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The coplanar cluster compound [EtsN]s[(a-WSeq)Cuals] (1) was prepared from reaction of [EtsN][WSe4] with 4
equiv of Cul in N,N-dimethylformamide (DMF) solution in the presence of [EtyN]l. Treatment of 1 with pyridine (py)
in dry MeCN gave the neutral cluster [(«s-WSes)Cus(py)slo] (2) in good yield. Recrystallization of 1 from py/i-PrOH
resulted in the reorganization of the coplanar WSe,Cu, core and the formation of a neutral polymeric cluster
[(us-WOSes)Cus(py)s(u-1)], (3) containing a nest-shaped OWSe;Cus core and a terminal W=0 bond. The interaction
of cluster 1 with excess PPhs in CH,Cl, gave [(us-WSes)Cus(PPhs)s(us-1)] (4) which has a cubanelike SeWSe;Cusl
core. Treatment of 1 with 1 equiv of Cul in dimethyl sulfoxide (DMSO) yielded [EtiN]4[(zes-WSeq)(Cul)s(ze-1)] (5)
which has a crownlike core structure. Treatment of 1 in DMF with 2 equiv of Cul in the presence of py resulted
in the formation of a two-dimensional polymeric cluster, [(«s-WSe4)Cugla(py)sls (6), consisting of an octahedral
WSe,Cug repeating unit. The solid-state structures of clusters 3, 5, and 6 have been further established by X-ray
crystallography. The nonlinear optical properties of 6 have been also investigated. Cluster 6 was found to exhibit
good photostability and a large optical limiting effect with the limiting threshold being ca. 0.3 J cm™2.
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the corresponding heteroselenometallic clusters containingChart 1

possess better NLO properties than their thiometalate con- ¢
generébecause of the heavy atom effect (i.e., selenium being Cu—Se—Cu—L
heavier than sulfur). Additionally, selenium-containing com- -~ | \L. v L vt K
pounds have important applications, such as being precursors " () (b) ©
for low-band gap semiconductors and nonlinear optical
materials’ With this connection, we set out to synthesize cyanide-bridged three-dimensional cross-frameworks based
new heteroselenometallic clusters by reactions betweenon WS/CuCN?!®
tetraselenometalate anions and coinage-metal cations and to The variation of structural types for these heteroselenom-
further to investigate the structur@roperty relationship of  etallic clusters mainly depends on the number of coinage-
this class of NLO materials. metal atoms bound to the six MSedges of the central

In contrast to their heterothiometallic analogdé4? [MSe4]? tetrahedron. Previously, one of us investigated the
rational synthetic routes to heteroselenometallic clusters haveinfluence of peripheral ligands on the reactivity and structural
not been well developed. Mar first demonstrated the transformations of heteroselenometallic clustersByio
formation of linear trinuclear cluster{WSe)(AgPPh)2] NMR spectroscopy??Given the fact that the coplanar MSe
by the coordination reaction of [W@é™ and [Ag(PPB)] .1 Cu cluster (a) has two MSeedges that can bind additional
Subsequently, Ibers and Hong have exploited the interactionsmetal ions, we seek to synthesize new clusters with MSe
of [MSey]?~ (M = Mo, W) with the coinage-metal cations ~ Cus (b) and MSeCus (c) cores, as shown in Chart 1 (M
Cut, Agt, and Au™ and isolated a series of coinage-metal/ Mo, W; L, L' = ligands), by binding metal ions to these
MSe, compounds with structural types ranging from lin€ar, two MSe edges. Herein, we report the synthesis of crownlike
butterfly 3 cubanée2214 incomplete-cuban®®, coplanar T- [EtsN]4[(2es-WSe)(Cul)s(u-1)2] and octahedral polymeric
frame, open cross-framéand cag&?to pinwheel shapes. [(us-WSey)Cusla(py)a]n by coordination of additional Cu(l)
Xin and co-workers have synthesized coplanar open poly-ions to the planar cluster [B¥]4[(«s-WSe)Cule]. The
meric clusters that exhibit large optical limiting effects and molecular structures and spectroscopic properties along with
optical nonlinearities of these clusters will be presented in
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/L Cu l
Cu_/_Se——Cu—-L

[MSe? (M = Mo, W) has, however, received relatively L " L . AT vt
. . . . L
less attention until recentfyOur interest in heteroselenom-  “~c,—_g,_—cu” /CU—SeC(CU\ \cu\Sec,LCu
. . ' _Cu
etallic clusters comes from notion that these clusters would \ | / L \/\/ Rt \ |5 /
—W—se se=—M—Se sia—M/—-Se

/
L~cy—se—Cu
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[EtsN]I, PPhs, and pyridine were purchased from Aldrich Ltd. and

filtrate with THF. Yield: 74 mg (46%). Anal. Calcd for£gH4sPs-

used without further purification. All elemental analyses were CuwlSeW: C, 40.39; H, 2.80. Found: C, 40.25; H, 2.77. bVis
carried out using a Perkin-Elmer 2400 CHN analyzer. Electronic (CH,Cly, Ama/nNm, e/x1073 M~ cm1): 346 (5.74), 495 (sh) (3.22).
absorption spectra were obtained on a Shimadzu UV-3000 spec-IR (KBr, cm™): »(W—Se) 318 (m), 297 (w)3!P NMR (DMSO-
trophotometer. Infrared spectra were recorded on a Digilab FTS- dg): ¢ 26.4. MS (FAB): m/z 1605 (M" + 1), 1476 (M" — | — 1).

40 spectrophotometer with use of pressed KBr pellets, and positive  Preparation of [Et 4N]4[(#s-WSes)(Cul) s(u-1) 5] (5). An equiva-
FAB mass spectra were recorded on a Finnigan TSQ 7000 |ent of Cul (191 mg, 0.10 mmol) was added to a solutiod ¢f78
spectrometer. NMR spectra were recorded on a Bruker ALX 300 mg, 0.10 mmol) in DMSO (8 mL), and then the mixture was stirred

spectrometer operating at 300 and 121.5 MHz %drand 3P,
respectively, and the chemical shifts ppm) were reported with
reference to SiMe(1H) and HPO, (31P).

