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The ligand N-(2-propionic acid)-salicyloyl hydrazone(H3L, 1) and its new transition metal(II)
complexes [NiHL(bipy)H2O] (2), [CdHL(bipy)(H2O)2]2 � 2H2O (3) and [NiHL(phen)H2O] �H2O
(4) (HL is a dianion, bipy¼ 2,20-bipyridine and phen¼ 1,10-phenanthroline) were synthesized
and characterized on the basis of elemental analyses, IR, 1H NMR, molar conductivity and
thermal analysis. Single crystal X-ray diffraction showed that 1 is in keto form and connected
by hydrogen bonds to form a two-dimensional supermolecular compound. Complexes 2 and 4

have the same structure with distorted meridional octahedral geometry with 1 as a tridentate
ligand with keto-form coordination by azomethine, carboxyl O and acyl O. In 3, ligand 1

bridges two Cd(II) atoms by �2-O of carboxyl. H-bonding is an important weak interaction for
constructing supermolecular frameworks. There are �–� interactions between bipy or phen
rings in 3 or 4, respectively.

Keywords: N-(2-propionic acid)-salicyloyl hydrazone; Transition metal complexes; Bipy; Phen;
Crystal structure; H-bonding; �–� interaction

1. Introduction

The concept of building units is very helpful in elucidating and understanding
the structural characteristics of assemblies in crystal engineering, and connection by
metal-ligand interactions and intermolecular interactions such as hydrogen bonds and
�–� stacking are the two main strategies [1, 2].

Hydrazone has interesting coordination behavior and diverse applications [3, 4].
Acyl hydrazone ligands bearing both nitrogen and oxygen donors which exhibit
both hard and soft base character could form more stable complexes than polyoxa
or polyaza ligands [5]. Aroyl hydrazones have been the subject of investigation due
to their versatile chelating behavior, coordinating in the keto form, dehydrogena-
tion conjugation and enol form [6–10]. The valence of acyl hydrazone is multiple
[11–15]; N-(2-propionic acid)-salicyloyl hydrazone has potential H-bonding sites.
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Many of physiologically-active aroylhydrazone complexes find application in the

treatment of diseases such as tuberculosis, tumor, cancer and insecticides [16–21].

Chelation therapy is the most successful means of treatment of heavy metal poisoning
[22–25]. 2,20-bipyridine and 1,10-phenanthroline have aromatic � clouds, are good rigid

ligands, and exhibit numerous beneficial biological activities [26, 27].
Here we report the synthesis and characterization by single crystal X-ray diffraction,

elemental analysis and spectroscopic measurements of the hydrazone H3L, two Ni(II)

complexes and one heavy metal Cd(II) complex, and discuss the metal-ligand

interactions and intermolecular interactions such as hydrogen bonds and �–� stacking.

2. Experimental

2.1. Reagents and materials

All chemicals and solvents were of analytical grade. IR spectra were recorded with an

EQUINOX55 spectrophotometer using KBr pellets. Elemental analyses of C, H, and N

were performed by a Perkin-Elmer model 2400 elemental analyzer. Molar conductance

measurements were made using a DDS-11A conductivity meter. 1H NMR spectra were

recorded on an INOVA-400 NMR spectrometer using (CD3)2SO as the solvent.

TG-DTG curves are obtained with a NETZSCH STA 499C thermal analyzer with

a heating rate of 10�Cmin�1. The X-ray diffraction data for the crystals were collected

on a Bruker Smart-1000 CCD X-ray single crystal diffractometer.

2.2. Preparation of the ligand

Salicyloyl hydrazine was prepared according to the reported method [28].

