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analogue was also prepared in a similar manner. By controlling
the microwave power and irradiation time, the yields can be
raised to 25-26%. The microwave dielectric loss heating
effects allow the reaction temperatures to go up to-50000

°C in very short periods of time, and thus greatly accelerate
solid state reactions. This technique has been applied to
preparations of various metal oxid¥s!4 metal chalco-
genides® 17 and metal clusters of the groups 5 and 6 eleménts.
We herein report the facile microwave synthesis of3u)sN]-
[TIMS4] (1, M = Mo; 2, M = W), their structures, and their
NLO properties.

Experimental Section

Synthesis of [(-Bu)4N][TIMoS4 (1). A well-ground mixture
of [NH4]2[M0oS,] (0.25 g, 1.0 mmol), TIBr (0.28 g, 1.0 mmol), and
[(n-Bu)sN]Br (0.96 g, 3.0 mmol) was placed in an open Pyrex glass
tube which was stored in a large beaker in a domestic microwave
oven equipped with a power control (National IEC-705: Hi (700 W);
MedHi (500 W); Med (300 W); MedLo (100 W); Lo (50 W)). The

In recent years, several elegant techniques for solid statellradiation power and time were set in the following order: MedHi,

synthesis at mild reaction conditions have been developed for

the preparation of new materials having interesting electronic,
optical, and catalytic propertiés. For example, flux and
hydrothermal methods run solid state reactions at-Efib °C

15 s; MedLo, 10 s; Lo, 10 s; MedHi, 5 s; Lo, 10 s. After irradiation,
the resulting dark red mixture was allowed to cool to room temperature
and then extracted with DMF (3 mL) and filtered. Dark red needles
of 1 formed from the filtrate on standing at ambient temperature for 1
day. Yield: 0.17 g (25.33%). Anal. Calcd for;#13MONS,TI: C,

for several hours or for days, and they are often classified as2g.64: H, 5.42; N, 2.09. Found: C, 28.35; H, 5.39: N, 2.17. -ti\&

“intermediate temperature techniqués”.In the case of some

(CHCN) (Ama/nm (/M- cm1)): 459 (330), 353 (334), 308 (735),

analogous methanothermal syntheses, the reaction temperatur26?7 (949), 244 (1233). IR (Nujol mull, Csl): 554Mo—S); 460 v-

can be as low as 8tC 4

(Mo—Sy) cm ™.

Recently one of us developed a low-temperature method Synthesis of [(0-Bu).N][TIWS ] (2). The tungsten analogue was

making use of ammonium salts of thiometallates for the
synthesis of Mo(W)/Cu(Ag)/S cluste?s The heating temper-
atures are typically a+100°C, and in some cases the reactions
proceed even at room temperature, which is significantly lower
than those in the intermediate-temperature flux method. A
dozen Mo(W)/Cu(Ag)/S clusters prepared by this method were
found to exhibit nonlinear optical (NLO) propertiés'® Then

we communicated the successful introduction of thallium(l) ion
and formation of the first W/TI sulfide complex,{Bu)aN]-
[TIWS,4].1* However, the yields of the products obtained from

obtained as yellow needles by a similar treatment of JM/S,] (0.35

g, 1.0 mmol), where the microwave irradiation was controlled in the
following order: MedHi, 20 s; Lo, 10 s; MedHi, 15 s; Lo, 10 s.
Yield: 0.20 g (26.35%). Anal. Calcd forigHseNSTIW (2): C, 25.32;

H, 4.79; N, 1.85. Found: C, 25.05; H, 4.75; N, 1.93. Y¥s (CHs-
CN) (Amax/nm M~ cm)): 398 (775), 282 (1067), 221 (1697). IR
(Nujol mull, Csl): 460v(W—S); 447 and 434/(W—S,) cmL.

Physical Measurements FT-IR spectra were recorded on a Jasco
A-3 spectrophotometer. Samples for IR spectroscopy were typically
mulls between Csl plates prepared using solid materials and Nujol.
UV —vis spectra were measured on a Jasco V560 spectrophotometer.

the low-temperature method have been low, being in the 10% Carbon, hydrogen, and nitrogen analyses were carried out on a Perkin-

range or lower.

In an attempt to improve the yield of r{Bu)sN][TIWS,],
we looked for other synthetic routes and found that microwave
irradiation of a well-ground mixture of starting materials gave
rise to the desired product inrl min. The molybdenum
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Elmer 240C elemental analyzer.

