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The new Schiff base ligand 2-chlorobenzaldehyde thiosemicarbazomgehas been synthesized and characterized

by spectral techniques and single-crystal X-ray analysis. Crystdlsaocé monoclinic, space groug2;/n with
a=12.964(4) Ab=5.131(5) A,c = 4.970(1) A B = 94.32(2}, andZ = 4. The thiosemicarbazone moiety
adopts a configuration with N(Zjisto N(3) and places thE configuration about both the bonds C{IyJ(2) and
C(2)—N(3). The monodentate behavior of the neutral ligand (L) has been investigated in two cadmium halides
CdL2 Brz (2) and Cdlzl> (3). Compound? crystallizes in space groupc with a = 8.175(1) Ab=14.176(1)

A, c=21.073(1) AB =94.02(1y, andZ = 4. Compound crystallizes in space grouRl with a = 10.9577(1)

A, b=16.174(1) Ac=7.878(1) A a.= 100.50(13, 8 = 109.39(1}, y = 83.67(1} , andZ = 2. The coordination
geometry about the cadmium(ll) atom in compouhdonforms to a tetrahedral configuration with two sulfur
atoms from two unequivalent neutral ligands and two bromide atoms. Whereas the coordination geometry about
the cadmium(ll) atom in compoun@is (4 + 1) distorted trigonal bipyramidal with two iodide atoms and one
sulfur atom in the equatorial plane, the other thiosemicarbazone sulfur and the iodide atom I(1a) of an adjacent
moiety occupy the axial positions. Compoudxhibits powder SHG efficienciesa. 20 times that of urea,
whereas compoungldoes not exhibit any SHG efficiency. Theory and experiment suggested that intermolecular
contact is the main factor controlling the SHG efficiencies of compounds.

Introduction of metal complexes that are pale in color and quite thermally
stable. And it has also reported that some cadmium complexes
of those ligands can present quite large SHG efficientiés.
could be expected that the design and synthesis of [IB metal
complexes derived from thiosemicarbazones might be a possible
way to obtain the applicable nonlinear optical materials. Here,
new cadmium halide complexes of the Schiff base ligand
2-chlorobenzaldehyde thiosemicarbazone have been designed
and structural characterized. Theoretical and experimental
Isecond order optical nonlinearity studies have also been reported,
which suggest that intermolecular contact is the main factor
controlling the SHG efficiencies of those compounds.

There is considerable interest in the synthesis of new materials
with optical nonlinearities because of their potential use in
device applications relative to telecommunications, optical
computing, optical storage, and optical information processthg.
Recently, tremendous efforts have been devoted to the synthesi
of molecular-based materials, organic polymers, and organo-
metallic compounds with large second order optical non-
linearities®>7 And it has been reported that some of those
compounds demonstrate SHG efficiencies hundreds times large
than that of ured. However, few of them could be used as
applicable materials, owing to the mechanical and thermal
instability of organic systems and the intensity of color of
transition metal complexes. Group 1B metal complexes of
thiosemicarbazides and thiosemicarbazones are among few kinds Materials and Reagents. All chemicals were of reagent grade and
were used without further purification.

;Author to whom correspondence should be addressed. Schiff Base Ligand [(GHsCI)CHNNHCSNH ] (L, 1). Five drops
W %Bﬁﬁ?nigp%blfgidgé@dlgﬂgﬁ]Alcn:ts é‘gsgﬁg‘}gggrgg%éo 1997. of acetic acid were added to a mixture of thiosemicarbazide (0.91 g,
LA : T i : 10 mmol) and 2-chlorobenzaldehyde (1.40 g, 10 mmol) in refluxing

2) Nonlinear Optical Properties of Organic Molecules and Crystals . . .
@) Chemla, D. Sp Zyss, J? Eds.: Acadegmic: Orlando, FL, 1987;y\%|5_ 1 ethanol. The solution was further refluxed for 2 h, and a white solid
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and 2. formed. The solid was filtered off by suction and driecvacuoover

(3) (a) Zyss, J.; Ledoux, Chem. Re. 1994 94, 77. (b) Maerner, W. E.; P,Os. Yield: 1.80 g (84%). Crystals suitable for X-ray structure
Silence, S. MChem. Re. 1994 94, 127. (c) Bredas, J. L.; Adant, C.;  analysis were obtained from slow evaporation of an ethanolic solution
Tackx, P.; Persoons, AChem. Re. 1994 94, 243. in the air. IR data (KBr disks, cm): 3415, 3246, 3153 (NH, m),

4) tl-h%r;gi,anI. JAngew. Chem., Int. Ed. Endl995 34, 21 and references 1611, 1592 (&C, C=N, s), 1102 (&S, s). Electronic spectra [nm,

