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SYNOPSIS 

The chemistry of metal carboxylates is an area of topical research interest in 

view of its several diverse applications. In the present work we have investigated the 

chemistry of metal complexes derived from substituted benzoic acids especially the 

bivalent metal complexes of 4-nitrobenzoic acid and the results of these studies are 

described in the thesis entitled, "Chemistry of some bivalent metal 4-nitrobenzoates: 

Synthesis, spectroscopy, reactivity studies, thermal properties and structural 

characterization". The introductory chapter gives an overview of the chemistry of 

metal-carboxylates with an emphasis on the known chemistry of the metal 4- 

nitrobenzoates and the chapter ends with a description of the scope of the present 

investigation. This is followed by the details of experimental work, methods of 

synthesis of several bivalent metal 4-nitrobenzoates and reactivity studies. The final 

chapter summarizes the results of the present work viz. the synthetic aspects, 

reactivity studies, spectral characteristics, thermal properties, structural features of the 

newly synthesized complexes and a comparative study of metal 4-nitrobenzoate 

complexes. The important conclusions of the present investigation are summarized 

and the thesis ends with a few recommendations for future work. 

The construction of designed novel structures using simple molecular building 

blocks involving both organic and inorganic components has rapidly increased in 

recent years [1-5]. The products of such synthesis are designated as metal organic 

hybrid compounds which exhibit unusual properties like neutral guest exchange and 

can find potential applications in the area of catalysis, separation, sorption, sensors, 

electronics and magnetic materials are extensively studied [2-5]. The structure of 

metal organic hybrid compounds can be tuned by a suitable choice of metal ions and 

ligands, by taking advantage of metal coordination and the functionalities of the 
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organic components (ligands). In this context, the carboxylate ligand appears to be a 

good choice in view of its documented versatile ligational behavior towards metal 

ions (Scheme 1) [6, 7]. 
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SCHEME 1 

In ak1Jition to functioning as a simple anion (free uncoordinated group) for charge 

— 
balance in many metal compounds, the carboxylate grip can bind to metals as a 

monodentate ligand or as a bidentate ligand binding to a single metal or alternatively 

as a bridging bidentate ligand coordinating to two or more metals. Recently it has 

been shown that a single acetate ligand can be linked to five metal centers as observed 

in [Ba9(CH3C00)14](C104)4 [8]. 

The commercial availability of carboxylic acids in pure form is an important 

reason for the extensive research undertaken in this area. The chemistry of metal 

carboxylates of acetic and benzoic acid are well documented in the literature [6, 7, 9]. 

Benzene based carboxylic acid are quite useful for metal carboxylate chemistry as 

they possess several advantages like (i) Presence of —COOH group in a rigid six-

membered ring. (ii) Possibility to incorporate additional groups in the ring, the 

ii 



positioning of which can be altered. (iii) The presence of additional groups on the 

ring like —NH2, -SH, -NO2, -OH etc can alter the acidity of the benzene carboxylic 

acid. (4) Additional groups on the ring like -NH2, -SH, -OH can function as H-donors 

or groups like -NO2, -F, -Cl etc. can function as acceptors. 

A survey of the literature shows that the reactions of several substituted 

benzoic acid containing H-acceptors / donors attached to the ring such as —F [10], -Cl 

[11], -CH3 [12], -OCH3 [13], -SH [14], -OH [15], -NH2 [16], -NO2 [17] etc with 

several metals have been investigated and structurally characterized. Such studies are 

useful to understand the substituent effect on the reactivity characteristics of different 

substituted acids with the metal sources. The substituents on the benzene ring can 

participate in secondary interaction by forming H-acceptor / donor bonds, which can 

direct the assembly of novel structures. Many of these complexes are hydrated and 

contain both coordinated and lattice water molecules, which can also participate in H-

bonding interactions leading to interesting water architectures. Metal-organic hybrid 

complexes have the advantages of both the metal ligand interaction through 

coordinate bonds and non-covalent interactions (such as H-bond) leading to 

interesting supramolecular structures [18]. 

