58; H, 3.72%. IR (KBr disk): 2955 (m), 2906 (m),
1621 (m), 1475 (m), 1422 (m), 1378 (s), 1020 (m), 503
(s), 428 (s) ecm . UV-Vis (CH,Cl,, /Jmax (nm (¢
M~ 'em 1)) 260 (56,300), 326 (30,900), 352 (27,600),
491 (7700). '"H NMR (CDCls, 400 MHz, ppm): & 2.06
(s, 30H, —-CH3;), 2.28 (s, 30H, -CH3).

3.2.3. Reactions of 1 with CuSCN

A suspension containing 1 (60 mg, 0.1 mmol) and
CuSCN (25mg, 0.2mmol) in §mL of CH;CN was
refluxed for 20 h, forming a brown solution with a lot of
dark brown solid. After cooling to room temperature, the
solution was concentrated to dryness in vacuo and then
extracted by CH,Cl, (2 mL x 3). The components in the
resulting brown extract was separated by column chroma-
tography on silica using Et,O/CH,Cl, (1:8). Similar work-
ups to those used in the isolation of [(nS—CsMes)zMoz(u3-

S)4(CuCl),] and 2 gave rise to dark green prisms of 5 and
dark brown prisms of 6, respectively. Yield: 26 mg (31%
based on Mo) for 5 and 1.5 mg (2% based on Mo) for 6.
Anal. Calc. for CyH30Cu,Mo,N,S¢ (5): C, 31.69; H,
3.63; N, 3.36. Found: C, 31.95; H, 3.81; N, 3.51%. IR
(KBr disk): 2959 (w), 2911 (m), 2093 (s), 1630 (m), 1478
(m), 1423 (m), 1378 (s), 1020 (m), 454 (m) cm~'. UV-Vis
(CH,Cly, max (nm (¢ M~ 'em™Y))): 291 (21,100), 387
(5100), 468 (2700). '"H NMR (CDCls, 400 MHz, ppm): &
2.12 (S, 30H, *CH3). Anal. Calc. for C44H60CU4MO4N4SIZ
(6): C, 31.69; H, 3.63, N, 3.36. Found: C, 32.03; H, 3.88,
N, 3.55%. IR (KBr disk): 2956 (w), 2907 (m), 2115 (m),
2078 (s), 1625 (m), 1477 (m), 1426 (m), 1377 (s), 1022
(m), 498 (m), 455 (w) cm™'. UV-Vis (CH>Cls, Amax (nm
(e M~ "em™Y)): 267 (47,300), 326 (26,600), 469 (12,300).
'H NMR (CDCl;, 400 MHz, ppm): & 2.06 (s, 30H,
—CHs;), 2.17 (s, 30H, —CHs).

3.2.4. Reactions of 1 with CuCN

A suspension containing 1 (30 mg, 0.05 mmol) and
CuCN (9 mg, 0.1 mmol) in 6 mL of CH;CN was refluxed
for 20 h, forming a greenish brown solution with a large
amount of dark brown solid. Similar workups to those
mentioned above produced dark-green prisms of
7 - CH,Cl, and some unreacted 1. Yield: 10 mg (23% based
on Mo) for 7-CH,Cl,. Anal. Calc. for C,3H3,Cl,Cu,.
Mo,N,LS,: C, 32.32; H, 3.77; N, 3.28. Found: C, 33.03;
H, 3.92; N, 3.35%. IR (KBr disk): 2958 (m), 2913 (m),
2154 (m), 2087 (s), 1628 (m), 1480 (m), 1423 (m), 1376
(s), 1021 (m), 455 (m) cm™'. UV-Vis (CH>Cly, Amax(nm (&
M~'em™'))): 291 (20,800), 456 (2200). 'H NMR (CDCls,
400 MHz, ppm): 6 2.08 (s, 30H, -CH3).



Table 5
Crystallographic data for 2-7

2 3-0.5CH,Cl, 4 5 6 7 - CH,Cl,
Chemical formula C40H60C14CU4M04SS C20_5H31BT2C1CUZM02S4 C40H60BT4CU4MO4Sg szHgoCUzMOzNzSG C44H60CU4M04N4512 C23H32C12CUZM02N2S4
Formula weight 1577.08 919.93 1754.92 833.80 1667.60 854.61
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic
Space group P2,/c C2/c P2,/c C2/c P2,/c Pcen
a (A) 16.574(3) 36.684(7) 16.787(3) 23.890(5) 12.175(2) 13.002(3)
b (A) 10.135(2) 10.354(2) 10.212(2) 8.7466(17) 14.193(3) 13.028(3)
c (A) 17.390(4) 16.114(3) 17.468(4) 17.717(4) 17.309(4) 18.113(4)
b (°) 117.10(3) 108.68(3) 116.73(3) 128.34(3) 104.68(3)
V (A3) 2600.4(9) 5798(2) 2674.4(9) 2903.8(10) 2893.4(10) 3068.1(11)
Z 2 8 2 4 2 4
Deare (g cm™) 2.014 2.108 2.179 1.907 1.914 1.850
F(000) 1560 3576 1704 1656 1656 1696
i (Mo Ko, em™) 3.091 5.439 5.794 2.736 2.746 2.629
Total number of reflections 25111 31577 28943 15445 28272 28380
Number of unique reflections 4755 6624 6108 3330 5275 2798
Number of observed reflections [/ > 2.00a(])] 4338 5947 5722 3189 4667 2616
Number of variables 281 299 281 159 317 164
RrR? 0.0310 0.0754 0.0320 0.0237 0.0385 0.0421
WwRP 0.0630 0.2153 0.0752 0.0567 0.0760 0.0962
GOF* 1.163 1.062 1.130 1.094 1.167 1.246
Residual peaks (e/A3) 0.640, —0.528 1.145, —1.750 0.643, —1.294 0.490, —0.778 0.728, —0.600 0.795, —0.698

