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Abstract--One-dimensional coordination polymers of [Cd(4,4'-bipy)3(H20)2] (CIO4)2 • 2H20 (1) and [{Cd(4,4'- 
bipy)(H20)2(C104)2}(4,4'-bipy)] (2) were synthesized, respectively, in EtOH/H20 solution through a self- 
assembly process or by the ethanothermal reaction in a sealed tube. In the presence of NLO-active organic 
chromophore 2-nitroaniline or N-methyl-2-nitroaniline, the solution self-assembly reaction gave two-dimen- 
sional inclusion compounds of [{Cd(4,4'-bipy)2(H20)2} (4,4'-bipy)(o-NAN)2] (C104)2 ° n 2 0  where o-NAN = 2- 
nitroaniline (3) and [{Cd(4,4'-bipy)2(C104)2} (o-MENAN)2] where o-MENAN = N-methyl-2-nitroaniline (4), 
respectively. The four compounds were characterized by FT-IR, diffuse reflectance UV/VIS, X-ray powder 
diffraction and single crystal X-ray analysis. © 1997 Elsevier Science Ltd 

Keywords: Molecular recognition ; nonlinear optical materials ; coordination polymers ; inclusion compounds ; 
4,4'-bipyridine ; cadmium complexes ; X-ray structures ; nitroaniline and derivatives. 

Design and construction of molecule-based materials 
exhibiting large second-order nonlinear optical 
(NLO) responses has and continues to pose a great 
challenge to synthetic chemists and materials scientists 
[1-2]. Recently significant advances have been made 
in incorporating NLO-active organic chromophores 
into the polymer matrix for electro-optic device appli- 
cations [3], but rational approaches to designing and 
synthesizing optimum NLO molecular assemblies are 
still at a rudimentary level [4]. Besides a host of prac- 
tical considerations such as optical transparency, pro- 
cessibility and thermal/temporal stability, the most 
prominent requirements for the second-order NLO 
effects are [5] : (1) proper alignment of the organic 
chromophore's dipole moments in the matrix and (2) 
induction of acentricity to the host-guest system. Stra- 
tegies employed to achieve these include electric field 
poling [6], formation of Langmuir-Blodgett films [7], 
and inclusion in zeolites [8], to just name a few. 

We have initiated a research program aimed at 
using lattice inclusion of organic chromophores inside 
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coordination polymers to achieve optical non- 
linearities by a self-assembly approach. Among a 
plethora of supramolecular assemblies, self-assembled 
coordination polymers are newer members of the fam- 
ily [9-15]. These novel compounds bridge the gap 
between molecular and solid state chemistry. In par- 
ticular, the ordering of organic chromophores into 
well-defined, infinite one- (1D), two- (2D), and three- 
dimensional (3D) grids (lattices) formed by the poly- 
mer frameworks presents intriguing prospects for the 
development of novel NLO materials. Compared to 
the conventional clathration/inclusion method of 
using discrete molecular hosts such as fl-cyclodextrin 
[16], urea [17], and thiourea [18], our approach offers 
a unique feature desirable for making NLO materials. 
For example, further organizing of discrete molecular 
host-guest assemblies into useful bulk solid materials, 
whether through crystallization or thin-film forma- 
tion, often subjects them to dipole moment min- 
imization/cancellation [19]. In contrast, lattice 
inclusion may repetitively place the chromophore 
guest molecules inside the polymeric frameworks by 
molecular recognition as such that their dipole 
moments are aligned without electric field polling. 

In this paper, we present the successful synthesis 
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and structural characterization of four self-assembled 
metal-organic polymeric compounds, [Cd(4,4'-bipy)3 
(H20)2](CIO4)2"ZH20 (1) (ID), [{Cd(4,4'-bipy) 
(HzO)2(C104)2}(4,4'-bipy)] (2) (ID), [{Cd(4,4'- 
bipy)2(H20)2) (4,4 ' -bipy)(o-NAN)2](C104)2 "H20 
where o-NAN = 2-nitroaniline (3) (2D) and 
[{Cd(4,4'-bipy)z(CIO4)2}(o-MENAN)2] where o- 
MENAN = N-methyl-2-nitroaniline (4) (2D). We 
wish to demonstrate the feasibility of using lattice 
inclusion to construct novel NLO materials as well as 
the possibility of inducing acentricity to the host-guest 
system through proper choosing of the guest molecule. 