(5) Green, M. L. H.; Marder, S. R.; Thompson, M. E.; Bandy, J. A.; Bloor, DMF (109 €)]: Amax 326 (4.48). Mp: 185°C. ™M NMR (6, ppm):

D.; Kolinsky, P. V.; Jones, R. Nature 1987, 330, 360. 10.93 (br, 1H), 8.60 (s, 1H), 8.22 (d), 8.03 (br, 2H), 7.48 (d, 1H), 7.43
(6) Laidlaw, W. M.; Denning, R. G.; Verbiest, T.; Chauchard, E.; Persoons, (t, 1H), 7.38 (t, 1H). Anal. Calcd for L (§sN3SCl): C, 44.98; H,
A. Nature 1993 363 58. 3.77; N, 31.58. Found: C, 44.74; H, 3.56; N, 31.45.

(7) Bella, S. D.; Fragala, |.; Ledoux, I.; Marks, T.J.Am. Chem. Soc.
1995 117, 9481.

(8) Green, M. L. H,; Marder, S. R.; Thompson, M. E.; Bandy, J. A,; Bloor,  (9) Xu, D.; Tao, X. T.; Jiang, M. H.; Shao, Z. 8engonjingtiChinesg
D.; Kolincky, P. V.; Jones, R. Nature (London) 1987, 330, 360. 1987 16, 1.
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Table 1. Crystallographic Data for the Free Ligaddand Two
Cadmium Complexeg and 3

compd
1 2 3

chem formula @"8N38C| C16H16N682C|2Cd28r2 C16H16N682C|2Cd2|2
fw 213.6 699.6 793.6
a A 12.964(4)  8.175(1) 7.862(2)
b, A 5.131(5) 14.176(1) 10.547(2)
c, A 14.970(1)  21.073(1) 16.099(3)
a, deg 90 90 83.86(2)
B, deg 94.33(2) 94.02(1) 79.86(2)
y, deg 90 90 70.54(2)
Vv, A3 933(1) 2433.0(12) 1236.06
A 4 4 2
u(MoKo), 0541 4.589 3.78

mm~1
d(calcd), 1.429 1.910 2.132

gcm3
temp, K 293 294 294
LA 0.71073 0.71073 0.71073
R2R.° 0.045, 0.059 0.072, 0.093 0.060, 0.089

2R = 3 (IIFol — IFdl[)/IFo| for the ligandl andR = 3 (||Fol* — |Fel¥)/
|Fol? for the two cadmium complexesy = o?(F,) for all three
compounds.

Cadmium Bromide Complex [CdL,Br;] (2). An ethanol solution
of 1 (0.43 g, 2 mmol) and cadmium bromide (0.69 g, 2 mmol) were
mixed. The colorless crystalline solid formed after refluxing for 4 h
was isolated, washed with ethanol, and driadvacuo over BOs.
Crystals suitable for X-ray structure determination were obtained by
slowly evaporating a dichloromethane solution in air. Yield: 85%.
IR data (KBr disks, cm?t): 3432, 3280, 3170 (NH, m), 1593, 1534
(C=C, C=N, s), 1027 (G=S, s), 238 (Cé&Br, m), 195 (Cd-S, m).
Electronic spectra [nm, DMF (log)]: Amax 326 (4.45). Mp: 253C.
Anal. Calcd for CdLBr; (Ci16H16N6SCl.CdBr): C, 27.47; H, 2.27;

N, 12.01. Found: C, 27.45; H, 2.31; N, 11.98.

Cadmium Bromide Complex [CdL,Br;] (3). The complex was
obtained as colorless prism crystals in a similar manner. Yield: 85%.
IR data (KBr disks, cm?t): 3455, 3253, 3174 (NH, m), 1592, 1534
(C=C, C=N, s), 1029 (G=S, s), 235 (Cé&Br, m), 195 (Cd-S, m).
Electronic spectra [nm, DMF (log)]: Amax 326 (4.78). Mp: 223C.
Anal. Calcd for Cdkl; (C16H16NeSClCdly): C, 24.21; H, 2.03; N,
10.59. Found: C, 24.12; H, 2.23; N, 10.45.

Physical Measurements. Elemental analyses were performed on
a Perkin-Elmer 240C analytical instrument. IR spectra were recorded
on a Nicolet FT-IR-170SX instrument (KBr disks) in the 466800
cm! region. The far-IR spectra (5600 cntl) were recorded in
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The intensities of the cadmium complex2sind 3 were collected
at 293 K on a MSC/Rigaku RAXIS-IIC imaging plate system using
Mo Ko radiation ¢ = 0.710 73 A) from a rotating anode operating at
50 kV, 90 mA (Pmax = 55.2); there were 60 oscillation frames in the
range 6-18C°, exposed 8 min per frame f& and 3'3 and corrected
for absorption using the DIFABS prograrh.The structures were solved
by direct methods. All non-hydrogen atoms were refined anistropically.
Hydrogen atoms of the ligand were generated geometricatyH{G
0.96 A), assigned fixed isotropic thermal parameters, and included in
the structure factor calculations. All the computations were carried
out on a PC 486 using the SHELXTL-PC program packé&ge.
Analytical expressions of neutral-atom scattering factors were employed,
and anomalous dispersion corrections were incorpoféted.