The optical measurements was performed with linearly polarized
7-ns pulses at 532 nm generated from a frequency-doubled Q-switched
Nd:YAG laser; the spacial profiles of the pulses were nearly Gaussian
after a spacial filter was employed. The crystald @nd?2 are stable
toward oxygen and moisture. The @EN solution of 5.10x 1074 M
for 1 or 4.90 x 104 M for 2 was placed in a 1-mm-thick quartz
cell and the sample position was changed with respect to the focal
plane ¢ = 0). The incident beam was focused into a spot radius
(wo) of 35 mm (half-width at 1/&maximum) by a 25-cm focal-length
mirror. An aperture of 0.5-mm radius was placed in front of the
transmission detector to assist the measurement of the refractive
nonlinearity (referred to as a “closed apertureScan, compared with
an “open aperture”Z scan). The energies of the incident and
transmission signals were measured by two Laser Precision detectors
(RjP-735 and RjP-765 energy probes) which were linked to a computer
by an IEEE interface. The interval of each transmittance measurement
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Table 1. Crystallographic Data fot Table 2. Postional Parameters for the Non-Hydrogen Atomd of
formula GeHzsMONS,TI atom X y z B
tw (3:71.N02 o TI 0.5448 007703(2)  0.9841 4.715(6)
Sace group ¢ (No. |')' Mo  053874(5) -0.12725(3)  0.9854(1)  3.01(1)
Cry/; aj system 1;“1’33?02'”"3 S(1)  0.4575(1) —0.0539(2) 0.8290(4)  4.30(5)
a E Ag 19 48 S(2)  06260(1) —0.0598(1) 1.1424(3)  3.93(5)
A 7 810(2 S(3) 0.5949(1) —0.1961(1) 0.8096(4)  4.34(5)
c d) f 19( 1) S(4)  0.4765(2) —0.1909(2) 1.1583(4)  5.17(6)
{5/( Aig) s 2( % N 0.3307(4) 0.2709(5) 0103(1)  46(2)
v 2445.209) C)  0.4077(5) 0.2935(6) 0212(1)  5.6(2)
C(2)  0.4153(7) 0.3702(7) 0.283(2) 7.6(3)
3
P°bf\;{”°|a<'°d (@ Crgfl) %fgg/ 1.823 C(3  0.4998(9) 0.3828(8) 0.369(2)  11.4(5)
/r‘(d. ° r?) (‘}\ ) T 071069 C(4)  05132(10)  0.454(1) 0.441(3)  12.2(6)
radiatio @A) 082;‘( : ) C(5)  0.3036(6) 03282(6) -0.029(1)  5.7(2)
R, 0.028 C(6) 0.3611(8) 0.3453(8) —0.152(2) 8.7(4)
: C(7)  0.324(2) 0.424(2)  —0.245(3)  20(1)
AR = 3|[Fol — IFell/XIFol. ® Ru = [YW(IFo| — IFel)2/xWIFo[ V2, C@®)  0.276(2) 0.415(2)  —0.368(3)  15(1)
C(9  0.2640(5) 0.2672(6) 0.216(1) 5.6(2)
was set at 5 s sthat every pulse of light was assured of meeting fresh C(10)  0.2726(8) 0.2147(8) 0.356(2) 7.3(4)
molecules in the sample to eliminate the influence of any photon ggg 3125(31(?) gfgggg())) gggg% léli(é))
degradation. ' : : :
X-ray Diffraction Crystallography . All measurements were made ggzg 82;‘2?%% 8122;&23 0 86(212(2)(1) 7 f(g§2)
on a Rigaku AFC7R diffractometer at ambient temperature by using C(15) 0'3021(9) 010887(7) _0'139(2) 7'8(4)
graphite-monochomatized Mo cKradiation (0.710 69 A). Crystal- Cc(16) 0'237(1) 0'0422(10) _0'219(3) 11.3(6)

lographic calculations were carried out with a teXsan crystallographic
software package of the Molecular Structure Corp. (1985 and 1992). 2Beq = 8/372(U1i(aa¥)? + Ux(bb*)? + Uss(cc¥)? + 2Uq.aa* bb*

A dark red single crystal ot with dimensions 0.20< 0.20 x 0.60 cogy + 2Ujzaa*cct cosB + 2Uszsbb*cct coso).