RESULTS AND DISCUSSION 

Synthesis and spectroscopic characterization 

Compounds 1, 3 and 4 were prepared in EtOH/H20 
solution through the self-assembly process. Com- 
pound 2 was synthesized by the ethanothermal reac- 
tion in a sealed Pyrex tube. In either case, pure single- 
crystal product can be reproducibly obtained in high 
yield. None of these compounds is found to be soluble 
in common organic solvents such as THF, acetone, 
CH2C12, and CH3CN or water. To assess phase purity, 
the products were routinely examined by X-ray pow- 
der diffraction. Furthermore, the observed X-ray 
powder diffraction patterns of the bulk materials were 
compared with those calculated from the X-ray single- 
crystal data to ensure that the specimen selected for 
the X-ray single-crystal structure analysis is rep- 
resentative of the product (see Figs 1~1 of the sup- 
porting materials). Because absorption characteristics 
of the compounds in the UV-vis region is relevant to 
their nonlinear optical properties, we studied their 
diffuse reflectance UV vis spectra. Each compound 
shows a broad band at ~ 280 nm which is essentially 
identical to that of free 4,4'-bipyridine, and in the case 
of inclusion compound, a broad band of the organic 
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Fig. 1. The diffuse reflectance UV vis spectra of 1, 3 and 4. 

guest chromophore as shown in Fig 1. In addition, 
the compounds all show IR bands characteristic of 
the ligands/guest molecules (see Experimental). 

Structural description 

[Cd(4,4'-bipy)3(H20)2](ClO4)2.2H20 (1). As a 
manifestation of its internal symmetry, this compound 
crystallizes in the orthorhombic space group P2,2~2 
(#18). The asymmetric unit contains a Cd 2+ ion, two 
4,4'-bipy ligands, a C104 anion and a crystallization 
water. The Cd 2+ ion and one 4,4'-bipy are both situ- 
ated on the 2-fold rotation axis. Perpendicular to this 
direction another 4,4'-bipy and the water are bound 
to the Cd 2+. In addition to the 2-fold rotation oper- 
ation, this unit is then repeated by a cell translation 
along the c edge to generate the one-dimensional 
chain. Therefore, the Cd. . .Cd separation within the 
chain is identical to the length of the c-axis (11.674(2) 
A). The Cd 2+ ion can be best described as having 
trans octahedral coordination. Figure 2 depicts the 
structure of an individual [Cd(4,4'-bipy)3 (H20)2], 2"+ 
chain. The CIO4 is located at the corner defined by 
the 4,4'-bipy-Cd-4,4'-bipy, slightly touching the van 
der Waals spheres of two H-atoms each from a 4,4'- 
bipy ligand as shown in Fig. 3. Because of the inter- 
chain Cd ' - .Cd  separations of 12.882(3) A along the 
b direction, two termina, 4,4'-bipy ligands from the 
adjacent chains have to stack on top of each other. 
Figure 4 shows the packing diagram of the unit cell. 

[{Cd(4,4'-bipy)(H20)2(ClO4)2} (4,4'-bipy)l (2). Due 
partly to the presence of the uncoordinate 4,4'-bipy 
molecules in the lattice, this one-dimensional com- 
pound crystallizes in the triclinic space group P ( -  1) 
(#2). The asymmetric unit contains a Cd 2+ ion bound 
to a 4,4'-bipy ligand, a C104 group and a H20 
molecule, and a half free 4,4'-bipy unit. The Cd + is 
situated on a center of inversion (1, 1/2, 1), and the 
free 4,4'-bipy unit is located around another center of 
inversion (0,0, 1/2). Both the trans octahedral coor- 
dination around the Cd z+ ion and the full unco- 
ordinate 4,4'-bipy molecule can be generated by 
inversion operations. Figure 5 shows the unit cell 
packing diagram of 2. The N- and H-atom on one 
side of the 'free' 4,4'-bipy interact, respectively, with 
coordinate HzO and C104 in an alternate fashion 
between the two adjacent chains. On the whole, the 
compound may be described as a 1D intercalation 
complex as shown in Fig. 6. 