OH

O

H
N

N

CH3

O

OHOH

COOCH3

NH2NH2
.H2O

EtOH

OH

O

NHNH2

CH3CCOOH

O

EtOH

84mL pyruvic acid was added to solution of the salicyloyl hydrazide (6.09 g) in

anhydrous alcohol (30mL). The mixture was stirred on a water bath (80�C) for 2 h, the

precipitate filtered, recrystallized from alcohol and washed by ether. The melting point

is 216–217�C. We have reported the synthesis of 1 [14], but the crystal structure has

never been reported. 1 was dissolved in the mixed solvent of methanol and water

(v/v¼ 2 : 1) and stirred 5 h, then filtrated. After two weeks at room temperature, the
colorless claval crystal [(C10H10O4N2) � 2H2O] (1) suitable for X-ray measurement was

obtained.

2.3. Preparation of complexes

M(NO3)2 � nH2O (M¼Ni, Cd) (0.02mmol), H2L (0.02mmol) and bipy/phen

(0.02mmol) were dissolved in 50mL mixed aqua-ethanol, respectively, and then

mixed. A spot of triethylamine was added to the above suspension. After stirring at
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80�C for 1 h, the precipitate was separated by filtration, washed several times with
water, hot ethanol, and dried in a vacuum. The resulting solution was allowed to
evaporate slowly at room temperature for several days to obtain suitable crystals for
X-ray diffraction measurement. The procedure of [NiHL(phen)H2O] �H2O was similar
to that for [NiHL(bipy)H2O], except that phen was used instead of bipy.

triethylamine 

H2O+C2H5OH
M(NO3)2·nH2O + H2L + bipy/phen complexes

2.4. X-ray diffraction data collection and reduction

Single crystal X-ray diffraction measurements of both compounds were carried out with
a Bruker Smart 1000 CCD X-ray diffractometer. Intensities of reflections were
measured at 298K using graphite monochromated Mo-K� radiation (� ¼ 0.71073 Å)
with ! scan mode. Empirical absorption correction was applied using SABADS.
Crystal structures of 1, 2, 3 and 4 were solved by direct methods and Fourier-difference
syntheses. All non-hydrogen atoms were refined anisotropically. Full matrix least-
squares refinement on F2 was performed by the SHELXL-97 program package. The
final R1, wR2 and other refinement parameters are presented in table 1.

3. Results and discussion

3.1. Characterization and spectroscopic studies

All complexes are freely soluble in DMF and DMSO, sparingly soluble in water,
ethanol and methanol, but insoluble in benzene, acetone and diethyl ether. The molar
conductivity of the complexes is 3� 7��1 cm2mol�1 in DMF (table 2) showing
non-electrolytes in DMF [29]. The elemental analyses of the complexes are consistent
with the composition.

The main IR stretching frequencies of the ligand and complexes are tabulated
in table 3 in the region 4000–400 cm�1. The absorption band around 1756 cm�1,
assignable to �C¼O (COOH) of free H3L, has been replaced by two new bands, �s, COO

and �as, COO, and the ��(�as� �s) are 254, 80, and 267 cm�1, respectively, in the three
complexes. The shifts suggest that the carboxyl group is monodentate coordinating to
the Ni(II) (for 2 and 4 complexes) and bidentate �2 bridge ligand for Cd(II) [30].
The 1616 cm�1 (�C¼O) vibration of the free ligand is red-shifted in the complexes,
showing the oxygen (C¼O) bound to metal. The 1532 cm�1 (�NHN) vibration of the free
ligand disappears in 2 and 4 and becomes weak in 3 indicating the hydrogen of –NHN¼
is lost in 2 and 4 and partly lost in 3. The �C¼N at 1588 cm�1 in the ligand has red-
shifted in all complexes, confirming that the azomethine nitrogen coordinates to M(II)
[31]. The complexes show a wide band between 3600 and 3500 cm�1, attributable to
the –OH group involved in intermolecular hydrogen bonding [32]. The in-plane and
out-of-plane vibrations of water observed near 750 and 570 cm�1 are associated with
coordinated water [33]. The 1454 cm�1 (�C¼N) vibration of free bipy is red-shifted in
the complexes, showing nitrogen bound to metal [27]. This IR spectroscopic analysis is
in agreement with the X-ray diffraction crystal structure of the complexes.