Preparation of [Et4N]4[(#s-WSe)Cuylg] (1). A solution of
[EtsN]2[WSe] (190 mg, 0.25 mmol) in DMF (15 mL) was added
to a solution of Cul (191 mg, 1.00 mmol) and [§{l (129 mg,
0.50 mmol) in MeCN (5 mL). The mixture was stirred at room

for ca. 2 h until the Cul powder was dissolved. The resulting dark
red solution was stirred for an additidnh h and subsequently
filtered to remove a little brown precipitate. Slow addition of a
mixture solvent of THR/PrOH (1:3) induced the crystallization
of 5 as black blocks suitable for X-ray analysis. Yield: 137 mg
(62%). Anal. Calcd for GHgoN4Cusl;SeW: C, 17.24; H, 3.59;

N, 2.51. Found: C, 17.63; H, 3.46; N, 2.48. bVis (DMF, Ama

temperature for 1 h, during which time the color gradually changed nm,e/x103M~1cm™1): 332 (11.4), 391 (sh), 489 (4.12). IR (KBr,
from purple to dark red. A little precipitate was removed by cm™): »(W—Se) 298 (m), 7293 (w}H NMR (DMSO-dg): 6 1.03
filtration, and a clear filtrate was obtained. Excess MeCN was added (t, J = 7.6 Hz, (Hz in Ey4N), 2.92 (quart, = 8.2 Hz, (H; in
to the filtrate until a dark-red solid was formed. The solid was EN). MS (FAB): "z 1706 ([(us-WSe)Cusl7] — 1), 1597 ([fes-

isolated by filtration, washed with EtOH and,EX, and then dried
by vacuum. The pure solid df may be used for further reactions.

Yield: 395 mg (77%). Recrystallization on a small scale from DMF/

THF (1:4) yielded the dark-red microcrystalline product. Anal.
Calcd for GoHgoN4sCwleSeW: C, 21.56; H, 4.49; N, 3.14.
Found: C, 21.84; H, 4.61; N, 3.12. UWis (DMF, Anadnm (e/
x1073 M~tcm™1): 322 (12.3), 387 (sh), 420 (3.51), 475 (3.88),
495 (3.71). IR (KBr, cm?): »(W—Se) 300 (m)*H NMR (DMSO-
dg): 0 1.05 (t,J = 7.6 Hz, (H3 in EyN), 2.95 (quart) = 8.5 Hz,
CH, in EuN). MS (FAB): m/z1260 ([(4u4s-WSe)Cuwle] — 1), 1133
([(ua-WSe)Culs] — 1), 1006 ([fea-WSe)Cuals] — 1), 879 ([fe4-
WSe)Cuwls] — 1), 752 ([us-WSey)Cul] — 1), 625 ([(a-WSe)-
Cuwl] — 1), 500 ([s-WSe)Cuy] + 1).

Preparation of [(us-WSe;)Cus(py)sl 2] (2). A suspension ofl
(178 mg, 0.10 mmol) in MeCN (5 mL) was added to py (5 mL).
The mixture was stirred fa2 h atroom temperature until the solid

material was entirely dissolved. The red filtrate was carefully

layered with E4O. Red crystals of [{;-WSe)Cuw(py)sl2] (2) were
obtained in 3 days. The product was washed with EtOH ap@ Et

and dried under vacuum. Yield: 102 mg (63%). Anal. Calcd for

CaoHzoNeCuil,SeW: C, 24.31; H, 2.02; N, 5.67. Found: C, 24.62;
H, 2.11; N, 5.62. UV-vis (DMF, Ama/nm, e/x1073 M~1 cm™Y):
306 (10.2), 345 (7.43), 408 (4.63), 487 (3.52). IR (KBr, &n
v(C—N) 1164 (s)»(W—Se) 299 (m)*H NMR (DMSO-dg): 6 8.01
(t, J= 6.2 Hz,para-H in py), 8.35 (t,J = 6.9 Hz,metaH in py),
8.92 (d,J = 6.6 Hz,ortho-H in py). MS (FAB): m/z 1482 (M +
1), 1353 (M" — | — 1), 1226 (M" — 2I — 1).

Preparation of [(us-WOSe;)Cus(py)s(u-1)] n (3). Clusterl (178

mg, 0.10 mmol) was directly dissolved in py (10 mL), and the

resultant solution was crystallized by layering witRrOH to obtain
red plate crystals o8 after 10 days. Yield: 58 mg (58%). Anal.
Calcd for GsHisNsOCwlSesW: C, 18.15; H, 1.51; N, 4.24.
Found: C, 18.23; H, 1.57; N, 4.18. UWis (DMF, Ana/nm,
€/x103 M~ cm™Y): 325 (12.7), 379 (sh) (6.82), 456 (4.20). IR
(KBr, cm™1): »(C—N) 1157 (s),»(W—0) 913 (s),»(W—Se) 300
(m). *H NMR (DMSO-dg): 6 8.07 (m,para-H in py), 8.32 (m,
metaH in py), 8.86 (dd,J = 6.8 Hz,ortho-H in py). MS (FAB):
m/z 992 (M" + 1), 863 (M" — | — 1).

Preparation of [(us-WSey) Cus(PPhg)s(us-1)] (4). A solution of
PPh (157 mg, 0.60 mmol) in CkCl, (15 mL) was added to a
slurry of 1 (178 mg, 0.10 mmol) in DMF (5 mL), and the mixture
was stirred fo 6 h atroom temperature. The resulting red solution

WSe)Culg] — 1), 1470 ([fts-WSer)Cusls] — 1), 1343 ([fus-WSey)-
Cuslg] — 1), 1216 ([(s-WSey)Cusls] — 1), 1089 ([ts-WSe)Cusly]
— 1), 962 ([us-WSe)Cuel] — 1), 836 ([4s-WSe)Cue] + 1).