[{Cd(4,4 '-bipy)2(H20)2} (4 ,4 ' -b ipy) (o -NAN)2]  
(CTO4)2" HzO (3). The compound crystallizes in the 
C-centered acentric space group C2 (#5) with the 
asymmetric unit containing two Cd 2+ ions, three 
coordinate 4,4'-bipy ligands, two CIO~- anions, a free 
4,4'-bipy, two 2-nitroanitine molecules and a crys- 
tallization water. The Cd 2+ ions, situated, respec- 
tively, on the 2-fold rotation axes (1/2,0.5021,0) and 
(1/2, 0.4161, 1/2), are each coordinated by a 4,4'-bipy 
along the 2-fold axes, and bridged by a common 4,4'- 
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Fig. 2. The structure of an individual [Cd(4,4'-bipy)3 (H20)2], 2"+ chain in 1. 

Fig. 3. The interactions of C104 anions with the [Cd(4,4'-bipy)3 (H20)2]~, "+ chains in 1. 

Fig. 4. The unit cell packing diagram for 1. 
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Fig. 5. The unit cell packing diagram for 2. 

Fig. 6. The interactions of the intercalated 4,4'-bipy ligands with coordinate HzO and CIO4 in 2. 

bipy ligand. The layers are generated by a com- 
bination of the 2-fold rotation and unit cell translation 
in the b-direction. The square grids are therefore 
defined by the Cd' .  'Cd separations of 11.750(3) /k 
along the b-axis and 11.66 ./k along the c-axis [20]. The 
layers are separated at about a/2 = 8.897 A. Figure 7 
is the ORTEP representation of an individual layer. 
The two 2-nitroaniline molecules, along with two 
ClOg anions and a free 4,4'-bipy, are located between 
the layers. Figure 8 is the packing diagram of 3 while 
a close-up view of the guest molecules and a ClOg 
anion is shown in Figure 9. The most conspicuous 
feature is that the dipole moments of the two different 
2-nitroaniline molecules are each oriented with their 
counterparts below or above the layer to the same 
direction (see Fig. 8). Such an ordering runs across 
the entire crystal lattice. 

[{Cd(4,4'-bipy)2(ClO4)2}(o)-MENAN)2] (4). The 
compound belongs to the centric space group P21/n 
(#14). The asymmetric unit consists of a Cd 2+ ion, 
two 4,4'-bipy ligands, a CIOz anion and an N-methyl- 
2-nitroaniline. The Cd 2+ ion, bound by two 4,4'-bipy 

ligands and a ClOg anion, is situated on the center of 
inversion. The layers are coincided with the (101) 
plane as shown in Fig. 10. The Cd' .  'Cd separations 
can be estimated to be 11.74/k, and the inter-layer 
distances are 8.72 /~. The N-methyl-2-nitroaniline 
molecules are resided inside the squares. Each two 
relate each other by inversion, and are disposed 
around the metal center so that the methyl H-atoms 
can interact with the unbound O-atoms of the coor- 
dinate C104 anions. 

DISCUSSION 

As a control experiment, we first investigated the 
reaction of Cd 2÷ with 4,4'-bipyridine in the molar 
ratios of 1 : l, 1 : 2 and 1 : 3 using C104 as the coun- 
terion. Of particular interest to our inclusion studies 
were the 2D and 3D polymers, but we were aware that 
the octahedral geometry of the Cd 2+ ion combined 
with bis- and tetra-water coordination should in prin- 
ciple give 1D, 2D and 3D structures. To our surprise, 
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Fig. 7. The ORTEP representation of an individual [Cd(4,4'-bipy)2 (H20)2]~ ÷ layer in 3. 