The study of substituted benzene carboxylic acids (containing groups like - 

NH2 ( amino ), -OH ( hydroxyl ), -SH ( mercapto ), is important in view of the 

possible biological relevance of such carboxylic acids [19]. Recent reports on the 

chemistry of amino, hydroxy and mercapto substituted benzoic acid with alkali and 

alkali earth metal have unraveled a rich structural chemistry of these compounds [14-

16]. Unlike the aminobenzoates, which have been extensively studied, relatively 

fewer reports have appeared on the chemistry of metal nitrobenzoates. It is to be 

noted that the nitro group lacks the donor characteristics unlike the amine 
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functionality. However, it can participate in I4-bonding interactions by forming H-

acceptor bonds, which can result in new structures. The investigation of the metal 

complexes of the nitrobenzoic acid can also useful to gain an insight into substituent 

effect and hence the subject of study in the present work. 

The present work aims at the synthesis of 4-nitrobenzoate. (4-nba) complexes 

of alkali, alkali earth and transition metals by employing simple synthetic strategies 

under mild conditions, for the convenient synthesis of newer metal carboxylates, 

using readily available starting materials. The compounds thus prepared were 

investigated for their thermal properties and their reactivity characteristics with a few 

N-donor ligands (Scheme 2) like imidazole, (Im), or substituted imidazoles (2-Me1m, 

N-MeIm & BenzIm) and a readily available aromatic diimine like 1, 10 

phenanthroline have been studied. The details of the synthetic procedures are 

presented in the penultimate chapter. 

	IN 

SCHEME 2 

The synthesis of the complexes has been performed by employing aqueous 

reaction conditions of alkali or alkali-earth metal carbonates with 4-nitrobenzoic acid 

(4-nbaH) followed by crystallization to obtain crystalline 4-nba compounds of the 

corresponding metals in all cases. An alternative method, which involves the reaction 

of metal halide or metal hydroxide with the carboxylic acid in the presence of a mild 
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MCI Na 2C0 1 + 2(4-nbaH) 

M 4 Cl 2 + 214-nbaH) 

+ N aHCO4  

(P/1(11 2 0),,(4-nba) 2 1 	 ►  [M(H 2 0)y (4-nba) 2 ) 

1:: 

FL) 

[M(1.120)214-nbahl1 : ) 

Where, M=Mg, Ca, Sr, Ba, Mn, Co and Ni 

M*=Mn, Co and Ni 

4-nbaH=4-nitrobenzoic acid 

base, has been found to work equally well for the synthesis as shown in Scheme 3. 

The reaction of the bivalent metal 4-nitrobenzoates thus formed with N-donor ligands 

result in the formation of new mixed- ligand complexes which can be achieved by 

solution, and/or by thermochemical method and or/solid phase reaction. This 

constitutes a rich synthetic chemistry of alkali earth and transition metal 4- 

nitrobenzoates. The synthetic formulations of calcium, manganese and nickel there in 

depicted in scheme 4, 5 and 6 respectively. The complete details of the synthetic 

aspects are described under results and discussion in the final chapter of the thesis. 

SCHEME 3 
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• SCHEME 5 
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[Ni(H20)2(1m) 2 (4nba)2] 

[Ni(H2 0)2 (2 -1vIe1m)2 (4nba)23 [Ni(1-12 0)(N-Melm)2(4nba)i 

[Ni(H20)(N-Metm)2 (4nba)2] 

(Ni (H20)2( m}(4nba) 2] 

150°C 

[Ni(1120)2 (2-Melm)2 (4nba) 21 

[Ni(Im4)(4nba) 2 .2H20 

[1\11(4nba)2(1m) 2  

(Ni(4nba) 2] 

4-nbaH (pH= 9) 
NaHCO3  

NiC12 .6H20 

Na2CO3 Iliq NH3 
 4-nbaH 

rAy

4,

^ 

 

NaOH 

4-nbaH) NH3  

(Ni 	/s]Onba12 

	►  [Ni(H20)e]14-nba)-,2H20 

[Ni(H20)6](4-nba)2.2H20 I 

ti 

[Ni(1m)&](4-nba)2 .21120 

[Ni(H20)4(4nba)2)2H20 

100* 

SCHEME 6 

All the compounds prepared in this work have been characterized and 

formulated based on the analytical, spectral and thermal data. Most of the compounds 

prepared in this work are isolated from nearly neutral reaction mixtures or under 

alkaline conditions in some cases. However, they can be decomposed by heating at 

elevated temperatures or by treatment with dilute HCI. The acidification reaction 

resulting in the quantitative formation of highly insoluble 4-nbaH constitutes a useful 

method for the convenient estimation of the 4-nba content of the synthesised 

compounds. A combination of UV-Vis, IR, Raman, NMR spectroscopy and X-ray 

powder pattern has been used for the characterization of new complexes investigated 

in this work. In addition, all the compounds have been studied by thermoanalytical 

methods. Two of the manganese compounds have been studied for ESR studies. 