Preparation of [(us-WSey)Cugl 4(pY)4]n (6). A fresh solution of

Cul (382 mg, 0.20 mmol) in py (2.5 mL) was added with stirring
to a suspension of (178 mg, 0.10 mmol) in DMF (10 mL). A
dark red solution gradually formed as the solidlafissolved. The
resultant solution was stirredrfd h atroom temperature and filtered
to obtain a dark red filtrate. Slow vapor diffusion of8tproduced
X-ray-quality crystals o6 as black prisms after one week. Yield:
78 mg (46%). Anal. Calcd for £H,oN4Cusl .SeW: C, 14.08; H,
1.17; N, 3.28. Found: C, 14.21; H, 1.19; N, 3.12. bV¥is (DMF,
AmaiNM, €/ x 1073 M~1 cm™1): 317 (8.25), 353 (5.39), 424 (3.21),
494 (2.83). IR (KBr, cm?): »(C—N) 1168 (s),v(W—Se) 295 (m),
291 (w).'H NMR (DMSO-dg): ¢ 8.02 (t,J = 6.4 Hz,paraH in
py), 8.39 (tJ = 7.2 Hz,metaH in py), 9.01 (dJ = 6.7 Hz,ortho-H
in py). MS (FAB): m/z1706 (M" + 1), 1577 (M — | — 1), 1451
(M* =21 — 1), 1324 (M" — 3| — 1), 1198 (M" — 4l).

X-ray Crystallography. The structures of3, 5, and 6 were
obtained by the single-crystal X-ray diffraction technique. Crystals
were mounted on the tips of perfluoropolyether oil-coated glass
fibers. Data were collected at 120 K on a Siemens Stoe-IPDS
diffractometer (Mo Kux radiation) equipped with an imaging plate
area detector and a rotating anode. All structures were solved by
the use of direct methods, and refinement was performed using
full-matrix least-squares methods dff with the SHELXTL
software packag®. All non-hydrogen atoms were refined aniso-
tropically. The hydrogen atoms were generated and included in the
structure factor calculations with assigned isotropic thermal pa-
rameters but were not refined. The data processing and structure
refinement parameters are summarized in Table 1. Atomic coor-
dinates, complete bond distances and angles, and anistropic thermal
parameters of all non-hydrogen atoms for all three clusters are
available as Supporting Information.

Optical Measurements.A DMSO solution of 2.25x 1075 mol
dm=3 of 6 was placedn a 1 mmquartz cuvette for optical
measurements. The optical limiting characteristics along with
nonlinear absorption and refraction was investigated with a linearly
polarized laser lightA = 532 nm, pulse width= 7 ns) generated
from a Q-switched and frequency-doubled Nd:YAG laser. The
spatial profiles of the optical pulses were nearly Gaussian. The laser

was filtered to yield an orange precipitate. Dark orange crystals of (20) Sheldrick, G. M.SHELXTL-97 version 5.1; Bruker AXS, Inc.:

[(us-WSe)Cus(PPh)s(us-1)] (4) were obtained by layering the

Madison, WI, 1997.
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Table 1. Crystallgraphic Data and Experimental Details farsf{VOSey)Cus(py)s(«-1)]n (3), [EtaN]a[(z5-WSey)(Cul)s(u-1)2] (5), and
[(1e-WSe)CUsl a(py)a]n (6)

3 5 6
formula CisH1sN3OICusSesW CaoHgoN4l7,CusSeyW CooHooN4l 4CusSexW
fw 991.55 2226.69 1704.93
a(A) 8.2156(16) 23.539(5) 14.811(2)

b (A) 8.8229(18) 10.718(2) 14.811(2)

c(A) 15.840(3) 22.217(4) 15.595(3)

o (deg) 102.88(3) 90 90

p (deg) 97.93(3) 94.73(3) 90

y (deg) 94.94(3) 90 90

V (A3) 1100.5(4) 5586.1(19) 3421.1(10)

z 2 4 4

cryst syst triclinic monoclinic tetragonal

space group P1 C2lc 142d

Pcaled (g cm3) 2.992 2.648 3.310

T(K) 120(2) 120(2) 120(2)

u (mmY) 14.444 10.422 14.891

F(000) 900 4104 3056

reflns 7479 19 405 13396
independent refins 4414 5458 1907

Rint 0.0657 0.0737 0.0683

R1, wR2 ( > 2.00(1)) 0.0581,0.1178 0.0629, 0.1224 0.0466, 0.1175
R1, wR2 (all data) 0.0626, 0.1258 0.0716, 0.1332 0.0467,0.1177
GOP 1.023 1.008 1.108

@ GOF = [(3WIFo| — [Fel)/(Nobsa — Nparam3] 2

beam was focused with a 25 cm focal-length focusing mirror. The %Tﬁﬂﬁﬂigwggfé&?gi and Structural Transformations of Planar
radius of the laser beam waist was measured to be-3um

(half-width at 1/ maximum in irradiation). The incident and
transmitted pulse energy were measured simultaneously by two w
Laser Precision detectors (RjP-735 energy probes) communicating sb—W—se SeT L se
to a computer via an IEEE interfaékwhile the incident pulse

py py

| /
l\CU\se/Cu"‘py (e}

energy was varied by a Newport attenuator. The interval between /Cu/se/cu—' /Cu Cu CIL'\"
the laser pulses was chosen te b s toavoid the influence of Py p}! 2 by P Py Py
thermal and long-term effects. The details of the setup can be found T 3 n
elsewheré? ! /