all the molar ratios repeatedly afforded [Cd(4,4'-bi- 
py)3(H20)2](C104)2" 2H20 as the only product. This 
compound, the first example of a coordination poly- 
mer containing terminal 4,4'-bipy ligands, was not 
expected as opposed to the one-dimensional chains 
containing tetra-water coordinated C d  2+ centers. It 
seems to be counterintuitive that the structural motif 

in 1 does not extend to form 2D square grids where 
the number of interactions per 4-4'-bipyridine would 
be higher. It is interesting to note that in 1 the C10~ 
is located near the comer, and interacts with the H- 
atoms on the 4,4'-bipy. Therefore, we speculate that 
the formation of the 2D structure with a similar anion 
packing might increase the enthalpy due to large voids 
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d '  
Fig. 8. The unit cell packing diagram for 3. 
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Fig. 9. The orientation of the guest molecules and a CIO7 anion in the crystal lattice of 3. 

in the square grids. In order to assess the influence of 
reaction conditions on structures, we further carried 
out the reactions with the same molar ratios in super- 
heated ethanol. Again, we obtained another one- 
dimensional compound [{Cd(4,4'-bipy) (H20)2 
(C104)2} (4,4'-bipy)] from all three different reaction 
ratios. This compound contains t r a n s  coordinate 
C102 anions and free 4,4'-bipy molecules. The neutral 
polymer is structurally similar to a recently reported 
copper analog [{Cd(4,4'-bipy)(H20)2(C104)z}(4,4'- 
bipy)] [21]. From these experiments, we conclude that 
under these conditions, only one-dimensional struc- 
tures can be formed in the Cd 2 +/4-4'-bipy/C104 sys- 
tem [22]. 

On the other hand, formation of 2D structures can 
be induced by the presence of a suitable guest 

molecule. Among a variety of compounds that can act 
as guests, we are particularly interested in the NLO- 
active organic chromophores. These are typically 7t- 
conjugated molecules with a donor-~-acceptor struc- 
ture. We chose several simple molecules such as nitro- 
anilines and their derivatives for probing the 
structure-property relationships. In the case of 2- 
nitroaniline, the inclusion compound [{Cd(4,4'- 
bipy)z(H20)2} (4,4 ' -bipy)(o-NAN)2](C104)2 "H20 
crystallizes in a polar space group with the dipole 
moments of the guest spontaneously aligned. Pre- 
liminary experiments by Kurtz powder method 
showed that 3 is SHG (second-harmonic generation) 
active. Efforts at measuring and understanding the 
second-order NLO response for 3 is currently under 
way. It is worthwhile to point out that 2-nitroaniline, 
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Fig. 10. The unit cell packing diagram for 4. 

a molecule having a large value of molecular first 
hyperpolarizability /3, exhibits no macroscopic 
second-order NLO effects because the bulk material 
crystallizes in the centrosymmetric space group P2]/a 
(#14). Surprisingly, the N-methyl-2-nitroaniline 
induces the formation of an entirely different struc- 
ture, [{Cd(4,4'-bipy)2(CIO4)2}(o-MENAN)2], with a 
centric crystal packing. In addition, we found that the 
meta- or para-nitroaniline cannot induce the for- 
mation of any 2D polymeric inclusion compounds 
[23]. This is consistent with the findings of Fujita 
and coworkers on the Cd(NO3)2/4,4'-bipy inclusion 
studies using ortho-, metal- and para-dihalobenzenes 
[11 (b)]. Thus, the inclusion of guest molecules to the 
polymers by self-assembly is a subtle molecular rec- 
ognition process, In other words, the host components 
do not necessarily view the guest molecules as space- 
fillers. In contrary, they are keen to respond, by even 

adjusting the entire assembling mode, to the minor 
structural change in the guest molecule. 

The solution tH NMR studies combined with FT- 
IR and diffuse reflectance U V v i s  spectrometry 
showed that the included guest molecule of 2-nitro- 
aniline or N-methyl-2-nitroaniline can be completely 
removed by CH2C12 extraction. We are investigating 
the possibility of synthesizing C104- containing 2D 
host structures, which cannot be prepared directly, by 
guest-induced self-assembly and subsequent removal 
of the guest by solvent extraction [24]. 

CONCLUSION 

From this study, the following conclusions may be 
drawn : 

(1) Compared to the methods of intercalation to 
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layered compounds [25] or inclusion to zeolites, lattice 
inclusion of organic chromophores in coordination 
polymer frameworks affords infinite, crystalline com- 
pounds with well-defined stoichiometries and struc- 
tures, thus offering opportunities for probing the 
structure-property relationship. 