Nonlinear Optical Property Measurement. The second-order
nonlinear optical intensities are estimated by measuring powder-of 76
154 um diameter in the form of a pellet. The thickness of a pellet is
about 0.8 mm. The pressure in compacting the pellet is 300 MPa.
The experimental arrangement for the nonlinear optical properties
utilizes a M200 high-power mode-locked Nd:YAG laser with 200 ps
pulse at a repetition rate of 5 Hz. The selected wavelength is 1064
nm. After the selection of the wavelength, the laser beam is split into
two parts, one to generate the second harmonic signal in the sample
and the other to generate the second harmonic signal in the reference
(urea pellet). According to the principle proposed by Kurtz and Pérry,
we estimate that the strong SHG efficiency of compog@rnid larger
than that of urea by about 22 times. The reflectance spectra show that
the cadmium complexes have a new absorption band range from 400
to 510 nm which is absent in the free ligand. The new absorption
band in the complexes is assigned to metal to ligand or ligand to metal
charge transfer, which may be associated with large second-order optical
nonlinearities®

Results and Disscusion

The new Schiff base ligantl was prepared by the reaction
of thiosemicarbazide with 2-chlorobenzaldehyde in a 1:1 molar
ratio. This ligand can, in principle, exhibit thion¢hiol
tautomerism, since it contains a thioamigd&N—C=S func-
tional group!®2! The v(S—H) band at 2570 crt is absent
from the IR spectra of the Schiff base, biN—H) atca. 3150
cm~1 is present, indicating that in the solid state the ligand
remains as the thione tautomer. ThENMR spectrum in Ch
Cl-d does not show any peak ed. 4.0 ppm attributable to the
S—H proton, suggesting that the thiol tautomeric form is absent
even in solution.

Nujol mulls between polyethylene sheets. Electronic absorption spectra  Crystal Structure of Ligand 1. The coordinates and thermal

were obtained on a Shimadzu UV-3100 spectrophotometer in DMF.
The proton NMR spectrum was measured on a Bruker Cryospec WM
250 (250 MHz) spectrometer.

Crystallography. The relevant crystal data and structural parameters
are summarized in Table 1. The intensities of compodndere
collected at 293 K on a Enraf-Nonius CAD4 diffractometer with
graphite-monochromated Modk(1 = 0.710 73A) radiation using the
/26 scan mode and CONTROW. Intensity data were corrected for
Lorentz—polarization effects and absorption. The structure was solved
by direct methods using MITHRH and refined by full-matrix least-

squares methods with anisotropic temperature factors for all the non-
hydrogen atoms. H atoms were placed in their idealized locations and

included in the structure factor calculations. All calculations were
performed on a Micro VAX3100 using the TEXSANsystem of
computer programs.

(10) Gilmore, C. T. MITHRIL, Computer Program for the Atomatic
Solution of Crystal Structures from X-ray Data, Department of
Chemmistry, University of Glassgow, Scotland.

(11) Beurskens, P. T. DIRDIF, Direct Methods for Difference Structure-
An Automatic Procedure for Phase Extension and Refinement of
Defference Structure Factors. Technical Report 1984/1, Crystal-
lography Laboratory, Toernooiveld, 6526, ED Nijmegen, The Neth-
erlands.

(12) Molecular Structure Corp., CONTROL, An Automation Package for
Rigaku, AFC Single Crystal Diffractometers, MSC, 3200 Research
Forest Drive, The Woodlands, TX 77381, 1986 (revised, 1988).

parameters of the non-hydrogen atoms of the lighade listed

in Table 2. For comparison, the main bond distances and bond
angles of the free ligandl and the two cadmium complex@s
and3 are shown in Table 3. Figure 1 shows a PLUTO drawing
of the molecule with numbering scheme. The thiosemicarba-
zone moiety shows ai configureation about both C(2N(3)

and C(1)-N(2) as found in most thiosemicarbazié&3* and
thiosemicarbazone8-2” The molecule, though nonplanar as

(13) (a) Sato, M.; Yamamoto, M.; Imada, K.; Katsube, Y.; Tanaka, N;
Higashi, T.J. Appl. Crystallogr1992 25, 348. (b) Tanner, J.; Krause,
K. L. Rigaku J.1994 11, 4.

(14) Walker, N.; Stuart, DActa Crystallogr., Sect. A983 39, 158.