Results and Discussion | e

SynthesesWhen [E4N],[WSey] was reacted with 4 equiv I\C|U\se/cu/ \Ee
of Cul in DMF solution in the presence of [|&]l, a dark AEUNT' \/vlv—Se i Se< \Se\Se
red solution, along with a small amount of brown precipitate, se | C/ % ;u/\ /
was gradually formed. Upon filtration and addition of excess cu—Se—Cu—! PhsP”” u\ / \/CU\PPh3
MeCN, an analytically pure dark-red solid characterized as 4 1 | 1~ PPhg
[Et:N]a[(us-WSe)Cuwlg] (1) by IR, MS, and elemental 4
analyses was isolated. The formation of pentanuclear cluster \
1 from the coplanar WCucore is not surprising because iVj
the four faces of the [WSP~ are equally capable of I* | oy |
coordination with Cu(l) ions. Similar heterothiometallic N | C/'_|4' PV\Clu\Se’}C/\*
clusters have been synthesized from the reaction ofJNH Cu—Seg /“\ ‘,Cu\ / !
[MoS,], Cul, and [E§N]I.%2 It is worth noting that in the e _—\’__\Se \ SeE-V,V/’ST
present system a long reaction time will result in a lot of \7 | — Cu_/ilse__cu—py
insoluble brown precipitate and low yield @f suggestive /C“_Se"cu\ o | e
of rapid coordination reaction of the [Wg& anion with : 5 ! — 6 —n

Cu(l) species. Although an attempt to obtain single crystals  areagents and conditions: (i) py/MeCN, (ii) PFOH, (iiiy PPR/DMF/
of 1 for single-crystal X-ray diffraction was not successful, CHCly, (iv) Cul/DMSO, and (v) Cul/py/DMF.

the compound has been fully characterized using spectro- . _
scopic methods and has been proven to be a useful startingnaterial for construction of clusters based on the plapa [(
WSe)Cuwlg]*™ anion. Scheme 1 summarizes the syntheses

(21) ﬁ) gggil?-gagse,kMB: ﬁaid,a. AS.; \_glanA St/:ylebr\lld,. ETMﬁt- hett 1989D ] of new heteroselenometallic clusters derived frbmander
y . elK-banae, Vl.; sald, A. A.; el, 1. R.;nagan, D. J.; . . e
Van Stryland, E. WIEEE J. Quantum Electrarl99Q 26, 760. the various exper|mental condmorTs.
(22) Hou, H. W.; Liang, B.; Xin, X. Q.; Yu, K. B.; Ge, P.; Ji, W.; Shi, S. Treatment ofl with excess py in dry MeCN gave an

23) ‘]L'aﬁgeT' Soéhgﬁra\,ﬂaﬁﬂiﬁiﬁ %?’. %43}'(. BJ. Coord. Chem Orange-red solution. Slow diffusion of £ into the solution

1993 30, 173. gave crystals identified asd{-WSe)Cuy(py)el2] (2).2* The
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formation of neutral can be described as the replacement
of four iodine atoms irl with py, while the coplanar W3e

saturation of the [WS§~ tetrahedron. Previously, a MoSe
Cus cluster was identified as an intermediate during the

Cu, core structure remains unchanged. On the other hand transformation of MoCuto MoCuy clusters by>Mo NMR

when clusted was dissolved in neat py and crystallized from

py/i-PrOH, red single crystals characterized as the one-

dimensional polymeric clust&with the nest-shaped repeat
unit [(us-WOSe)Cus(py)s(u-1)] were isolated. It is believed
that the driving force for the formation of the nest-shaped
core of 3 from the coplanar core df is the hydrolysis of
the W=Se group inl to W=0O during the recrystallization.
Hydrolysis of W=Se groups to give WO groups have been
found for analogous thiometalate systems previogiskhe
cubanelike cluster J(z-WSe)Cus(PPh)s(us-1)] (4) with a
nest-shaped core structure similar to that of cluStevas
prepared by the reaction of clustérwith excess PPhin
CH.Cl,. This reaction involved a change of the cluster
skeleton from a coplanar W3euw, core to the cubanelike
SeWSeCuwsl core. In addition, the formation of the G
bond resulted in the change of the binding mode for the
bridged iodide ligand fromu, to us. As previously reported,
treatment of analogous coplanar clusters with PiRhthe

spectroscopy?®However, the isolation of such as an MgeSe
Cus cluster has not yet been unsuccessful. Although analo-
gous heterothiometallic [Mo€usX4(py)aln (X = Br, 1)
clusters have been synthesized by self-assembly or so-called
one-pot reactions of [EN];[MoS,] and CuX with py in a
MeCN solutior?® in this work we have clearly demonstrated
that the formation 06 involved the substitution of four iodide
atoms by py and the binding of Cul moieties to the two
uncoordinated WSefaces in the [WS§2~ of clusterl. As
one might expect, connecting the octahedral \{Csg core
with the bridged iodide ligands results in a two-dimensional
polymeric cluster with the cage structure that could be a
promising candidate for an optical limiting material.
Spectroscopic Propertiesinfrared and electronic spectra
for 1-6 are normal compared with those for related
compounds containing the [W@& anion!21418 The W-Se
stretching modes of these clusters can be identified easily
because they appear as sharp peaks in the-teavenumber

presence of halides led to formation of cubane clusters. Forregion below 400 cm' in the IR spectrum. The terminal

example, treatment of jg-MoSe)Cu(py)sBrz] with PPhy
produced cubanelike clustepffMoSe,) Cus(PPh)s(us-Br)],
identified by°*Mo NMR.?8 It may be thus understood that

W-—Se absorption for4 was found at 318 cni, which is
higher than that for the [WSE~ anion (305 cm?).19 The
bridging W—Se vibrations are observed in the range of-290

the cluster skeleton’s transformation occurs in the reaction 300 cnt?, which is lower than that for [WS§~.28 The strong

of clusterl with the coplanar WS€u, core because of the
formation of the terminal \A=O(Se) bond.