The thermal decomposition of the synthesized complexes at elevated 

temperatures results in the formation of metal oxides. The residue was characterized 
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by elemental analysis, X-ray powder pattern and ESEM—EDAX studies (Fig. 1). The 

pyrolysis of Co(II) para-nitrobenzoates containing N-Melm and 2-MeIm gave spinel 

oxide Co304, while manganese and nickel complexes result in Mn203 and green NiO 

respectively. However at low temperatures (-100 °C) some of the synthesized 

compounds can be dehydrated and the dehydrated compound thus formed, can be 

rehydrated. This phenomenon was investigated with the aid of analytical data, 

isothermal mass loss studies and JR spectra. A comparison of the powder 

diffractograms of the starting hydrated material, the anhydrous material and the 

rehydrated material add credence to this study. The comparative JR spectra and 

powder patterns for de and re-hydration of a representative nickel 4-nba compound 

[Ni(H20)2(Im)2(4-nba)2] are displayed below (Figure 2). 

     

     

a 

    

     

      

    

60 

 

20 
Figure 1: X-ray powder pattern and SEM micrograph of the decomposition product of 

[Ni(H20)6](4-nba)2].21120 
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Figure 2. IR spectra (in KBr) and x-ray powder pattern of (a) pristine [Ni(H 20)2(Im)2(4- 
nba)21 (b)Dehydrated [Ni(H 20)2(Im)2(4-nba)21 and ( c) Rehydrated [Ni(Im) 2(4-nba)2] 

Several of the synthesized 4-nitrobenzoate complexes, have been structurally 

characterized and their structural features are summarized in the table below. The 

structural details of all these compounds are discussed in chapter 3. 

Table 1: Structural features of the synthesized complexes 

Compound C. N. Space Binding modes of Types 	of 
group 4-nba H-bonding 

interaction 
[Mg(H20)6](4-nba)2.2H20 6 Pi Ionic 0—H•••0 

[Mg(H20)2(IM)2(4-nba-0)2] 6 Pi Monodentate N—H...0, 
0—H...0 

[Mg(H20)(N-MeIm)2(4-nba- 
0)(R-4-nba-0,0')]2 

6 PT Bridging 	bidentate, 
monodentate 

O—H. -0 

[Ca(H20)4(4-nba-0,0')(4-nba)i 7 P2 1/c Monodentate, 
bidentate 

0—H.•.0 

[Ca(H20)3(Im)(4-nba-0)21.Im 6 P2 1 /c Monodentate N—H••.0, 
cs-H•••N, 

0—H•.•N 
[Ca(11-H20)(2-MeIm)(µ-4-nba- 
0,0)(u-4-nba-0,0')]„ 

7 P2 1 /n Bridging 	bidentate, 
monoatomic 
bridging 

0—H•••0, 
C—H•••0, 
N—H. -0 

[Ca(N-MeIm)(g-4-nba- 
0,0',0')(11-4-nba-0,0')2i n  

6 Pi Bridging bidentate, 
bridging tridentate 

C—H••0 

[Sr(H20)7(4-nba-0,0')](4- 
nba).21I20 

9 P2 1  /c Bidentate, ionic C—H•••0, 
0—H•••0 

[Ba(H20)5(4-nba-0,0')(u-4-nba- 
0,0')] fi  

9 P2 1/c Bidentate, bridging 
bidentate 

C—H.•0, 
0—H...0 

aRb(H20)](113-1120)(1.4-4-nba)]n 9 P2 1  in Bridging tetradentate 0—H...0 
[[Cs(H20)](113-H20)(114-4-nba)in 9 P2 1 /n Bridging tetradentate 0—H...0 
[Mn(H20)4(4-nba-0) 2].21120 6 Pi Monodentate C—H•••0, 
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0—H...0 
[Mn(H20)(N-MeIm)2(4-nba- 6 PT Monodentate, C—H••.0, 
0)(11-4-nba-0,0)]2 Bridging bidentate 0—H...0 
[Mn(H20)4(Benzim)2](4-nba-0)2 6 P2 1 /c Ionic C—H...0, 