(15) Sheldrick, G. M.Computational CrystallographySayre, D., Ed.;
Oxford University Press: New York, 1982; p 506. Sheldrick, G. M.
In Crystallographic Computing 3; Data Collection, Structure Deter-
mination, Proteins, and DatabaseSheldrick, G. M., Kruger, C.,
Goddard, R., Eds.; Oxford University Press: New York, 1985; p 175.

(16) International Tables for X-ray Crystalllographibers, J. A., Hamilton,
W. C., Eds.; Kynoch Press: Birmingham, U.K. (now distributed by
Academic Press), 1974.

(17) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798.

(18) Calabrese, J. C.; Cheng, L. T.; Green, J. C.; Marder, S. R.; Tam, W.
J. Am. Chem. S0d.99], 113 7227.

(19) Ali, M. A,; Livingstone, S. ECoord. Chem. Re 1974 13, 101.

(20) Campbell, M. J. MCoord. Chem. Re 1975 15, 279.

(21) Livingstone, S. EQ. Re. 1965 15, 386.
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Table 2. Atomic Coordinates and Thermal Parameters for the Free
Ligand 1

atom X y z Uq(Ad
Cl(l)  02248(1) —0.2485(2)  0.0658(1) 5.5(1)
s@) 0.5417(1) 0.8431(1)  0.3701(1) 3.2(1)
N(1)  0.3982(2) 0.6907(4)  0.4764(1) 3.1(1)
N(2)  0.4048(1) 0.4664(4)  0.3458(1) 2.9(1)
N(3)  0.3243(1) 0.3145(4)  0.3692(1) 2.8(1)
C(l)  0.4420(2) 0.6583(4)  0.4003(1) 2.5(1)
C(2)  0.2947(2) 0.1392(5)  0.3131(2) 3.0(1)

C(3)  0.1730(2) —0.2218(5)  0.2689(2) 3.5(1)
C(4) 0.0946(2) —0.3940(6)  0.2862(2) 4.5(1)
C(5)  0.0523(2) —0.3850(6)  0.3670(2) 5.1(1)
C(6) 0.0873(2) —0.2068(7)  0.4308(2) 4.9(1)
C(7)  0.1659(2) —0.0335(6)  0.4136(2) 4.0(1)
C(8) 0.2106(2) —0.0375(4)  0.3311(1) 2.9(1)

aEquivalent isotropidJeq defined as one-third of the trace of the
orthogonalizedJ; tensor.

Figure 2. Hydrogen bonding scheme showing an infinite chain in the
crystal structure ol. Symmetry codeia, 1 —x,2—y,1—2z b, 2 —
X,y — 0.5,05—z

to the nitrogen N(3) and can be attributable to the inclusion of
resonance forms involving the aryl ring.

There are three hydrogen atoms bonded to the nitrogen atoms
which could form hydrogen bonds. The intermolecular hydro-
gen bonds which link the molecules are indicated in the
molecular packing shown in Figure 2. There are dimerlike
molecules formed by S(}H(1Aa)-N(1a) (1—x,2—y, 1 —

2) hydrogen bonds. TheseM---S hydrogen bonds are weak
since the N-+S separation of 3.41 A is at the upper end of the
Figure 1. Molecular structure and atom numbering of the free ligand range of values summarized by SrinivasanThe dimerlike
(CeHsCI)CH=NNHCSNH, (L, 1). The thermal ellipsoids are drawn at  units are linked into a three-dimensional network by S¢H-

the 30% probability level. (2Ab)—N(2b) (2— x, y — 0.5, 0.5— 2) with the N-+-S separation

of 3.37 A. Bond angles around H(1Aa) and H(2Ab) are 173
and 164, respectively.

Crystal Structures of the Complexes. The coordinates and
ermal parameters of the non-hydrogen atoms of compl2xes
and 3 are listed in Tables 4 and 5, respectively. It has been
showr?! that the thiosemicarbazide molecule itself exists in the
transconfiguration and, while complexing in this configuration,

it behaves as a monodentate ligand, bonding only through the
sulfur atom. Gerbeleu et &.have shown that bonding may
also occur through the hydrazine nitrogen and the amide
nitrogen, if the sulfur center is substituted. In most of the
complexes studied the thiosemicabazone function coordinates
to the metal ion in theis configuration3® as a bidentate ligand
bonding through the thione/thiol sulfur atom and the hydrazine
nitrogen atom. And it also postulated that the most common
sterochemistries encountered in bidentate thiosemicarbazone
complexes are centrosymmetric octahedral and square planar;
therefore in order to obtain a noncentrosymmetric complex
molecule, it is necessary to control the thiosemicarbazones
coordinating as a monodentate sulfur bonding ligand. HSAB
considerations dictate that the softer acid characters of Cd(ll)
and Hg(ll) exhibit higher stability constants with this class of

a whole, divides into two planar fragments, a benzyl ring (l)
and thiosemicarbazone moiety (1) with the twist angle of4.9
The mean deviations from the best plane are 0.0013 and 0.0074,
A for I and Il, respectively.