Hydrazones 2705
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1H NMR spectra of 1 and 3 were obtained at room temperature in (CD3)2SO

solution. The proton labels of the ligand are shown in scheme 1 and the data in table 4.

The proton chemical shifts of HaL disappear in 3. All proton signals in the complex

are shifted to low field with respect to the free ligand. The area ratios in 3

are b : c : d : e : f : g : h : I : j¼ 3.02 : 0.53 : 0.46 : 4.10 : 2.05 : 2.00 : 2.06 : 2.08 : 4.21, respectively;

Table 2. Elemental analysis and molar conductivity.

C (%) H (%) N (%) M (%)

Sample Color Yield Calcd Found Calcd Found Calcd Found Calcd Found �(U)a

1 Colorless 85 54.05 54.23 4.54 4.50 12.61 12.59
2 Laurel-green 62 53.02 53.00 4.00 4.20 12.37 12.37 12.95 12.86 3.32
3 Yellow 70 51.26 51.00 4.30 4.38 11.96 12.02 11.99 12.39 4.38
4 Laurel-green 71 53.37 53.40 4.07 4.01 11.32 11.38 11.85 11.80 6.72

aU¼��1 cm2mol�1.

Table 3. Some IR data of the ligand and complexes (cm�1).

Sample �OH �NH �C¼O �C¼N �COO�as �COO� s �� (�as� �s) �HOH �C¼N (bipy/phen)

1 3400 1616 1588
2 3353 1602 1571 1589 1335 254 758, 573 1446
3 3369 3432(w) 1608 1569 1540 1460 80 743, 564 1435
4 3357 1602 1571 1611 1344 267 761, 584 1440

OH

O

H
N

N

CH3

O

OH
a

b
cd

e

N N
f

g H2O

hi

Scheme 1. Labels of the hydrogen.

Table 4. 1H NMR data of the ligands and complex 3.

H3L Bipy [CdHL(bipy)(H2O)2]2 � 2H2O

H3L �a 13.83 — —
�b 2.13 — 2.20(3H)
�c 11.78 — 11.98(0.5H)
�d 11.38 — 11.42(0.5H)
�e 6.93–7.98 — 6.95–8.11(4H)

Bipy �f — 8.71 8.92(2H)
�g — 7.47 8.24(2H)
�h — 7.96 8.50(2H)
�i — 8.42 8.66(2H)

�(H2O) — — 3.33, 3.45

Hydrazones 2707
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protons c and d are half-lost in the complex, which is consistent with the crystal

structure and IR. The proton signals of H2O at 3.33 and 3.45 ppm show that H2O

molecules exist in the complex. The chemical shifts of the protons on the 2,20-bipyridine

indicate coordination to metal.

3.2. Description of the crystal structure

Selected bond lengths and bond angles of the crystals are listed in tables 5, 6, 7 and 8 for

ligand, [NiHL(bipy)H2O], [CdHL(bipy)(H2O)2]2 � 2H2O and [NiHL(phen)H2O] �H2O,

respectively. The molecular structures are shown in figure 1 ((1) ligand, (2)

[NiHL(bipy)H2O], (3) [CdHL(bipy)(H2O)2]2 � 2H2O, and (4) [NiHL(phen)H2O] �H2O),

and the crystal packing diagrams are depicted in figure 2.

Table 5. Selected bond lengths (Å) and angles (�) of 1.