Encouraged by the above results for the reactivity of
coplanar clustefl associated with the uncoordinated WSe
edges, we studied the addition reactions of clutevith
the Cu(l) species. Treatment din DMSO with 1 equiv of
Cul resulted in the addition of 1 Cul unit and the formation
of [EtsN]4(us-WSe)(Cul)s(u-1)2] (5), which features a
crownlike core structure according to an X-ray diffraction

absorption at 913 cm for 3 may be attributed to the terminal
W-—0; stretching vibration. The IR spectra 8f 3, and 6
show bands in the range of 1557570 cnt?, which can be
obviously assigned to the(C—N) of the pyridine ligands.
The electronic absorption spectrum of each of these
clusters shows several intense bands in the UV region with
weaker bands in the visible region.These bands are not of
the d—d type but probably result from liganrtnetal charge
transfer. Assignments of absorption bands for heterosele-

analysis (vide infra). Efforts to synthesize other clusters using nometallic complexes with the [Wgé~ anion have been

two or more equivalents of Cul failed, although apparent
reactions ofl with Cut were observed. $heresse et al.
reported that the reaction of cubanelike [nNAE[WS4Cus-

Brs] with [EtsN]CI in CHCl, produced an analogous
thiometalate cluster [EN]WS4CusBr-] in a low yield 2" In

this reaction, rearrangement of the cubane SUVgBr, core

to a crownlike [WSCusBr;]*~ core was found, although the
detailed mechanism by which the crownlike cluster was
formed is unclear. On the other hand, treatmerit iof DMF
with 2 equiv of Cul in the presence of py produced a two-
dimensional polymeric cluster, {{&WSe)Cusl 4(pY)a]n (6),
consisting of an octahedral W& repeating unit. The two
additional WSe faces of coplanar WQ€u, core inl were
coordinated with two Cu atoms, resulting in coordinative

(24) (a) Cao, R.; Zhang, Q. F.; Su, W. P.; Bao, M. T.; Zheng, Y.; Hong,
M. C. Polyhedron1999 18, 333. (b) Beheshti, A.; Brooks, N. R.;
Clegg, W.; Sichani, S. BPolyhedron2004 23, 3143.

(25) (a) Halbert, T. R.; Pan, W.-H.; Stiefel, E.J. Am. Chem. S0d 983
105 5476. (b) Pan, W.-H.; Chanlder, T.; Enemark, J. H.; Stiefel, E.
I. Inorg. Chem 1984 23, 4265.

(26) Zhang, Q. F.; Zhang, C.; Song, Y. L.; Xin, X. @.Mol. Struct.200Q
525, 79.

(27) Seheresse, F.; Bernes, S.; Robert, F.; JeannirBoil. Soc. Chim.
Fr. 1995 132 1029.

reported in the literatur& 18 29 On the basis of these
assignments, the intense and weaker bands at380 nm
for clusters1—6 may be attributed to the internal Se to W
charge-transfer transition of the [W§& moiety and the
relatively weak ligand [WSg4?~ to copper interaction,
respectively.

The 'H NMR spectra of cluster®, 3, and6 show one
doublet and two triplet peaks from the protons of pyridine
ligands. The’P NMR spectrum of clustet shows a singlet
at 26.4 ppm, which is comparable to those of related
cubanelike clusters with PRMHigands!* The FAB" mass
spectra of cluster2—4 and 6 exhibit molecular ions
corresponding to M + 1 and M™ — ligands with the
characteristic isotopic distribution patterns. Although the
parent molecular ions of clustetsand5 are detected at very
low intensity, a series of intense peaks assigned to ions which
are formed by the subsequent loss of the iodide ligands were
observed.

(28) (a) Hou, H. W.; Fan, Y. T.; Du. C. X.; Zhu, Y.; Wang, W. L.; Xin,
X. Q.; Low, M. K. M,; Ji, W.; Ang, H. G.Chem. Commun1999
647. (b) Lang, J. P.; Xin, X. Q.; Yu, K. Bl. Coord. Chem1994 33,
99.
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Figure 1. View of a [(us-WOSe)Cus(py)s(u-1)]n (3) chain, three unit cells A
long drawn as an ORTEP diagram with 50% displacement ellipsoids. Only 1R2A)RY
inequivalent atoms are labeled.

Table 2. Selected Bond Distances (A) and Angles (deg) for
[(us-WOSe)Cus(py)s(u-N]n (3)

N
4

Sel1) Sel1A)

W(1)-0(1) 1.826(9) W(l)-Se(1) 2.3865(13) Figure 2. Molecular structure of the cluster anion 6f showing 50%
W(1)-Se(2) 2.4243(13) W(BHSe(3) 2.3993(16) thgrma, ellipsoids. of 9
Cu(1)y-Se(1) 2.4030(17) Cu(bse(2) 2.4091(18)
Cu(2-Se(l)  2.430(2) Cu@)Se(3) 2.4081(19) Table 3. Selected Bond Distances (A) and Angles (deg) for
Cu(3)y-Se(2) 2.358(2) Cu(3)Se(3) 2.3655(18) X 3 a
Cu(1)-N(10) 2.026(9) Cu(1(1) 2.702(2) [ELN](us-WSe)(Culs-1)] (5)
Cu(2)-N(20) 2.084(9) Cu(2yI(1)#1 2.6112(16) W(1)-Se(1) 2.3513(11) W(BSe(2) 2.3950(12)
Cu(3)-N(30) 1.945(10) W(13Cu(1) 2.7421(17) Cu(1)-Se(1) 2.4228(18) Cu(bse(2) 2.4643(18)
W(1)-Cu(2) 2.7953(16) W(BCu(3) 2.7091(19) Cu(2)#1-Se(1) 2.4182(19) Cu()Se(2) 2.4542(18)
Cu(3)-Se(2) 2.3748(16) Cu(di(1) 2.4350(18)
O(1)-W(1)—Se(1) 108.0(2)  O(ByW(1)—Se(3) 109.5(2) Cu(1)-1(3)#1 2.6641(19) Cu(®1(2) 2.441(2)
O(1)-W(1)-Se(2) 110.2(2)  Se(HW(1)-Se(3)  109.58(5) Cu(2)r-1(3) 2.672(2) Cu(3Y1(4) 2.425(3)
Se(1yW(1)-Se(2)  110.47(5) Se(2W(1)-Se(3)  109.08(5) W(1)—Cu(1) 2.7516(16) W(HCu(2) 2.7420(17)
W(1)—Se(1)-Cu(1) 69.85(5)  W(1)ySe(1)-Cu(2) 70.95(6) W(1)—Cu(3) 2.725(2)
W(1)—Se(2)-Cu(1) 69.13(5) W(1)}Se(2)-Cu(3) 68.99(5)
W(1)—Se(3)-Cu(2) 71.11(6) W(1)}Se(3)-Cu(3) 69.30(6) Se(1)#+W(1)—-Se(1) 105.66(6) Se(BW(1)—Se(2)#1 110.40(4)
Cu(ly-Se(1)-Cu(2) 107.16(7) Cu(BSe(2y-Cu(3) 112.08(7) Se(1-W(1)-Se(2) 110.36(4) Se(2)#W(1)-Se(2) 109.61(6)