0—H•••0, 
N—H...0 

[Co(H20)2(Im)2(4-nba-0)2] 6 PT Monodentate C—H...0, 
0—H.•.0, 
N—H...0 

[Co(N-Melm)2(4-nba-0)2] 4 C2/c Monodentate C—H...0 
[Co(2-MeIm)2(4-nba-0)2] 4 C2/c Monodentate C—H•..0, 

N—H..•0 
[Ni(Im)6](4-nba) 2 .2H20 6 PT Ionic C—H...0, 

0—H..•0, 
N—H...0 

[Ni(H20)(N-Melm)2(4-nba-
0,014-nba-0)] 

6 PT Monodentate, 
Bidentate 

0—H•..0 

[Ni(H20)2(2-MeIm)2(4-nba-0) 2] 6 Monodentate 0—H...0, 
N—H•..0 

In all the synthesized complexes, the 4-nitrobenzoate anion serves as a charge 

balancing species. The alkali-earth 4-nitrobenzoate complexes [Mg(H20)6](4- 

nba)2.2H20 [20], [Ca(H20)4(4-nba-O)(4-nba-O,O')] [21], [Sr(H20)7(4 -nba-0,0')1(4- 

nba).2H20 [22] and [Ba(H20)5(4-nba-0,0')(11-4-nba-0,0')] n  [23] exhibit different 

coordination of the central metal as well as different binding modes of 4-nba. In 

[Mg(H20)6](4-nba)2.2H20, 4-nba is outside the coordination sphere of metal dication 

and serve as anion. In the larger cations of alkali earth metals (Ca, Sr and Ba), the 4- 

nba is bonded to the metal as described herein. In [Ca(H20)4(4-nba-0)(4-nba-0,0')] 

the two 4-nba ligands exhibits mono (4-nba-0) and bidentate mode (4-nba-0,0') of 

coordination resulting in heptacoordination. The heavier analogues (Sr and Ba) 

exhibit nonacoordination. [Sr(H20)7(4-nba-0,0')](4-nba).2H20 contains both (4-nba-

0,0') and free 4-nba. In contrast, [Ba(H 20)5(4-nba-0,0)01-4-nba-0,0')] n  exhibits 

bidentate and bridging bidentate (11-4-nba-0,0') modes of coordination. The bridging 

bidentate 4-nba, links [Ba(H 20)5 ] 2+  units into a one dimensional coordination 

polymer with a Ba•Ba separation of 6.750(1)A across the chain. 



The alkali 4-nitrobenzoates [{Rb(H20)}(13-H20)(1.14-4-nba)]n [where M=Rb 

and Cs] are nonacoordinated and both are isostructural. The nine coordination around 

Rb or Cs can be explained due to the linking of the central metal with four oxygen 

atoms from four different water ligands and five oxygen atoms from four symmetry 

related 4-nba ligands (Figure 3a). Each 4-nba functions as tetradentate bridging 

ligand and is bonded to four symmetry related Rb or Cs cations through all its oxygen 

atoms (Figure 3b). The carboxylate 0 atoms are linked in a bidentate fashion to one 

Rb while the nitro oxygens are linked to three different Rb with one of the nitro 

oxygen functioning as a monoatomic bridge. One water molecule functions as a 

monodentate ligand with the other bonded to three different Rb or Cs atoms forming a 

1.4,3  bridge. As a consequence of the bridging modes of bonding of 4-nba and water the 

{Rb(H20)} unit a two dimensional polymeric structure is attained (Figure 4). 

(a) 
	

(b) 

Where Ml=Rb or Cs 

Figure 3: (a) Coordination sphere of central cation and (b) coordination modes of the 4- 

nitrobenzoate anion. 
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Figure 4. Two dimensional polymeric chain in [{Rb(H20)}(R3-H20)(µ4-4-nba)b. For clarity 
monocoordinated water oxygen attached to central Rb are not shown. 

A comparison of Mg(H20)6](4-nba)2.2H20, [Mg(H20)2(Im)2(4-nba-O)2] [24] 

and [Mg(H20)(N-MeIm)2(4-nba-0)(11-4-nba-0,0')]2 [20] reveals the interesting 

changes in the binding modes of 4-nba, when N-donor ligand are added to Mg(II). 