N(1)–C(7) 1.366(3) O(1)–C(5) 1.352(4) O(3)–C(9) 1.203(4)
N(1)–N(2) 1.364(3) O(2)–C(7) 1.230(3) O(4)–C(9) 1.322(4)
N(2)–C(8) 1.281(4)

C(7)–N(1)–N(2) 120.0(2) C(2)–C(1)–C(6) 122.2(3) C(4)–C(3)–C(2) 120.2(3)
C(8)–N(2)–N(1) 116.8(2) C(1)–C(2)–C(3) 120.0(3) C(3)–C(4)–C(5) 120.9(3)
O(1)–C(5)–C(4) 121.1(2) O(1)–C(5)–C(6) 119.3(3) O(2)–C(7)–N(1) 121.1(3)
O(2)–C(7)–C(6) 122.1(3) N(1)–C(7)–C(6) 116.8(2) N(2)–C(8)–C(10) 127.0(3)
N(2)–C(8)–C(9) 114.7(3) O(3)–C(9)–O(4) 123.4(3) O(3)–C(9)–C(8) 122.1(3)
O(4)–C(9)–C(8) 114.5(3)

Table 6. Selected bond lengths (Å) and angles (�) of 2.

Ni(1)–N(3) 1.979(4) Ni(1)–O(4) 2.095(4) O(1)–C(17) 1.261(5)
Ni(1)–N(2) 2.069(4) Ni(1)–O(2) 2.100(3) O(5)–C(15) 1.360(5)
Ni(1)–N(1) 2.077(4) Ni(1)–O(1) 2.127(3) N(4)–C(17) 1.357(5)
N(3)–N(4) 1.380(5)

N(3)–Ni(1)–N(2) 168.63(15) N(2)–Ni(1)–O(4) 94.67(16) N(1)–Ni(1)–O(2) 97.98(13)
N(3)–Ni(1)–N(1) 97.18(15) N(1)–Ni(1)–O(4) 166.54(14) O(4)–Ni(1)–O(2) 93.81(13)
N(2)–Ni(1)–N(1) 78.44(16) N(3)–Ni(1)–O(2) 77.81(14) N(3)–Ni(1)–O(1) 76.90(13)
N(3)–Ni(1)–O(4) 91.63(14) N(2)–Ni(1)–O(2) 92.31(13) O(4)–Ni(1)–O(1) 84.57(13)
N(2)–Ni(1)–O(1) 113.09(13) N(1)–Ni(1)–O(1) 87.53(13) O(2)–Ni(1)–O(1) 154.60(12)

Table 7. Selected bond lengths (Å) and angles (�) of 3.

Cd(1)–O(3) 2.296(2) Cd(1)–N(2) 2.305(2) Cd(1)–N(4) 2.344(3)
Cd(1)–N(3) 2.366(3) Cd(1)–O(9) 2.4247(19) Cd(1)–O(2) 2.460(2)
Cd(1)–O(4) 2.462(2) O(1)–C(5) 1.345(4) O(6)–C(21) 1.320(4)
O(2)–C(7) 1.256(3) O(7)–C(27) 1.247(3) N(1)–C(7) 1.340(4)
N(6)–C(27) 1.350(4)

O(3)–Cd(1)–N(2) 89.24(9) O(3)–Cd(1)–N(4) 158.62(9) N(2)–Cd(1)–N(4) 105.09(9)
O(3)–Cd(1)–N(3) 91.27(10) N(2)–Cd(1)–N(3) 157.52(9) N(4)–Cd(1)–N(3) 69.40(10)
O(3)–Cd(1)–O(9) 81.56(8) N(2)–Cd(1)–O(9) 120.52(8) N(4)–Cd(1)–O(9) 103.69(8)
N(3)–Cd(1)–O(9) 81.74(8) O(3)–Cd(1)–O(2) 80.09(8) N(2)–Cd(1)–O(2) 66.62(8)
N(4)–Cd(1)–O(2) 90.97(8) N(3)–Cd(1)–O(2) 91.34(8) O(9)–Cd(1)–O(2) 160.23(7)
O(3)–Cd(1)–O(4) 119.15(8) N(2)–Cd(1)–O(4) 67.18(7) N(4)–Cd(1)–O(4) 81.51(8)
N(3)–Cd(1)–O(4) 130.65(8) O(9)–Cd(1)–O(4) 67.17(7) O(2)–Cd(1)–O(4) 129.16(7)
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For N-(2-propionic acid)-salicyloyl hydrazone(H3L), the bond length of acyl C¼O

(1.230 Å), shows it to be keto form. The structure of 1 reveals quasi coplanarity of the

whole molecular skeleton, and shows the expected trans-C¼N–N–C conformation.