Cu(2-Se(3y-Cu(3) 107.01(7) Se(BHCu(l)-Se(2)  110.43(7) W(1)-Se(1)-Cu@@#1  70.17(5) W(BSe(l)-Cu(l)  70.37(5)
Se(1)-Cu(2)-Se(3)  107.85(7) Se(®Cu(3)-Se(3)  112.56(7) W(1)—Se(2)-Cu(1) 68.96(5) W(1}Se(2-Cu(2)  68.85(5)

Se(1)-Cu(1)-I(1) 105.19(6) Se(BCu@-I(1)#1  111.11(6) Cu(#1-Se(1)-Cu(l) 81.38(7) Cu(3ySe(2-W(1)  69.69(6)
Se(2)-Cu(1)-1(1) 108.09(7) Se(3YCu(@-I(1}#1  109.98(6) Cu(3)-Se(2)-Cu(2) 96.05(6) Cu(3}Se(21-Cu(l)  95.74(6)
N(10)-Cu(1)-Se(1) 113.7(3) N(18)Cu(l}>-Se(2) 115.5(3) Cu(2-Se(2-Cu(l)  12855(7) Se(BHCu(l)-Se(2) 105.74(7)
N(10)-Cu(1)-1(1) ~ 103.1(3)  N(20y-Cu(2--Se(3) 115.6(3) Se(1)#tCu(2-Se(2) 106.24(7) Se(XCu(1}-1(3)#1  100.66(7)
N(20)-Cu(2)-Se(1) 105.0(3)  N(2BYCu(2-I(L)#1 107.3(3) Se(2#t-Cu(3)-Se(2) 111.01(10) Se(xCu(1)}-1(1) 119.96(7)
N(30)-Cu(3)-Se(2) 129.3(3)  N(36}Cu(3)-Se(3) 116.6(3) I(1)—Cu(1)-Se(2) 119.19(8) I(BCu(1)-I(3#1  106.50(7)
Cu(1)-1(1)—Cu(2)#2  109.71(6) Se(2-Cu(l)-I3)#1  101.59(6) Se(L)#iCu(2)-1(2) 118.45(7)
. , . I(2)—Cu(2)-Se(2) 117.98(8) Se(1)#Cu(2-1(3) 100.57(7)
Symmetry code: #k + 1,y, Zz #2x— 1,y,2 I(2)—Cu(2)-1(3) 109.58(7)  Se(2rCu(2)-I1(3) 101.32(6)
Crystal Structures. The structure of3 has been estab-  Se(2)-Cu(3)-1(4) 124.50(5) Cu(D#tI(3)—Cu(2)  72.52(6)

lished by an X-ray diffraction study. The molecular structure  asymmetry code: #tx+ 1,y, —z+ 1/2.

of 3 is shown in Figure 1, and selected bond lengths and

angles are given in Table 2. The structure3ofonsists of in 5is illustrated in Figure 2, and selected bond lengths and

an open nest-shaped WiSe; core linked by iodides to form  angles are given in Table 3. ThedfWSe)(Cul)s(u-1)2]*

a one-dimensional polymer. A similar Mos&#ag core has anion comprises two [(Cudlu-1)] fragments symmetrically

been found for a related heteroselenometallic clustesP[Rh ligated to the tetrahedral [W@é& moiety and one Cul

[(uz-M0oOSe)CwCla(py)].*® The center W atom has a nearly species occupying one face of the WSe, core, forming a

tetrahedral geometry with the angles around W atom ranging crownlike overall structure. The W(1), Cu(3), and 1(4) atoms

from 108.0(2) to 110.47(8) The W—0O bond length of lie on a crystallographic 2-fold axis. The central W atom

1.826(9) A is typical for a W=O double bond. The average has a slightly distorted tetrahedral coordination geometry with

W—uz-Se bond length i8 is 2.4034(14) A. There are two  the Se-W—Se angles ranging from 105.66(6) to 110.40-

kinds of Cu atoms: (a) the tetrahedral Cu atoms coordinated(4)°. The W—Se bond length involvingi,-Se (2.3950(12)

to two Se, one |, and one N of py and (b) the trigonal Cu A) is slightly longer than that involvings-Se (2.3513(11)

atom coordinated to two Se and one N of py. The-@u A). The four Cu atoms, Cu(1), Cu(2), Cu(1A), and Cu(2A),

separations involving tetrahedral Cu (2.7953(16) and 2.7421-are nearly coplanar with a deviation of 0.0057 A from the