Mixed ligand 4-nitrobenzoate complexes of the type [M(H20)2(Im)2(4-nba-O)2] 

where M=Mn, Co and Ni are documented. In the present study isostructural Mg-

analogue [Mg(H20)2(Im)2(4-nba-O)2] with a monodentate 4-nba has been 

characterized. The incorporation of N-MeIm into the coordination sphere of Mg(II) 

results in a dimeric complex [Mg(H20)(N-MeIm)2(4-nba-0)(11-4-nba-0,0')12 which 

exhibits monodentate as well as bridging modes of 4-nba ligation. This complex is 

isotypic with its Mn-analogue. The mixed ligand 4-nitrobenzoate complexes of 

Ca(II), [Ca(H20)3(Im)(4-nba-0)2].Im [24], [Ca(N-MeIm)(11-4-nba-0,0 1,0)(11-4-nba-

0,0 1)2],, and [Ca(µ-H20)(2 -MeIm)(11-4-nba-0,0)(u.-4-nba-0,0)]n  have been 

structurally characterized. The 4-nba compounds of Ca(II), containing N-donor 

ligands are structurally diverse. The heptacoordinated [Ca(H20)4(4-nba-0,0)(4-nba-

0)] compound can be transformed to the zero dimensional [Ca(H20)3(Im)(4 -nba- 
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O)2].Im complex, which shows monodentate 4-nba ligation and contains both 

coordinated as well as free imidazole and is quite different as compared to the Mg(II) 

compound mentioned earlier. In contrast, in the octahedral Ca(II) compound [Ca(N-

Me1m)(11-4-nba-0,0 1,0)(11-4-nba-0,0 1)1, the two 4-nba ligands function as bridging 

ligands with one of them functioning as a 113 bridge. These bridging modes link 

{Ca(N-MeIm)} units into a 1-D coordination polymeric chain , which has a ladder 

structure (Figure 5). 

Figure 5. Two infinite chains of hexacoordinated complexes are linked with the aid of the 
monoatomic bridging 01 atom resulting in the one-dimensional ladder structure. For clarity 
the linking 0 atoms are not shown and only the ladder points consisting of Ca(11) linked to N-
Melm are shown. 

In the polymeric complex [{Ca(2-Meim)}(1-H20)(1-4-nba-0,0)(1-4-nba-0,0')]„ the 

[Ca(2-MeIm)] 2+  units are linked into an infinite triple stranded, 1-D chain with the aid 

of three different bridging ligands namely bidentate 4-nba, monoatomic bridging 4- 

nba and bridging water molecule (Figure 6). 



.NO2 	NO.2 	 NO2 

c 	c 

NC( 	Ca 9 	A 	1  Ca c 	ca 
II 	III 	ry  

0 0 

Ca Ca Ca 

Figure 6: Triple stranded polymeric chains formed from two bridging bidentate and 
monoatomic bridging 4-nitrobenzoates and bridging water extending along the b axis, 2- 
MeIm attached to Ca(II) is not shown for clarity. 

The different modes of coordinations of 4-nba in Ca(II) complexes is shown below. 

The study of 4-nba has been extended to a few transition metal such as Mn, Co 

and Ni, complexes. The [Mn(H20)4(4-nba-O)2].2H20 and two mixed ligand Mn-4nba 

compounds [Mn(H20)(N-MeIm)2(4-nba-0)(11-4-nba-0,0')]2 and 

0 

I 

[Mn(H20)4(Benzim)2](4-nba-O)2 have been structurally characterized. [Mn(H20)4(4- 

nba-0)212H20 is isostructural with the reported Co(II) analogue, which exhibits 

monodentate 4-nba ligation. The dinuclear complex [Mn(H20)(N-MeIm)2(4-nba-

0)(11-4-nba-0,0')]2 exhibits both mono and bridging bidentate mode of coordination 

and is isotypic with the corresponding Mg(II) analogue. In contrast, 4-nba functions 

as a free 4-nba anion, when bulkier N-donor ligand (Benzim) is linked to Mn(II) 
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centre in [Mn(H20)4(Benzim)2](4-nba)2. All the Mn(II) complexes in the present 

study show hexacoordination. 

The structurally characterized mixed ligand Co(II)4-nitrobenzoate complexes 

show different coordination of the central metal. Complex [Co(H20)2(Im)2(4-nba-

0)2] is octahedral and is isotypic with Mg, Ni and Mn analogue. In contrast, [Co(N-

Me1m)2(4-nba-0)2] and [Co(2-MeIm) 2(4-nba-0) 2] complexes are tetrahedral. It is to 

be noted, that in all the Co(Il) complexes 4-nba functions as monodentate ligand. 