The molecules form a two-dimensional reticulation along a (see figure 2a).

The intramolecular hydrogen bond between the phenolic O1 and the azomethine

N1 forms a six-numbered ring sharing the same edge with phenol ring

Table 8. Selected bond lengths (Å) and angles (�) of 4.

Ni(1)–N(3) 1.979(3) Ni(1)–N(2) 2.086(3) O(3)–C(13) 1.272(4)
Ni(1)–O(4) 2.060(4) Ni(1)–O(3) 2.114(3) O(5)–C(19) 1.347(6)
Ni(1)–N(1) 2.080(3) Ni(1)–O(1) 2.118(3) N(4)–C(13) 1.347(5)
N(3)–N(4) 1.371(4)

N(3)–Ni(1)–O(4) 96.72(14) N(1)–Ni(1)–N(2) 79.27(13) N(3)–Ni(1)–O(1) 77.59(13)
N(3)–Ni(1)–N(1) 168.45(13) N(3)–Ni(1)–O(3) 76.79(12) O(4)–Ni(1)–O(1) 92.32(14)
O(4)–Ni(1)–N(1) 89.96(14) O(4)–Ni(1)–O(3) 87.57(12) N(1)–Ni(1)–O(1) 92.78(13)
N(3)–Ni(1)–N(2) 95.83(13) N(1)–Ni(1)–O(3) 113.03(11) N(2)–Ni(1)–O(1) 99.29(13)
O(4)–Ni(1)–N(2) 164.47(15) N(2)–Ni(1)–O(3) 86.41(12) O(3)–Ni(1)–O(1) 154.19(12)

Figure 1. Structures of all the complexes.
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(O1 � � �H–N1¼ 2.609 Å, ffNHO¼ 136.12�). Adjacent molecules are hydrogen
bonded through water of crystallization. The intermolecular hydrogen bonds
(O4 � � �H–O5¼ 2.931 Å, N2 � � �H–O5¼ 2.997 Å, O2 � � �H–O5¼ 2.736 Å) determine a
molecular conformation corresponding to ONO chelating behavior.

Figure 1.2 shows the neutral nickel complex [NiHL(bipy)H2O] where N-(2-propionic
acid)-salicyloyl hydrazone is ONO tridentate, bipy a bidentate. HL and bipy are
almost mutually perpendicular (dihedral angle between chelation systems¼ 97.4�),

Figure 2. (a) Packing diagram for 1. (b) Complex 2 forms infinite one-dimensional chain by the hydrogen
bond along b axis. (c) Packing diagram for 3. (d) The polyhedron for 3. (e) The intermolecular �–� stacking
for 4.
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with the bipyridine nitrogen (N1) and oxygen (O4) trans to each other
(N1–Ni–O4¼ 166.54(14)�), thus generating a distorted octahedral coordination for
Ni(II). Due to the MA3B3 framework complex (where M is metal, A and B are different
coordinated atoms), it can adopt two conformations (facial (fac-) and meridional
(mer-)). In this instance, the complex [NiL(bipy)H2O] adopts the meridional orienta-
tion in the solid state. The deviation from ideal geometry is due to strains induced
by the tridentate (O,N,O) and coordinated water molecule (N2–Ni–N3¼ 168.63(15)�,
O2–Ni–O1¼ 154.60(12)�), which cause a tetrahedral distortion of the O1,O2,N2,N3
equatorial plane of the coordination octahedron. Due to chelation strains, the bond
distances involving azomethine nitrogens (2.069–2.077 Å) are longer than those of
pyridinic donors (1.979 Å) [33]. Comparing the distances to C–O (1.43 Å) and C¼O
(1.22 Å), the bond lengths of O(1)–C(17) is 1.261(5) Å, indicating keto form [9].
The tridentate ligand can form two five-numbered rings shared the same edge, two
chelated rings are coplanar, indicating its coordination is strong. By comparison of the
ligand in nickel complex and the free ligand, the planarity of the whole molecule is
reduced (dihedral angle between phenyl and the rest of ligand increases from 3.3 to
12.0�) caused by chelation and hydrogen bond strains after coordination. There is a
significant twist (9.4�) between the two halves of the bipyridine [26]. There
are intramolecular and intermolecular hydrogen bond interactions; the intramolecular
interaction is between the phenolic hydroxy oxygen (O5) and imine nitrogen (N4)
(O5–H � � �N4¼ 2.527 Å with bond angle 146.77�), while the intermolecular interaction
is between the water and two carboxylic oxygens of two neighboring molecules at
distances O4–H � � �O2¼ 2.787 Å and O4–H � � �O3¼ 2.786 Å, and bond angles 175.48�

and 164.42�, respectively. The hydrogen bonds between O3 and O4 link the complex
molecules to infinite one-dimensional chain along b, bipy molecules are parallel,
however, �–� interactions do not occur because the distance of the neighboring planes
is 7.442 Å (see figure 2b).

The crystal structure of [CdHL(bipy)(H2O)2]2 � 2H2O is shown in figure 1.3.
Two Cd(II) ions are connected by two �2-bridging carboxyl oxygens. The Cd(II) is
seven-coordinate via one water, one tridentate ligand (HL) and one bidentate bipy. The
linkage of the ligands to Cd is accomplished through the acyl oxygen, carboxyl oxygen
and imido nitrogen. Thus, two five-membered chelate rings sharing the same edges are
formed. The coordination polyhedron of Cd(II) can be described as a distorted
monocapped triangular prism. Atoms O(4), N(2), N(4) and O(9), O(3), N(3) form upper
triangle plane and lower triangle plane, respectively, the angle between two planes
is 5.3�, the capping atom is O(2) above the plane N(2), N(4), N(3), O(3) (see figure 2d).
The Cd–O mean distance of 2.411 Å is comparable with the calculated average value
2.418 Å for Cd(II) complexes obtained with CONQUEST software from the Cambridge
Structure Database (CSD) [34, 35]. Likewise, the Cd–N mean distance 2.338 Å is
slightly lower than the calculated average value 2.347 Å for Cd(II) complexes using the
data from the CSD.

In the complex, ligands coordinated in the keto form. In the same environment, the
bond length of O(1)–C(5) of phenolic hydroxyl and O(6)–C(21) are 1.345 and 1.319 Å,
respectively, the latter shorter than the former, showing electron density in the
O(6)–C(21) bond is increased because of loss of hydrogen connected to O(6).
The hydrogen bonds of O(6) with O(10), O(12) and N(6) are more extensive than
those of O(1) with N(1), showing electron density of O(6) is increased after hydrogen
loss and act as an electron donor. To the other tridentate ligand, the hydrogen in imine
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N1 is lost, which not only makes the bond shorter because of a pair electrons on N1

transferred the bond C7–N1, but also balance the whole complex valence. So two N-(2-

propionic acid)-salicyloyl hydrazones are coordinated with Cd2þ as dianion HL, but

dehydrogenation mode of the two ligands is different, confirmed with IR and 1H NMR.

Association of the molecules in the crystal is dominated by hydrogen bonding, either

between ligand molecules or involving the H2O molecules. The main interactions are

listed in table 9. Strong hydrogen bonds exist between coordinated water and

uncoordinated O atoms (O(5) � � �O(10), 2.691 Å and the angle 171.13�; O(3) � � �O(8),

2.724 Å and the angle 156.66�). The binuclear units are bridged by two H2O molecules

via three hydrogen bonds to form a one-dimensional supermolecular chain along the

crystallographic a axis. The distance of two adjacent bipy’s (center-to-center) is 3.628 Å,

the dihedral angle of the stacking pair was 1.3�, indicating the existence of the strong

intermolecular �–� stacking interaction, stabilizing the 1D chain.
The crystal structure of [NiHL(phen)H2O] �H2O is shown in figure 1.4. The

coordination environment is similar to 2, substituting phen for bipy, and there being a

crystal lattice water. The dihedral angle between chelation systems (L and phen) is 104.5�.