(2) Because the self-assembly process can be highly 
influenced by the presence of different guest molecules, 
counterions and reaction conditions, it provides a 
unique tailorbility for making optimum supra- 
molecular assemblies as nonlinear optical materials 
(e.g. induction of acentricity). 

(3) Furthermore, it should be possible to "engin- 
eer" other useful, ordered molecular assemblies such 
as organic radicals/spin-active polymer hosts by a 
similar approach. New research opportunities abound 
in this area. 

EXPERIMENTAL 

Chemicals and solvents in this work were purchased 
from Aldrich and used as obtained. All manipulations 
were performed in air. The FT-IR spectra were rec- 
orded as solids in KBr matrix in the range of 4000- 
400 cm -1 with the use of a Nicolet 750 FT-IR spec- 
trometer. The diffuse reflectance UV-vis spectra were 
measured on a Variant Cary 1E spectrophotometer 
equipped with a 73-mm diameter integrating sphere. 
Proton N M R  experiments were carried out using a 
GE 300 MHz NMR spectrometer. 

Preparation 
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1592(s), 1530(s), 1491(m) and 1412(s) c m - l ;  C10~- : 
1159-1046(s, extremely broad) cm -~. 

[{Cd(4,4'-bipy)2(HzO)2} (4,4 '-  b ipy) (o-NAN)2]  
(C104)2"H20 (3). In a typical experiment, water 
was added dropwise to a 20-ml ethanol solution con- 
taining Cd(CIO4)2"6H20 (155 mg, 0.5 mmol), 
4,4'-bipyridine (156 mg, 1.0 mol) and 2-nitroaniline 
(284 mg, 2.0 mol) under stirring to clear the solution. 
After refluxed for 3 h and cooled to room temperature, 
the solution was filtered. The filtrate was transferred 
to a 25 cm 3 Erlenmeyer flask, covered with a filtration 
paper. The solution was left to stand in an air-con- 
ditioned room (T = 22°C) free of mechanic vibration. 
Orange rhomb-shaped crystals of 3 with the size up 
to ca 0.9 cm were separated in 4-6 weeks. The crystals 
were collected, washed with ethanol and diethyl- 
ether. The isolated yield is 49%. The characteristic IR 
bands include: NH stretching: 3401(m, sharp) cm-~ ; 
aromatic C - - C  and C - - N  stretching: 1626(s), 
1598(s), 1558(s), 1525(s), 1491(s) and 1412(s) c m - l ;  
NOz stretching: 1333(s) and 1243(s) cm-~; C104: 
1086(s, br and multiple) cm -1. 

[{Cd(4,4'-bipy)2(flO4)2}(o-MENAN)2] (4). The 
pale yellow crystals of 4 were prepared in a similar 
way as 3 using N-methyl-2-nitroaniline (312 mg, 2.0 
mol) in place of 2-nitroaniline. The needle-shaped 
crystals tend to form large clusters. The estimated 
yield for 4 is 57%. The characteristic IR bands 
include: NH stretching: 3392(s, sharp) cm-~; aro- 
matic C - - C  and C - - N  stretching: 1603(s), 1598(s), 
1570(s), 1536(s), 1502(s)and 1412(s)cm-t;  NO2 stret- 
ching: 1322(s) and 1260(s) c m - l ;  C10~- : l120(s, br) 
and 1030 (s, br and multiple) cm -~. 

[Cd(4,4'-bipy)3(H20)z](C104)2"2HzO (1). To a 20 
cm 3 ethanol solution containing Cd(CIOa)2"6HzO 
(311 mg, 1.0 mmol) and 4,4'-bipyridine (468 mg, 3.0 
mol) under stirring was added water dropwise until 
the solution became clear ( ~  3 cm 3 H20 required). 
After refluxed for 3 h and cooled to room temperature, 
the solution was filtered by suction. The filtrate was 
left to stand at room temperature for one week. After 
filtration and washing with ethanol and diethyl-ether, 
colorless single crystals of 1 were obtained in 78% 
yield. The characteristic IR bands include: aromatic 
C - - C  and C - - N  stretching: 1598(s), 1525(s), 
1491(m), 1406(s) cm-~; C10~-: 1080(s, multiple) 
c m -  1. 