The structural analysis of mixed ligand Ni(II)4-nba complexes [Ni(Im)6](4- 

nba)2.2H20, [Ni(H 20)(N-Melm)2(4-nba-0,0')(4-nba-0)] and [Ni(H20)2(2-MeIm)2(4- 

nba-0)2], reveals that they are six coordinated. 4-nba functions as free uncoordinated 

anion in [Ni(Im)6](4-nba)2.2H20, as a monodentate ligand in [Ni(H 20)2(2-MeIm)2(4- 

nba-0)2] complex and as a mono and bidentate ligands in [Ni(H 20)(N-MeIm) 2(4-nba-

O,O')(4-nba-O)]. 

Thus the above results illustrate the variable binding modes of 4-nba ligand in 

alkali, alkaline earth and transition metal complexes and reveal the rich structural 

chemistry of metal 4-nitrobenzoates. A comparative description of the structurally 

characterized compounds from this work and the known structures in the literature has 

been done and the comparison reveals the identification of novel binding modes of 4- 

nba like the tetradentate bridging and monoatomic bridging. The full details are 

described in the chapter 3. 

A few of the important results of present investigation are as follows. 

1. The aqueous reaction of metal carbonate with 4-nbaH or metal chloride / metal 

hydroxide with carboxylic acid leads to the formation of hydrated metal 

carboxylates. 

2. Some. of the transition metal 4-nba complexes with N-donor ligands can be 

obtained by single pot reaction at room temperature. 
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3. Solid phase reactions of hydrated Mg and Mn 4-nitrobenzoate complexes with 

Im as well as N-MeIm result in the formation of new complexes. 

4. Thermochemical reaction of hydrated Ca(II) 4-nitrobenzoate with N-MeIm 

leads to the formation of N-MeIm substituted polymeric Ca(II) complex 

[Ca(N-Melm)(1-4-nba-0,0 1,0 1)(1-4-nba-0,0 1)21 n . 

5. The Coordination of the nitro oxygens in the isostructural compounds 

[{Rb(H 20) 0.13 -H 20)0.14-4-nbaA n  (M=Rb or Cs), result in the formation of two 

dimensional coordination polymer. 

6. The Ni(II) 4-nitrobenzoate complexes, [Ni(H 20)4(4-nba)2].2H20 	and 

[Ni(H20)6](4-nba)2.2H20 are related by a pH dependent equilibrium. 

7. The isostructural nature of the diamagnetic complexes of Mg(II) containing Im 

or N-melm co-ligands with the corresponding compounds of paramagnetic 

transition metals like Mn, Co and Ni indicates the possibilities for the 

preparation of novel doped magnetic materials / mixed metal carboxylates. 

8. The alkali -- earth metal (Mg and Ca) carboxylate complexes can be thermally 

decomposed to yield high surface area binary oxide in air. 

9. The transition metal carboxylates Mn and Ni can be thermally decomposed 

to yield bixbyite, syn Mn 203, and green NiO respectively, while N-MeIm and 

2-MeIm substituted Co(II) tetrahedral complexes gave spinel CO 304  in 

aerobic condition. 

10. Several of the compounds such as [Mn(H20) 4(Benzim)2](4-nba)2, 

[Ni(H20)2(Im) 2(4-nba) 2], [Ca(H20)3(1m)(4-nba) 2].Im etc can be dehydrated 

and the anhydrous compound thus formed can be rehydrated. 

11. The structurally characterized compounds demonstrate the rich and variable 

structural chemistry of metal 4-nitrobenzoates. 

The thesis ends with some recommendations for future work. 
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CHAPTER 1 

INTRODUCTION 

The construction of designed novel structures using simple molecular building 

blocks involving both organic and inorganic components has rapidly increased in 

recent years [1]. The products of such synthesis are designated as metal organic 

hybrid compounds which exhibit unusual properties like neutral guest exchange and 

can find potential applications in the area of catalysis, separation, sorption, sensors, 

electronics and magnetic materials are extensively studied [2-6]. The structure of 

metal organic hybrid compounds can be tuned by a suitable choice of metal ions and 

ligands, by taking advantage of metal coordination and the functionalities of the 

organic components (ligands). In this context, the carboxylate ligand appears to be a 

good choice in view of its documented versatile ligational behavior towards metal 

ions. 