The C-S bond distance of 1.690(3) A agrees well with that
in related compounds. In all cases, the-& distance is
intermediate between a-€S single-bond distance of 1.82 A
and a double-bond distance value of 1.56 A quoted by S@éton:;
therefore, the €S bond in thiosemicarbazones possesses only
partial double-bond character. This hypothesis is supported by
the bond distances around C(1) (1.322(3) A and 1.344(3) A for
N(1) and N(2), respectively), which are indicative of some
double-bond character. A comparison of the N{R)3)
distance of 1.368(3) A with the corresponding-N distance
of 1.411(2) A for unsubstitutédand 1.395(2) and 1.431(6) A
for 1-pheny?3 and 4-pheny thiosemicarbazides, respectively,
suggests that the NN bond also has some double-bond
character. A similiar shortening of the-NN bond was reported
as a weighted average distance of 1.37 A for some thiosemi-
carbazoneé8that have an extensively delocalized group attached

(22) Andretti, G. D.; Domino, P.; Fava, G.; Nardelli, M.; Sgarbotto, P.

Acta Crystallogr., Sect. B97Q 26, 1005. sulfur ligands, because of the formation of stran@ponds as
(23) Czulger, M.; Kéman, A.; Argay, G.Cryst. Struct. Commuri973 2, well as g,—d, bonds by donation of a pair of electrons to the
655. ligands. So it can be expected that the cadmium halide
(24) gfsﬁ]an’ A Argay, G.; Czulger, MCryst. Struct. Commurt972 1, complexes2 and 3 might be S-bonding monodentate.
(25) Mathew, M.; Palenik, G. JActa Crystallogr., Sect. B971, 27, 59.
(26) Restivo, R.; Palenik, G. Acta Crystalllogr., Sect. R97Q 26, 1397. (30) Srinvasan, R.; Chacko, K. K. Ii€onformation of Biopolymers
(27) Gabe, E. J.; Taylor, M. R.; Glusker, J. P.; Minkin, J. A.; Patterson, A. Bergman, E. D., Pullman, B., Eds.; Academic Press: New York, 1967;
L. Acta Crystallogr., Sect. B969 25, 1620. Vol. 2, p 607.
(28) Sutton, L. E. Tables of Interatomic Distances and Configurations. In (31) Dominao, P.; Gasparri Fava; Nardelli, M.; Sgarabottcta Crystal-
Molecules and lonsThe Chemical Society: London, 1965; Supple- logr., Sect. B1969 25, 343.
ment. (32) Gerbeleu, N. V.; Revenko, M. D.; Leovats, V. Russ. J. Inorg. Chem.
(29) Palenik, G. J.; Rendle D. F.; Carter, W.Ata Crystallogr., Sect. B 1977, 22, 1009.

1974 30, 2390. (33) Padhye, S.; Kauffman, G. Boord. Chem. Re 1985 63, 127.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for the Free Ligand (L) and Complexes

free ligandl complex2 complex3

Cd(1)-Br(1) 2.583(2) Cd(1y1(2) 2.748(1)
Cd(1)-Br(1) 2.599(2) Cd(1y1(2) 2.780(1)
Cd(1)-S(1) 2.541(3) Cd(BSs(1) 2.634(2)
Cd(1-S(2) 2.526(2) Cd(1S(2) 2.548(3)
Cd(1)-I(1a) 4.120(8)
S—-C(1) 1.690(3) S(LyC(1) 1.687(6) S(1yC(1) 1.729(5)
N(3)—C(2) 1.270(3) N(1)-C(1) 1.346(5) N(1)C(1) 1.298(5)
N(2)—N(3) 1.368(3) N(23-C(1) 1.323(5) N(2)-C(1) 1.353(6)
N(2)—C(1) 1.344(3) N(2)-N(3) 1.350(7) N(2)-N(3) 1.393(6)
N(1)—-C(1) 1.322(3) N(33C(2) 1.294(5) N(3rC(2) 1.262(6)
S(2y-C(9) 1.699(6) S(2rC(9) 1.708(6)
N(4)—C(9) 1.346(4) N(4y-C(9) 1.328(5)
N(5)—C(9) 1.322(6) N(5)-C(9) 1.344(6)
N(5)—N(6) 1.350(6) N(5)-N(6) 1.387(7)
N(6)—C(10) 1.292(6) N(6)-C(10) 1.306(6)
CI-C(3) 1.735(3) CI(1yC(3) 1.727(5) CI(1)C(3) 1.728(3)
Cl(2)—C(11) 1.709(4) CI(2yC(11) 1.747(4)
Br(1)—Cd(1)-Br(1) 116.5(1) I(1)-Cd(1)-1(2) 115.9(1)