mm was mounted at the top of a glass fiber. Cell constants and an

orientation matrix for data collection were obtained from least-squares the MedHi power level again resulted in melting of the reaction
refinements using the setting angles of 25 carefully centered reflections mixtures in a short irradiation time. However, the molten state
in the range 29.6< 20 < 30.C°. The intensities of three representative  ~gyld be maintained as the power level was quickly lowered to
reflections monitored every 150 reflections showed no sign of crystal ped and Lo after 1620-s irradiation at the MedHi level. In
decay. An empirical absorption correction using the empirjcatan this case, bubbling of the samples did not take place. Thus,

technique was applied, which resulted in transmission factors ranging careful control of the microwave power and irradiation time is
from 0.84 to 1.00. The data were also corrected for Lorentz and p

polarization effects. Crystallographic data forare summarized in  critically important for the solid state synthesis bfand 2.
Table 1. The structure was solved by heavy-atom Patterson methodsAlthough it is not possible to estimate the actual magnitude of
and refined by difference Fourier methddsThe non-hydrogen atoms ~ the absorption of the microwaves by the sample, which will
were refined anisotropically, and hydrogen atoms were included at become necessary to optimize the reaction condition in a rational
calculated positions without refinement. The fikdland R, factors way, 25-26% yields ofl and 2 attained by “visual control”
were 0.025 and 0.028, respectively, for 2294 unique reflectionslwith  gre acceptable at moment, being 3 times higher than those in
> 3.00(1). The maximum and minimum peaks on the final difference  oyr previous low-temperature method. On the other hand, in
Fourier map correspond to 0.36 anf).77 e/8. We have considered the standard solution reaction of [NF{MS.], TIBr, and [(n-

the centrosymmetric space gro@2/c. With this space group, Mo : o ;
and Tl sit on a twofold axis, so that S1 and S2 become equivalent as Bu)aN]Br Ir! DMF. at 100°C for 12 h, formation ofl and 2
were not discernible.

are S3 and S4. These atoms were located properly. Although another . .
twofold axis is expected to run through the N atom of the cation, we Crystal Structure. According to X-ray analysisl has the

found that the N site is disordered at two (or more) general positions. One-dimensional structure as shown in Figure 1. The [TU}8S
From the subsequent Fourier synthesis, carbon atoms of the cation couldchains are separated by{Bu)sN]* ions, and no hydrogen bond
not be located well, and the R value did not go down below 8%. interaction exists between the chain and thBu hydrogens.
Therefore, the space group@g/cwas ruled out. Atomic coordinates  The chains are composed of Mpt®trahedra connected by TI
and equivalent isotropic thermal parameters are given in Table 2. atoms as illustrated in Figure 2. The repeating unit within the
chain is TIMoS, where Mo, S1, S2, and Tl are nearly coplanar,
as are Mo, S3, S4, and Tl. This unit is stacked along the
Microwave Irradiation Synthesis. During the microwave crystallographicc axis with the Mo— Tl vectors pointing
irradiation, an argon stream was introduced into the reaction alternatively right and left. Looking down theaxis, one may
tube for safe removal of the Ntaind HS gases evolved. When  view the chain as a three-layered tape in which theMb layer
the high-power irradiation (Hi) was applied, both the molyb- is sandwiched by two sulfur layers consisting of-%3 and
denum and tungsten reaction mixtures melted immediately andS1—S4. There are four crystallographically independent sulfur
began to bubble violently within 20 s. Extraction of the resulting atoms, and they are grouped into two classes: triply-bridging
solid with DMF gave a nearly colorless filtrate, from which we  sulfurs, S1 and S2, and doubly-bridging sulfurs, S3 and S4. The
were unable to isolaté or 2. Under this heating condition, ~Mo—S bond lengths of 2.167(32.198(3) A are normal, while
[NH4]2[MS,] appeared to decompose into less soluble;\Af&l the TI=S bond distances are variegated and range from 3.007-
clusters with high nuclearity, e.g., i8s]2~.1° Application of (3) t0 3.387(3) A. The average ¥5 distance of 3.214 A falls
in between the P*—S?~ length of 2.70 A and T1—S*~ length
(18) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia- of 3.34 A estimated from each ionic raditfs.The long Mo-

S{SB?E’ Psrsg?a%“(éyg-e noq-?Ti’;"}itsiycgi lgﬂép'\élr't %?fihgfg';g't';vlog-rami Tl distance (3.7509(7) A) indicates that their bonding interac-
Laboratory, University of N}jmegen, Nijmegen, The Netherlands, 1992. tions, if any, should be very weak.
(19) Koniger-Ahlborn, E.; Miler, A. Angew. Chem., Int. Ed. Engl975
14, 574. (20) Shannon, R. DActa Crystallogr.1976 A32 751.
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Figure 1. Extended structure offi¢Bu)sN][TIM0S,] (1) looking down
the b axis.