(17) A) are longer than that involving trigonal Cu (2.7091- least-squares plane. Compared with the coplanar Mi@Ges

(19) A). The bond lengths between the bridging | atom and in the open-squared clustersuf{WSe)Cuy(py)sCls],12°

two Cu atoms are 2.702(2) and 2.6112(16) A. The-Cu [EtaN]2[(14-WSe)Cuy(S,CNMey)4], 26 and {[EtsN]o[(u4-

Cu linkage in the polymer is bent with an angle of 109.71- WSe)Cuy(CN)4]}»,*82the W atom in5 is deviated from the

(6). Cuw, plane with a distance of ca. 0.38 A because of an extra
The structure ob consists of well-separated cations and Cul species binding to one of Wgfaces. Similar ta3, the

anions. The structure of theu-WSe)(Cul)s(u-1)2]*~ anion W-—Cu(tetrahedral) separations of 2.7516(16) and 2.7420-
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Table 4. Selected Bond Distances (A) and Angles (deg) for
[(116-WSey)Cuel4(pY)a]n (6)*

W(1)—Se(1) 2.3986(6) cu(Bse(l) 2.4342(11)

Cu(1)-Se(1)#2 2.4005(12) cu(@se(1) 2.3578(10)

Cu(1)-1(1) 2.6838(11) cu(@1(2) 2.4613(16)

Cu(1)-N(1) 1.984(7) W(1)y-Cu(1) 2.7396(9)

W(1)—Cu(2) 2.7276(15)

Se(1-W(1)-Se(1)#1 109.898(16) Se@W(1)—Se(1)#3 108.62(3)
W(1)-Se(1)-Cu(l)#1l 69.62(3)  W(HSe(1)-Cu(l) 69.06(3)
W(1)-Se(1)-Cu(2)  69.98(3) Cu(BSe(l)-Cu(l)}#l 107.95(3)
Cu(l-Se(1}-Cu(2) 118.62(4) Cu(DSe(l)-Cu(l)#l 98.05(4)
Se(1)-Cu(1)-Se(1)#2 108.64(4) Se(Cu(2-Se(1)#3 111.43(6)
Se(1)-Cu(1)-I(1) 95.16(4)  Se(L)#2Cu(1)-I(1)  109.61(4)
Se(1y-Cu(2)-1(2) 124.29(3)  N(LyCu(l)-Se(l)#2 114.2(2)
N(1)—-Cu(l-Se(l)  122.8(2)  N(BCu(l)»-I(1) 103.9(2)

Cu(L)-I(1)—Cu(l)#4 108.60(5)

aSymmetry code: #Y, —x, —z #2 -y, X, =z #3 =X, —Y, Z; #4—X +
1/2,y, —z — 1/4.

Figure 3. View of the molecular structure of f6-WSe)Cusl 4(py)s] as a
repeating unit ir6. Displacement ellipsoids are plotted at the 50% probability
level.

(17) A are significantly longer than that (2.725(2) A)
involving the trigonal Cu ir, suggesting that the interactions
between the W and Cu are greatly influenced by the ©
coordination geometry of Cu. There are two types of
geometry about the Cu atoms: (i) distorted tetrahedral with
angles varying from 101.32(6) to 119.96(@nd (ii) distorted
trigonal with angles ranging from 111.01(10) to 124.50(5)
The average Cul; and Cu-l, bond lengths irb are 2.434- ]
(2) and 2.668(2) A, respectively, and are similar to those of |
related compounds;28a.30

The solid-state structure 6fhas been established by X-ray
crystallography. Although a similar structure has been found
for the heterothiometallic clustersuf-MoS,)CusXa(pY)aln
(X = Br, 1),28 the current arrangement appears to the first
example of an octahedral polymeric cluster containing a
tetraselenometalate moiety. The basic octahedral unit [(
WSe)Cusl4(py)4] is illustrated in Figure 3, and selected bond
lengths and angles are given in Table 4. The structure Cu—Ip bond lengths ir6 are 2.4613(16) and 2.6838(11) A,
possesses a crystallograpliles symmetry. The basic core  respectively, which are comparable to thosé.iithe angles
WSeCus is formed of a central WSeetrahedron encapsu- around the tetrahedral Cu atoms range from 95.16(4) to
lated by six Cu atoms across six faces of the Wigpe. 114.2(2), suggesting that the coordination geometry of the
The central WSgretains an idealized tetrahedral geometry Cu atoms is highly distorted tetrahedral. It is significant to
with the average SeW—Se bond angle of 109.26(2and note that the Ctl—Cu angle of 108.60(8)in 6 is similar
a W—u,-Se bond length of 2.3986(6) A. The six Cu atoms to thatin3 (109.71(6)). This, together with the observation
form a regular octahedral array. The €8e bond lengths  of the smallest SeCu—I, angle of 95.16(4)in the tetra-
are obviously inequivalent: the Gi8e bond distances for hedral Cu coordination environment, makes the four bridging
tetrahedral Cu atoms are 2.4342(11) and 2.4005(12) A,| atoms connect to four tetrahedral Cu atoms of each
whereas that for the trigonal Cu atom is 2.3578(10) A. The octahedral [fe-WSe)Cusla(py)s] unit, leading to the con-
W—Cu(tetrahedral) separation of 2.7396(9) A is slightly struction of a two-dimensional network polymeric cluster,
longer than that involving the trigonal Cu atoms (2.7276- as shown in Figure 4.
(15) A). The average WCu separation i (2.7336(12) A) Optical Limiting Effect.

Figure 4. Perspective view of the two-dimensional structure p§|(VSe;)-
Cuel4(py)a]n along thec axis.

According to the previous

is comparable to those 8 (2.7488(17) A),5 (2.7395(18)
A), and other related cluste¥s1718The average Cul; and

(29) Ansari, M. A.; Chau, C.-N.; Mahler, C. H.; Ibers, J. lorg. Chem
1989 28, 650.