The chemistry of metal carboxylates is a well developed area of research and 

has been reviewed [7-10]. The carboxylates of the aliphatic acids like acetic acid have 

been extensively studied and reported in the older literature [7, 8]. In recent years the 

chemistry of benzene carboxylic acids is investigated by several research groups. The 

commercially available benzene based carboxylic acid are quite useful for metal 

carboxylate chemistry as they possess several advantages like (i) Presence of —COOH 

group in a rigid six-membered ring. (ii) Possibility to incorporate additional groups in 

the ring, the positioning of which can be altered. (iii) The presence of additional 

groups on the ring like —NH2, -SH, -NO2, -OH etc can alter the acidity of the benzene 

carboxylic acid. (4) Additional groups on the ring like -NH2, -SH, -OH can function 

as H-donors or groups like -NO2, -F, -Cl, etc. can function as H- acceptors. 

A survey of the literature shows that the reactions of several substituted 

benzoic acid containing H-acceptors / donors attached to the ring such as —F [11], -Cl 

[12], -CH3  [13], -OCH3[14], -SH [15], -OH [16], -NH2 [17], -NO2 [18-19] etc with 

several metals have been investigated and structurally characterized. They include 

monocarboxylic acids (scheme1.1) such as salicylic acid [20], 2,6, dimethoxy benzoic 

acid [21], fluorobenzoic acid [11], chlorobenzoic acid [12], N-(2-methyl pyridine) —

2-amino methyl benzoic acid [22], 4-methylbenzoic acid [13], methoxybenzoic acid 
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[14], 2-mercaptobenzoic acid [15], 3-amino benzoic acid [23], 4-aminobenzoic acid 

[24], anthranilic acid [17(a)], 2-chloro-4-nitrobenzoic acid [25], dinitrobenzoic acid 

[26], dihydroxybenzoic acid [27], 3,5-dinitro salicylic acid [28], 3,5- 

bis(trifluoromethyl)benzoic acid [29], nitrobenzoic acid [30] etc, as well as 

polycarboxylic acids (scheme1•2) like 1,3-benzenedicarboxylic acid [31], 1,2,4 

benzenetricarboxylic acid [32] 1,3,5 benzenetricarboxylic acid [33], 1,2,5- 

benzenetriacetic acid [34-35], 1,4 benzene dicarboxylic acid [1(d), 3(a), 4(b), 36] , 

isophthalic acid [37], phthalic acid [6(b)], 1,2,4,5, benzene tetracarboxylic acid [38], 

benzene hexacarboxylic acid [39]. All these acids have been employed as building 

blocks / synthons for the synthesis of metal carboxylate compounds with novel 

structural features. 
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Scheme 1.2 

These studies are useful to understand the substituent effect on the reactivity 

characteristics of different substituted acids with the metal sources. The substituents 

on the benzene ring can participate in secondary interaction by forming H-acceptor / 

donor bonds, which can direct the assembly of novel structures [40]. Many of these 

complexes are hydrated and contain both coordinated and lattice water molecules, 

which can also participate in H-bonding interactions leading to interesting water 

architectures. Metal-organic hybrid complexes have the advantages of both the metal 

ligand interaction through coordinate bonds and non-covalent interactions (such as H-

bond) leading to interesting supramolecular structures [41]. Besides the metal ligand 

coordination bonds and H-bonding, the aromatic — aromatic J1-.T1 stacking interactions 
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have significant directionality and reliability, the strength of which lie between the 

range of covalent bonding and van der Waals forces. The 7C- 7C interaction play an 

important role in the formation of molecular aggregates as aromatic rings can be 

arranged into three possible ways: perfectly face to face, offset (or slipped) face to 

face and edge to face in coordination polymers [42]. In addition weak interactions 

such as metallophilic interactions (metal-metal interactions) also play an important 

role in the construction of coordination of supra molecular/polymeric architectures. 

But, H-bonding is the most utilized of non covalent interactions among all these 

interactions and as such is used as a powerful organizing force in the designing of 

new solids [40-41, 43-44] since H-bonds are directional and selective and are some 

what similar to metal — ligand coordination bonds in both directing (via molecular 

recognition and geometrical control) and sustaining the molecular aggregates [44]. In 

view of this, metal complexes derived from substituted benzene carboxylic acids have 

been investigated by several research groups, as evidenced by the impressive array of 

interesting metal-organic supramolecular architectures constructed from these types of 

ligands [15, 16(e), 45]. On the other hand, use of monocarboxylate is limited, but 

some of the metal monocarboxylates coexist with other ligands to form extended 

lattices of varying dimensionalities. The combination of nitrogen donor co-/bridging 

ligands such as pyrazine, piperazine, pyridine (Py), imidazole (Im), substituted 

imidazole, . benzimidazole (Benzlm), bipyridine (bpy), 4,4' bipyridyl, disulphide, 