Figure 2. ORTEP drawing of one polymeric chain innfBu)sN]-
[TIMoS,] (1) (parallel to the crystallographizaxis). Thermal ellipsoids
are depicted at the 50% probability level. Selected bond lengths (A)
and angles (deg): HIMo 3.7509, T+S1 3.271(3), T+S2 3.180(3),
TI-S3 3.381(3), T+S4 3.387(7), T+S1* 3.007(3), T+S2* 3.058-

(3), Mo—S1 2.197(3), Me-S2 2.198(3), Me-S3 2.178(3), Me-S4
2.167(3) A; ST-TI—S3* 152.49(7), S2TI—S4* 155.23(7), S1=Tl—

S2* 166.76(5), Me-TI—S1 81.51(5), Me-TI—S2 85.28(5), StMo—

S2 107.88(7), StMo—S3 107.8(1), StMo—S4 110.4(1), and S3
Mo—S4 111.88(9).

Nonlinear Optical Properties. The nonlinear optical prop-
erties ofl and2 were investigated in acetonitrile usingZasscan
technique?! The “open” and “closedZ-scan data are given in

Figures 3 and 4. The observed curves clearly show the presence

Notes
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Figure 3. Z-scan data of 5.1 10~ M 1 at 532 nm withlo = 1.70

x 107° W/n?. (a) The data shown by open circles are those collected
under an open aperture configuration, and the solid curve is a theoretical
fit based on

T(2) = () a2) [~ " In[1+q(2)e™ dr andq(2) =

a,l(2)(1 — e Yoy,

(b) The data shown by filled circles were obtained by dividing the
normalizedZ-scan data measured under closed aperture configuration
by the normalizedZ-scan data of (a).
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Figure 4. Z-Scan data of 4.9& 104 M of 2 at 532 nm withlg =

3.48 x 10™° W/m?. (a) The data shown by open circles are those
collected under an open aperture configuration, and the solid curve is
a theoretical fit based on

T(2) = (U@ a2) |- " In[1+ (e dr andq(2) =
L)1 — e “Myay,

(b) The data shown by filled circles were obtained by dividing the
normalizedZ-scan data measured under closed aperture configuration
by the normalized-scan data of (a).

of both nonlinear optical absorption and nonlinear optical
refraction. The valleypeak pattern of the normalized transmit-
tance curve obtained under a close aperture configuration shows
characteristic self-focusing behavior of propagating light in the
sample.

(21) Riddick, J. A.; Bunger, W. B.; Sakano, T. Krganic Solents:
Physical Properties and Method of Purificatiosth ed.; John Wiley
and Sons: New York, 1986.
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The nonlinear absorption component was evaluated under anfor both 1 and 2 would be expected if higher concentrations
open aperture configuration. Theoretical curves of transmittance are attained, and if formation of a thin film is engineered. The
against theZ position were fitted to the observefiscan data  successful synthesis df and 2 by a microwave irradiation
by varying thea, value, where the experimentally measured method illustrates the potential applicability of the method to
ay, L, andli(2) values were adopted. The solid curves in Figures the quick and facile preparation of novel Mo(W)/S compounds
3a and 4a are the theoretical curves calculated st 2.2 x with NLO properties.

107 m/W for Lando,; = 1.8 x 1077 m/W for 2. The nonlinear

refractive components df and 2 were assessed by dividing Acknowledgment. J.P.L. acknowledges support of a post-

the r_10rma_|ize(Z-scan data obt_ained under the closed aperture ,q44p5 fellowship by the Japanese Society for the Promotion
configuration by those obtained under the open aperture ¢ giience

configuration. They are plotted in Figures 3b and 4b, and the
theoretical curves are superimposed for comparison where the
n, values estimated therefore are %110~ m%W for 1 and

3.2x 107 m2W for 2, respectively. The acetonitrile solutions
of 1 and2 cause self-focusing of the propagating light, while

Supporting Information Available: Tables giving crystallographic
data, bond lengths, bond angles, torsion angles, anisotropic displacement
parameters for the non-hydrogen atoms and atomic coordinates for
hydrogen atoms, least-square planes, and cell packing diagrdm of

acetorlitriI?1 itioelf is known to show a negative dn/dTﬂ-S and text describing the experimental details of nonlinear optical
x 107 K™ 2% Therefore, the observed NLO properties are properties ofl and2 (31 pages). Ordering information is given on
not due to the solvent thermal effect. any current masthead page.

Although the concentrations of and 2 in solution are
currently limited because of their poor solubility, largewvalue 1C9610905