(30) (a) Hou, H. W.; Long, D. L.; Xin, X. Q.; Huang, X. Y.; Kang, B. S;
Ge, P.; Ji, W.; Shi, Slnorg. Chem.1996 35, 5363. (b) Li, J. G;
Gao, F. J.; Lang, J. P.; Xin, X. Q.; Chen, M. Qhin. J. Struct. Chem
(Jiegou Huaxup1992 11, 351.

studies, structure alternation and the skeleton atom substitu-
tion can induce larger variations in the NLO properties of
heterobimetallic sulfido and selenido clustérg®st Of
interest are polynuclear cage-shaped and polymeric clusters
that exhibit strong nonlinear optical absorption and refraction,

(31) zhang, Q. F.; Song, Y.; Wong, W. Y.; Leung, W. H.; Xin,X.Chem.
Soc., Dalton Trans2002 1963.
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along with especially strong optical limiting effects. For
examples, cubanelike clusteraf{MSe;))M'3(PPh)s(us-Cl)]

(M = Mo, W; M’ = Cu, Ag),/>1*¢hexagonal prism-shaped
cluster [MaAQg1Ss(AsPhy)4],%? two-dimensional octahedral
cluster polymer [MogCusl 4(py)4]n 222 three-dimensional open-
cross cluster polymei{EtyN]2[(ua-WSe)Cuy(CN)4]} n,e2and
two-dimensional polymeric clust€Et;N][M0 ,0,SsCuel 3-
(4,4-bipy)s]*MeOH-H,0} ,°9 show large optical limiting
effects with relatively lower optical limiting thresholds. On

the basis of these results, we sought to synthesize the tailored

cluster [{s-WSe)Cusl 4(py)a]n With an octahedral cage core
structure for the further investigation of its NLO properties
with the expectation that polynuclear polymeric clusters
would possess a large optical limiting effect.

Cluster6 was dissolved in DMSO with a nonsaturation
concentration of 2.25 1075 mol dm™3 and put in a 1 mm
thick glass cell for optical limiting measurements. The linear
transmissivity of the sample is 78% at 532 nm, corresponding
to a ground-state absorption cross section of .8018
cn?. For comparison, a solution ofsgin toluene with the

same linear transmissivity was measured under the same

experimental condition® To obtain the NLO parameters,
we employed az scan theor§# that considers effective
nonlinearity of third-order nature onlya = oo + ozl and
n = no + nol, whereo, anda; are the linear and nonlinear
absorption coefficient, respectivelgg andn, are the linear
and nonlinear refractive index, respectively; aings the
irradiance of the laser beam within the sample. The peak
fluence for thez scan is aboul J dn1? both in nanosecond
z scans. Thex, andn, values extracted from 7 ns experi-
mental data are 229 10°m W M~ and—-3.6 x 10°%?
m? W~1 M~1, respectively. The strong nonlinear absorptivity
and the nonlinear refractive self-defocusing behavio6 of
are comparable to those of [MBg1Ss(AsPh)4],%2 { [EtaN],-
[(ua-WSe)Cuw(CN)4]} n, B2 and{ [EtsN][M0 20,SsCuel 3(4,4 -
bipy)s]-MeOH-H,0} ,%9 but are superior to those of the
analogous sulfur cluster [MaSusl 4(py)a]n,282 possibly be-
cause of the heavy atom effect.

The optical limiting phenomenon was also observed by
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Figure 6. Energy-dependent transmittance of asf{VSey)Cusl 4(py)a]n
DMSO solution (2.25x 1075 mol dn13) on the incident light fluence.
Optical path: 1 mm. Laser wavelength: 532 nm. Pulse duration: 7 ns.
Repetition rate: single shot (10 s interval).

The optical limiting performance with repetition rate at single
shots (10 s interval) is also displayed in Figure 6, from which
we determined the limiting threshord in a DMSO solution
to be ca. 0.28 J cmi. Within the experimental error, no
significant difference was found among measurements,

measuring the nonlinear (energy-dependent) transmission. Arthereby indicative of clustes having good photostabilits.

aperture was placed in front of the transmission detector

Further support for the stability @fis the fact that the sample

when the measurement was performed. Figure 5 representsemained effective and its electronic spectrum remained

the observed variation of output fluence with input fluence
for cluster6 in DMSO and G in toluene. It is clear that the
optical limiting capability of the cluster is better than that
of Ceo with the same linear transmissivit{.The optical
limiting threshold, defined as the input fluence at which the
transmissivity is 78% of the linear transmissivity is about
0.30 J cm? for the cluster compound and about 0.60 J&m
for Cso. When the incident fluence exceeds 0.1 J&nthe

unchanged even if the sample was prepared several weeks
ago. Obviously, the optical limiting capability of the
octahedral polymeric clustéris comparable to that of cross-
framework polymeric clustefdEtsN][(1a-MQ4)Cuy(CN)4l}n

(M = Mo, W; Q = S, Se)® nest-shaped 2D polymeric
cluster{ [EtsN][M020,S;Cuel 3(4,4 -bipy)s] - MeOH-H,O} ,,>¢

and open-cross 3D polymeric clus{¢fWsS,)(Cu4,4-bipy),]-
[(WS,)(Cul4,4-bipy)s]} ;2" it may therefore provide a proof

solution transmittance decreases as the incident fluence ighat polymeric aggregation of heterobimetallic sulfur and

increased, thus exhibiting a typical optical limiting effect.
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selenide clusters may result in enhancement of the optical
limiting effect.

In summary, we have investigated the cluster skeleton’s
transformation of the coplanar cluster [N}, [(us-WSey)-

(35) (a) Ji, W.; Xie, W.; Tang, S. H.; Shi, $1ater. Chem Phys.1996
43, 45. (b) Ji, W.; Du, H. J.; Tang, S. H.; Shi, $.Opt. Soc. Am. B
1995 12, 876.
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