Br(1)—Cd(1)-S(1) 105.2(1) I(layCd(1)-1(1) 85.6(2)
Br(1)—Cd(1)-S(1) 107.4(1) 1(1)Cd(1)-S(1) 104.5(1)
Br(1)—Cd(1)-S(2) 113.5(1) 1(1)Cd(1)-S(2) 114.9(1)

Br(1)—Cd(1)-S(2) 102.9(1) I(layCd(1)-S(1) 75.3(2)
S(1-Cd(1)-S(2) 111.3(1) S(HCA(1)-S(2) 101.1(1)
1(2)—Cd(1)-S(2) 117.9(1)

I(1a)-Cd(1)-1(2) 75.4(2)

1(2)—Cd(1)-S(1) 98.4(1)
I(1a)—Cd(1)-S(2) 169.8(2)

aSymmety code:a, 1 — x,1—y,1— 2z

Table 4. Atomic Positional and Thermal Parameters for Comg#ex Table 5. Atomic Positional and Thermal Parameters for Com@8ex

atom X y z U (A?) atom X y z Ued? (A2)
Cd(1) 0.5000 0.1763(1) 0.5000 5.8(1) Cd(@1) 0.3509(1) 0.4178(1) 0.2048(1) 4.8(1)
Br(1) 0.5964(2) 0.1424(1) 0.6171(1) 7.1(1) I(1) 0.2966(1) 0.5774(1) 0.3649(1) 5.5(1)
Br(2) 0.4352(2) 0.0304(1) 0.4279(2) 6.9(1) 1(2) 0.3366(1) 0.2874(1) 0.3828(1) 5.1(1)
S(@) 0.7363(3) 0.2641(2) 0.4546(2) 7.7(2) S(1) 0.1384(2) 0.3864(1) —0.0847(3) 4.8(1)
S(2) 0.2376(3) 0.2705(2) 0.4874(2) 6.5(1) S(2) 0.5354(2) 0.4060(1) 0.0588(3) 5.7(1)
CI(1) 0.9005(3) 0.6154(2) 0.2029(2) 11.3(1) CI(1) 0.0368(3) 0.8629(2) 0.0224(3) 8.7(1)
CI(2) 0.6079(3) 0.2851(2) 0.8257(2) 9.2(1) CI(2) 0.6666(3) 0.0465(2) 0.5894(3) 9.6(1)
N(1) 0.5839(3) 0.2186(3) 0.3421(3) 10.7(1) N(1) 0.1864(4) 0.4546(3) —0.3383(4) 6.9(1)
N(2) 0.7293(3) 0.3525(3) 0.3443(2) 7.3(2) N(2) 0.0958(4) 0.5448(3) —0.1431(4) 4.7(1)
N(3) 0.6901(3) 0.3659(3) 0.2816(2) 7.1(1) N(3) 0.0944(3) 0.6086(3) —0.2413(4) 3.9(2)
N(4) 0.1402(3) 0.4155(3) 0.5522(3) 9.7(1) N(4) 0.6180(4) 0.2662(4) —0.1172(4) 8.5(1)
N(5) 0.3210(3) 0.3202(3) 0.6089(2) 6.4(1) N(5) 0.5984(4) 0.2546(3) 0.1585(4) 4.9(1)
N(6) 0.3109(3) 0.3779(3) 0.6594(2) 5.9(1) N(6) 0.6295(4) 0.1689(3) 0.1239(4) 5.0(1)
C(2) 0.6750(3) 0.2810(3) 0.3773(2) 7.0(2) C(2) 0.1427(4) 0.4670(3) —0.1995(4) 4.4(1)
C(2) 0.7463(3) 0.4380(3) 0.2525(2) 6.6(1) C(2) 0.0616(4) 0.6824(3) —0.1796(4) 4.4(1)
C(3) 0.7620(3) 0.5444(3) 0.1597(2) 6.8(1) C(3) 0.0340(4) 0.8362(3) —0.2015(4) 5.2(1)
C(4) 0.7183(3) 0.5698(3) 0.0968(2) 13.2(1) C(4) 0.0210(4) 0.9010(3) —0.3004(4) 4.8(1)
C(5) 0.6162(3) 0.5077(3) 0.0611(3) 10.8(1) C(5) 0.0236(4) 0.8824(3) —0.4740(4) 5.9(1)
C(6) 0.5594(3) 0.4251(3) 0.0877(2) 12.8(1) C(6) 0.0358(4) 0.7987(3) —0.5504(4) 6.9(1)
C(7) 0.5966(3) 0.4051(3) 0.1521(2) 7.7(2) C(7) 0.0518(4) 0.7360(3) —0.4616(4) 5.4(1)
C(8) 0.7048(3) 0.4628(3) 0.1885(2) 8.4(1) C(8) 0.0486(4) 0.7515(3) —0.2812(4) 4.5(1)
C(9) 0.2342(3) 0.3375(3) 0.5542(2) 6.2(1) C(9) 0.5848(4) 0.3018(3) 0.0290(4) 5.2(1)
C(10) 0.4034(3) 0.3601(3) 0.7102(2) 5.6(1) C(10) 0.6352(4) 0.1293(3) 0.2569(4) 4.8(1)
C(11) 0.4857(3) 0.3831(3) 0.8238(2) 5.6(1) C(11) 0.6714(4) —0.0072(4) 0.3779(4) 5.8(1)
C(12) 0.4749(3) 0.4372(3) 0.8786(2) 7.1(2) C(12) 0.6885(4) —0.0937(4) 0.3529(4) 8.4(1)
C(13) 0.3869(3) 0.5214(3) 0.8805(2) 7.5(1) C(13) 0.6987(4) —0.1391(4) 0.1919(4) 10.5(1)
C(14) 0.2958(3) 0.5457(3) 0.8248(2) 9.1(1) C(14) 0.6909(4) —0.0967(4) 0.0556(4) 9.6(1)
C(15) 0.2979(3) 0.4907(3) 0.7700(2) 7.1(1) C(15) 0.6726(4) —0.0085(4) 0.0735(4) 6.7(1)
C(16) 0.3931(3) 0.4092(3) 0.7683(2) 6.6(1) C(16) 0.6616(4) 0.0381(3) 0.2363(4) 5.2(1)
a Equivalent isotropidJeq defined as one-third of the trace of the a Equivalent isotropidJeq defined as one-third of the trace of the
orthogonalizedJ; tensor. orthogonalizedJ; tensor.