[{Cd(4,4'-bipy)(H20)z(ClO,)2}(4,4'-bipy)] (2). A 
sample of 155 mg (0.5 mmol) Cd(C104)z" 6HzO and 
156 mg (1.0 mmol) 4,4'-bipyridine was ground and 
mixed thoroughly in a mortar with a pestle. The 
reagents were loaded into a thick-walled Pyrex tube 
( ~  25 cm long). After addition of 0.4 ml EtOH, the 
tube was frozen with liquid N2, evacuated under vac- 
uum and sealed with a flame. The tube was heated at 
90°C for 12 h to afford colorless single crystals of 2. 
The product was isolated by ethanol and diethyl-ether 
washing in 93% yield. The characteristic IR bands 
include: aromatic C - - C  and C - - N  stretching: 

X-ray data collection, structure solution and refinement 

All the single crystal X-ray diffraction experiments 
were carried at room temperature using either an 
Enraf-Nonius CAD4, a Siemens P4 or a SMART 
CCD diffractometer equipped with monochromated 
Mo-K~ radiation (2 = 0.71069 A.). In each case, a 
suitable crystal was quickly separated from the mother 
liquor and coated with epoxy. Unit cell parameters 
for 1-3 were obtained from a least-squares analysis of 
25 reflections in the range of 14 ~< 0 ~< 16 °. The unit 
cell parameters for 4 were based upon the least-squa- 
res refinement of three dimensional centroids of 6192 
reflections. Appropriate cell angles were constrained 
to their ideal values for 1, 3 and 4. 

Intensity data for 1-3 were collected using a w--20 
scan mode. The stability of the experimental setup 
and crystal integrity for each data collection was 
monitored by measuring three representative reflec- 
tions at 200 reflection intervals. No decay was 
detected. The diffracted intensities were collected for 
Lorentz, polarization and background effects. An 
empirical absorption correction based upon ~b scans 
with Z ~ 90° of three strong reflections was applied to 
each data set from 1 to 3. The intensity data for 4 
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Compound 1 2 3 4 

Formula C3oH32CdC12N6O12 C2oHzoCdCI2N4Ojo C42H42CdCI2NIoOI5 C34H32CdC12N8OI2 
a (A) 13.341 (2) 7.590(2) 17.793(4) 8.9175(4) 
b (A) 12.882(3) 9.063(2) 11.750(3) 16.3672(8) 
c (/k) 11.674(2) 10.266(2) 23.314(5) 13.1593(6) 
ct (°) 90.00 106.03(1) 90.00 90.00 
fl (°) 90.00 95.19(2) 100.68(1) 97.568(1) 
7 (°) 90.00 109.01 (2) 90.00 90.00 
Z; V (A 3) 2; 2006.3(6) 1 ; 628.9(3) 4; 4790(2) 2, 1903.9(1) 
Space group P212t2 (#18) P-1 (#2) C2 (#5) P2~/n (#14) 
D~aic (g/cm 3) 1.41 1.74 1.54 1.62 
#(Mo-Kct) (mm -~) 0.739 1.143 0.645 0.788 
Crystal size (mm) 0.54 x 0.20 x0.11 0.54 ×0.22 x 0.18 0.66 x 0.56 x 0.52 0.63 x 0.60 × 0.45 
20 ... .  deg 50 50 55 54 
T (°C) 22 22 20 22 
No. of unique data, total 3059 2208 6254 4237 
No. of data used/tr cutoff 1794/lo > 33(I0) 2106/I0 > 33(Io) 5643/1o > 2tr(Io) 3109/1o > 3tr(lo) 
Tmin/~ax ; abs cor 0.916/1.00 0.403/1.00; 0.786/1.00 ; 0.763/1.00 ; 

~ k - s c a n s  ~-scans/DIFABS ~,-scans redundant refl. 
No. of variables 233 169 606 259 
No. of atoms per 44 29 79 45 

asym unit 
(including H) 

Max/min peaks in Final Diff. Map 1.43/-0.51 1.05/-0.64 0.634/-0.775 0.78/-0.87 
(e- /h 3) 

Final R/Rw (%) GOF 6.07/7.35; 2.26 4.32/5.44; 2.08 4.55/12.58; 1.06 a 3.65/5.16; 2.41 

Refinement based on F 2 using SHELXL-93. 