The coordination polyhedron around Ni(II) is a distorted octahedron. The deviation

from ideal geometry is due to strains induced by the tridentate (O,N,O), bidentate (N,N)

and coordinated water molecule N1–Ni–N3¼ 168.45(13)�, O3–Ni–O1¼ 154.19(12)�,

N2–Ni–O4¼ 164.47(15)�, which cause a deviation 16� of the axial bond angle ffN2NiO4

of the coordination octahedron. Due to chelation strain, the bond distances involving

azomethine nitrogens (1.979–2.086 Å) are longer than those relative to pyridinic donors

(1.959–1.965 Å) [30]. The bond length of O(3)–C(13) is 1.272(4) Å, indicating the ligand is

keto form. Because of the chelation and hydrogen bond strains after coordination the

planarity of the ligand is reduced. The phen is coplanar. There is intramolecular and

intermolecular interaction. Intramolecular hydrogen bond interaction is between the

phenolic hydroxy oxygen (O5) and imine nitrogen (N4) (O5–H � � �N4¼ 2.538 Å and

bond angle is 147.87�), while intermolecular interaction is between the coordinated water

O4 and the crystal water O6, uncoordinated carboxylic oxygen O2 of the neighboring

molecules at a distance O4–H � � �O6¼ 2.710 Å, O4–H � � �O2¼ 2.717 Å and bond angles

are 161.48� and 170.57�, respectively. The hydrogen bond between crystal water O6 and

coordinated carboxylic oxygen O1 is 2.733 Å. Phen of neighboring complexes are

parallel, with shortest center-to-center distance of 3.436 Å, consistent with strong

intermolecular �–� stacking (see figure 2e) [36]. Every molecule is linked with three

Table 9. Relevant intermolecular interactions of 3.

D–H � � �A d(D–H) d(H � � �A) d(D � � �A) ff(DHA)

O12–H12D � � �O11a 0.92 1.91 2.757 152
O11–H11D � � �O8b 0.849 1.93 2.736 158
O10–H10A � � �O5 0.849 1.851 2.690 169
O10–H10B � � �O6c 0.847 1.853 2.695 172
O3–H3B � � �O11d 0.841 1.866 2.701 172
O3–H3A � � �O8 0.850 1.922 2.724 157
O1–H1A � � �N1 0.82 1.81 2.539 146.9
N6–H6 � � �O6 0.86 1.81 2.524 139.3

Symmetry transformations used to generate equivalent atoms: ai: x, y, zþ 1; bii: –xþ 1, �yþ 1, �z; ciii: �x, �yþ 1, �z; div: x,
y� 1, z.
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neighboring molecules through six intermolecular H bonds and intermolecular �–�
stacking interactions forming a 2D sheet along b (see figure 2d).

3.3. Thermogravimetric analysis

In order to examine the character of the water molecules and the thermal properties of
the complexes, the weight loss and decomposition temperature were measured for 4 by
thermogravimetric method. The TG-DTG curves show that the first weight loss of
3.58%, between 85 and 105�C, corresponds to the loss of an uncoordinated water
molecule (Calcd: 3.64%), then lost 3.89% of its weight at 175–192�C, implying one
water might be coordinated to Co ion. Further decomposition begins at 300�C and ends
at 650�C with residue NiO in 14.82% yield (Calcd: 15.09%).

Supplementary material

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No. 623328 for 1, 623330 for 2,
662540 for 3 and 623331 for 4. Copies of this information may be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge, CB21EZ (Fax: þ44 1223
336 033; Email: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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