*R= Z”Fol - |Fc|/Z|Fo|~

R = (S w(F — Fo) SR
¢ GOF = {S[W((F2 — F2)?*)/(n — p)} 72, where n = number of reflections and p = total numbers of parameters refined.
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3.3. X-ray crystallography

All measurements were performed on a Rigaku Mercury
CCD X-ray diffractometer (3KV, sealed tube) at —80°C,
using graphite monochromated Mo Ka (41 =0.71070 A).
A dark-brown needle of 2 with dimensions 0.21 x 0.15 x
0.12 mm, a dark-green needle of 3 - 0.5CH,Cl, with dimen-
sions 0.28 X 0.27 x 0.15 mm, a dark-brown prism of 4 with
dimensions 0.68 x 0.41 x 0.30 mm, a dark-green prism of 5
with dimensions 0.42x0.17 x0.15mm, a dark-brown
prism of 6 with dimensions 0.20 x0.12x 0.1l mm and a
dark-green prism of 7 -CH,Cl, with dimensions 0.25 X
0.24 x 0.10 mm were mounted on glass fibers with grease,
respectively. Diffraction data were collected at @ mode with
a detector distance of 35 mm to the crystal. Indexing was
performed from six images, each of which was exposed
for 15s. A total of 720 oscillation images for each were
collected in the range 6.10° <20 <50.70° for 2, 6.40° <
20 <54.96° for 3-0.5CH,Cl,, 6.14° <20 <54.96° for 4,
6.56° <20 < 54.94° for 5, 6.24° <20 <50.70° for 6 and
6.26° < 20 < 50.70° for 7 - CH,Cl,. The collected data were
reduced by using the program CrystalClear (Rigaku and
MSC, Ver. 1.3, 2001), and an absorption correction
(multi-scan) was applied, which resulted in transmission
factors raging from 0.563 to 0.708 for 2, from 0.311 to
0.496 for 3-0.5CH,Cl,, 0.110-0.275 for 4, 0.393-0.684
for 5, 0.610-0.752 for 6 and 0.559-0.779 for 7 - CH,Cl,.
The reflection data were also corrected for Lorentz and
polarization effects.

The crystal structures of 2, 3-0.5CH,Cl,, 4-6 and
7-CH-Cl, were solved by direct methods [61], and
expanded using Fourier techniques [62]. All non-hydrogen
atoms were refined anisotropically. The CH,Cl, molecule
in 3-0.5CH,Cl, were found to be disordered over three
sites with occupancy factors of 0.74/0.13/0.13 for C21/
C21A/C21B, CIl1/CI1B/CIIA and CIlIC/CI1A/CIID. All
hydrogen atoms except those of the disordered CH,Cl,
molecule were placed in geometrically idealized positions
(C-H =0.98 A for methyl groups and C-H =0.99 A for
methylene groups) and constrained to ride on their parent
atoms with Ujo(H) = 1.2U4(C). All the calculations were
performed on a Dell workstation using the CrystalStruc-
ture crystallographic software package (Rigaku/MSC,
Ver. 3.60, 2004). Important crystal and data collection
parameters for 2, 3-0.5CH,Cl,, 46 and 7- CH,Cl, are
summarized in Table 5.

3.4. Nonlinear optical measurements

The solutions of 2-7 along with [(n°>-CsMes)>Mox(pis-
S)4(CuCl),] in CH,Cl, were placed in 2-mm quartz cuvette
for NLO measurements. The clusters were stable toward
air and laser light in experimental condition. The nonlinear
absorption and refraction were investigated with a linearly
polarized laser light (2 = 532 nm; pulse widths = 8 ns; rep-
etition rate =1 Hz) provided by a frequency-doubled,
mode-locked, Q-switched Nd-YAG laser. The spatial pro-

files of the optical pulses were nearly gaussian after passing
through a spatial filter. The laser beam was focused with a
30-cm focal length focusing mirror. The radius of the beam
waist was measured to be 35+ 5 um (half-width at 1/¢?
maximum). The incident and transmitted pulse energies
were measured simultaneously by two energy detectors
(Laser Precision Rjp-735), which were linked to a computer
by an IEEE interface [49,50]. The NLO properties of the
samples were manifested by moving the samples along
the axis of the incident laser irradiance beam (z-direction)
with respect to the focal point and with incident laser irra-
diance kept constant (Z-scan methods). The closed-aper-
ture curves are normalized to the open aperture curves.
An aperture of 0.2 mm radius was placed in front of the
detector to measure the transmitted energy when assess-
ment of laser beam distortion was needed. To eliminate
scattering effects, a lens was mounted after the samples to
collected the scattered light.
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Appendix A. Supplementary data

CCDC 616452, 616453, 616454, 616455, 616456 and
616457 contain the supplementary crystallographic data
for 2,3-0.5CH,Cl,, 4, 5, 6 and 7 - CH,Cl,. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: depos-
it@ccdc.cam.ac.uk. Supplementary data associated with this
article can be found, in the online version, at doi:10.1016/
j.jorganchem.2007.01.040.
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