Table 2. Selected bond distances (A) and bond angles (deg) for 1-4 

Compound 1 
Cd--N(1) 2.383(6) N(1)--Cd--N(1)* 178.9(3) 
Cd--N(3) 2.293(7) N(1)---Cd--N(3) 89.5(2) 
Cd--N(4) 2.333(4) N(1)--Cd--O(1) 87.1(3) 
Cd--O(l) N(3)--Cd--N(4) 90.5(2) 

O(1)----Cd--O(l)* 175.6(3) 

Compound 2 
Cd--N(l)  2.273(3) N(1)--Cd--N(1)* 180.0 
Cd--O(1) 2.378(4) N(1)--Cd--O(l) 89.9(1) 
Cd--O(5) 2.264(3) N(1)--Cd--O(5) 90.1(1) 

O(1)--Cd--O(1)* 180.0 
O(5)--Cd--O(5)* 180.0 

Cd(1)--N(1) 2.316(! 1) 
Cd(1)--N(2) 2.390(9) 
Cd(1)--N(5) 2.360(5) 
Cd(1)--O(1) 2.325(5) 
Cd(2)--N(3) 2.271(10) 
Cd(2)--N(4) 2.410(12) 
Cd(2)--N(6) 2.358(5) 

Cd--N(1) 2.347(2) 
Cd--N(2) 2.328(2) 
Cd--O(l) 2.364(3) 

Compound 3 
N(I)---Cd(I)--N(2) 180.000(1) 
N(1)--Cd(I)--N(5) 87.4(2) 
N(2)--Cd(I)--N(5) 92.6(2) 
N(5)--Cd(1)--N(5)* 92.3(2) 
N(2)--Cd(1)--O(1) 83.9(2) 
O(1)--Cd(l)--O(1)* 96.1(2) 
N(a)--Cd(2)--N(4) 180.000(4) 
N(a)--Cd(2)--N(6) 92.3(2) 
N(4)--Cd(2)--N(6) 92.6(2) 
N(5)--Cd(I)--N(5)* 87.7(2) 
N(4)--Cd(2)--O(2) 89.8(2) 
O(2)--Cd(2)--O(2)* 90.3(2) 

Compound 4 
N(I)--Cd--N(1)* 180.0 
N(1)--Cd--N(2) 94.00(9) 
N(1)--Cd--N(2)* 86.00(9) 
N(2)--Cd--N(2)* 180.0 
N(1)---Cd---O(1) 93.1(1) 
N(I)--Cd--O(1)* 86.9(1) 
O(1)--Cd--O(1)* 180.0 
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were collected using a narrow frame method with scan 
widths of 0.3 ° in 09 and exposure times of 20 s/frame. 
Frames were integrated with Siemens SAINT 
program. An empirical absorption correction based 
upon redundant reflections was applied to the data 
set. 

The structures were solved by a combination of 
direct methods and difference Fourier methods, and 
refined with full-matrix least squares techniques. The 
calculations were performed using the teXsan crys- 
tallographic software package of Molecular Structure 
Corporation. All the non-hydrogen atoms were 
refined anisotropically. The positions of the hydrogen 
atoms were calculated, but not refined. Table 1 gives 
crystal data and details for structure analysis for the 
four compounds. Final atomic coordinates for all 
structures are given in the supporting information. 
The selected bond distances and bond angles for 1 4  
are summarized in Table 2. 

Each compound was examined by X-ray powder 
diffraction for the purpose of phase identification. A 
Siemens D5000 X-ray powder diffractometer equip- 
ped with Cu-K~ radiation ( 2 =  1.5418 /~) was 
employed to record the X-ray powder diffraction pat- 
terns. The crystals were ground to fine powder and 
mounted on a microscope slide. To verify the phase 
purity and homogeneity of the products, the observed 
X-ray powder diffraction patterns for the bulk 
materials were compared with those calculated from 
the X-ray single-crystal data. 
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