A crystal of complex2 consists of individual CdiBr, neutral A3435 and the same C(¥)N(2) and C(9)-N(5) bonds larger
molecules (Figure 3). The coordination geometry of the than 1.30 A%% The Cd-S bond distances around 2.53 A of
cadmium atom is distorted tetrahedral with the two sulfur atoms complex1 are in the range of CdS terminal bonds (2.52
from the ligand forming bond angles around the Cd(1) in the —— . .
range 102.9116.5. The thiosemicarbazone ligands are S- (34) (a) Garcia-Tojal, J.; Urtiaga, M. K.; Cortes, R.; Lezama, L.; Arriotua,

. . . M. I.; Rojo Tcofilo. J. Chem. Soc., Dalton Tran£994 2233.
bonding neutral monodentate. This can be easily found from (35) Rodriguéz_Argu”eS’ M. C.; Battaglia, L. P.; Farrari, M. B.; Fava, G.

the bond lengths of C(£)S(1) and C(9)-S(2) less than 1.70 G.; Pelizzi, C.; Pelosi, GJ. Chem. Soc., Dalton Tran&995 2297.
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Figure 3. Molecular structure and atom numbering of [GBL], 2.
The thermal ellipsoids are drawn at the 30% probability level.

Figure 5. View of the intermolecular contacts of compl&yparallel
to thea—c plane with the intermolecular contacts displayed as broken

Figure 4. Molecular structure and atom numbering of [GH, 3. double lines

The thermal ellipsoids are drawn at the 30% probability level.

monodentate species, and this also indicates that the main factor
to influence the two complexes crystallizing in difference space
groups might be the intermolecular contact of the fifth weak
coordinate bond.

The thiosemicarbazone moiety in the two complexes also
shows anE configuration about both C(2)N(3), C(1)-N(2)
and C(9)-N(5), C(10)-N(6) with the N(1) and N(4) atoms held
away from the cadmium atoms. The data in Table 2 show that
all the bond distances in the side chain of the thiosemicarbazones
are intermediate between formal single and double bonds,
pointing to extensive electron delocation over the entire moiety.
As mentioned below, this electron delocation is very important
for the optical nonlinearities of those complexes.

Nonlinear Optical Properties Calculation. On the basis
of the MNDO Hamiltoniaf® and PM3 parametrizatiGhwith
the MOPAC program packad@the molecular hyperpolariz-
ability values, 5,, the vector components along the dipole
moment direction, of the organic ligand and its cadmium
complexes are calculated to b&.2 x 10730, —10.8 x 10739,
and —17.4 x 10730 esu, respectively. The molecular hyper-
polarizabilities 5, of the organic ligand and its cadmium
complexes are comparable with thaipafiitroaniline (PNA, 6.3
x 10730 esu). The absolute values are much greater than that
of urea (0.14x 10-3Cesu, qualitatively consistent with the above
SHG efficiency experiment). The negative signffcan be
explained by the smaller dipole moment of the lowest excited

2.79 A). They are shorter than those found in cadmium
complexes of S and N chelat&#s3’” Least-squares planarity
analyses indicated that the ligands are planar with the mean
deviations from the plane being 0.042 and 0.023 A for the
ligands containing the S(1) and S(2) atoms, respectively; the
dihedral angle between the planes is 65.4

A crystal of complex3 also consists of individual Cdl,
neutral molecules (Figure 4). The coordination geometry of
the cadmium atom is distorted tetrahedral with the two terminal
bromine atoms and the two sulfur atoms from the ligand, where
the bond angles around the Cd(1) are in the range-981%Z.9.

The Cd(1) atom is positioned 0.53 A above the plane of (1),
1(2), and S(2). Analyses of the intermolecular contacts indicated
that there is a very weak contact from I(1a) (4.120(8) A) of the
centrosymmetric relative molecule 2 x, 1 —y, 1 — 2). If

the contact is considered as the fifth coordination bond, the
complex 3 might be considered as discrete centrosymmetric
dimers bridged by the two iodide atoms as shown in Figure 5
and the cadmium ion has an approximate trigonal bipyramid
environment. Sulfur S(2) and the two iodide atoms I(1) and
1(2) coordinate in the equatorial plane, while S(1) and the I(1a)
occupy the axial positions to form the centrosymmetric dimer.
This fifth contact is very weak but it is very important 8
which crystallizes in a centrosymmetric space group; thus, the
complex cannot show any SHG efficiency, even if the molecule

might have a quite largg value. It is very interesting to find 1at d to that of d The diff i
that the two thiosemicarbazone planes are almost parallel (theS ate compared to that of ground one. e dirterence in
magnitude of5, between the ligand and its cadmium complex

dihedral angle is only 17}, although the two ligands themselves . N :
are much less planar, the dihedral angles between the pheny's small. The similarity of, values can be understood by their

plane and the thiosemicarbazone plane being 20.2 and 11 7similar contributions from a low-energy transition. However,
for the two ligands containing S(1) and S(2), respectively. As lt_heﬂdvzlue of thﬁ Cdl;_;Brz_compI(_aI_); 'Sl larger thlan tlhathof the
mentioned below, the planarity of the two thiosemicarbazones igand by more than two times. € large molecular hyperpo-

will decrease the dipole moment and might decreasg thaue larizability of the Cdl.l, complex is attributed to the relatively
of the molecule. The bond distances of-€8, C-S, and C-N greater conjugation between the two ligands of the £dL

are quite similar to that in complex which indicates that the complex compared to that of the C4lir, complex, since the

thi icarb ligand i dinated tral S-bondingte ligands in the Cdkl, complex are parallel to each other
losemicarbazone figand 1S coordinated as a neutra ondin hile those in the CdiBr, complex are distorted by about 56.9

resulting in poor conjugation. The linear absorption spectrum

(36) (a) Prince, R. HComprehensie Coordination ChemistryPerga-
mon: Oxford, U.K., 1987; Vol. 5, p 926. (b) Hodgson, D.Rrog.
Inorg. Chem.1977, 23, 211. (38) Dewar, M. J. S.; Thiel, WJ. Am. Chem. S0d.977, 99, 4907.

(37) Miyamae, A. M.; Yamamoto, K.; Tada, T.; Koda, S.; Morimoto, Y.  (39) Stewart, J. J. Rl. Comput. Cheni989 10, 209.

Acta Crystallogr.1988 C44, 1619. (40) Stewart, J. J. P. QCPE Program 455, 1983; Version 6.0, 1990.
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of the ligand and cadmium complex in a solution of DMF ligand molecules and hydrogen bonds. Additionally, the features
exhibits one intense band (lag= 4.48, 4.45, 4.78) near 326  of the complexes such as being colorless (transparent), easier
nm. The PM3 electronic spectrum calculation for the ligand to form crystals, and mechanically and thermally stable make
and its cadmium complex gives a strong electron transition nearthem potential optical materials for use in photonic devices.
330 nm with oscillator strength 0.91, consistent with the above
linear absorption spectra. The optical transition associated with  Acknowledgment. This work was supported by a major
this band is mainly the contribution of @ <— & or 7* — n research project grant from the State Science and Technology
transition of nonbonding electron pairs of N and S atoms Commission and National Natural Sciences Foundation of
according to the analysis of molecular orbital components for China.
the ligand and cadmium complexes, which is the excitation
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It should be noted that the free ligand molecule has a large angles, all atoms intrpduced at calculated coordingtes, and anisotropic
B value while its crystal fails to exhibit an SHG response due thermal parameters in the form blj’s for the free ligandl and the
to the centrosymmetric space group in crystallizatiBg(c). two cadmium complexeg ands3 (Tables STS9) (8 pages). Ordering
However, we obtained a noncentrosymmetric crystal of the information is given on any current masthead page.
cadmium complex arising from the nonplanarity of the two 1C9603870