1,10, phenanthroline (phen) etc. (scheme13) with carboxylates may enhance the 

dimensionalities of the molecular frameworks offer great potential for chemical and 

structural diversity. 
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The study of substituted benzene carboxylic acids (containing groups like - 

NH2 (amino), -OH (hydroxy), -SH (mercapto), is important in view of the possible 

biological relevance of such carboxylic acids [46]. Unlike the aminobenzoates, which 

have been extensively studied [17], relatively fewer reports have appeared on the 

chemistry of metal nitrobenzoates. It is to be noted that the nitro group lacks the 

donor characteristics unlike the amine functionality. However, it can participate in H-

bonding interactions by forming H-acceptor bonds, which can result in new 

structures. The investigation of the metal complexes of the nitrobenzoic acid (nbaH) 

constitutes the subject of study in the present work. An overview of the chemistry of 

carboxylates with an emphasis on the known chemistry of metal 4-nitrobenzoates (4- 

nba) is described in the following sections. 
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1.1. Synthesis of metal carboxylates 

Metal carboxylates or metal soaps are the reaction products of metal sources 

(metals / metal salts as base) and organic acids, and they consist of metal (inorganic 

portion) and a carboxylic acid in anionic form for charge balance. A number of 

methods are known for the synthesis of metal carboxylates which include 

hydrothermal or solvothermal synthesis, carboxylate exchange reactions, 

electrochemical synthesis, solid-state synthesis etc. The various methods that can be 

used for the synthesis of metal carboxylates are summarized in scheme 1.4. 

MC Od M(OH) 2  /MO+ IFICOOH1 	I MCII  +2(RCOOH +N aHC 0 1 1 

MO + RCOOH 

MCII  + RCOOH 

Scheme 1.4 

The well known and often used method is a reaction of basic metal sources 

like metal carbonates, metal oxides or metal hydroxides with carboxylic acids in 

aqueous medium as shown below: 

MCO3 + 2 RCOOH 	 [M(H20)x(RCO 0)2] + H2O + CO21' 	1.1 

MO + 2 RCOOH 	--+ [M(H20)x(RC00)2] + H2O 	 1.2 

M(OH)2 + 2 RCOOH 	 [M(H20)x(RC00)21 + 2H20 	 1.3 
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Strontium dihydroxybenzoates have been synthesized by the reaction of 

strontium carbonate with the isomeric dihroxybenzoic acids [27b]. The sodium and 

potassium salts of 4-nbaH namely [Na(4-nba)•3H20] [47] and [KH(4-nba)2] [48] have 

been synthesized from the corresponding metal hydroxide by reacting with 4-nbaH 

(4-nitrobenzoic acid) in hot aqueous alcohol. [Ni(H20)6](4-nba)2 . 2H20 has been 

synthesized using Ni(OH)2 as metal source [49]. 

Alternatively metal halides can be also stoichiometrically reacted with 

carboxylic in the presence of a mild base like ammonia to obtain metal carboxylate. 

This reaction has been used for the synthesis of several alkali-earth aminobenzoates 

[17(a-c), 23a]. 

MC12.xH20+2 RCOOH NH4OH [M(H20)ARC00)2] + H2 O + 2NH4C1 + CO2t 	1.4 

Three polymorphs of a dinuclear, aqua bridged cobalt 2 -nitrobenzoate (2 -nba) 

complex of composition [Co2(.1,-OH2)(Py)4(1,-2-nba)2(2-nba)2] have been reported by 

Karmarkar [19a] from the reaction of cobalt chloride hexahydrate with 2-nbaH in 

presence of NaOH and pyridine by controlling the reaction conditions as well as the 

crystallization processes. A large number of metal carboxylates have been prepared 

by the reaction of aqueous or alcoholic solutions of various metal salts with 

stoichiometric amounts of sodium, potassium or ammonium soaps as shown in 

equation 1.5. Metathesis occurs when soluble metallic salts are treated with aqueous 

or alcoholic solutions of ammonium or alkali metal soap, and hydrated insoluble 

metallic soap generally precipitates while soluble alkali or ammonium salt is formed. 

MXn  + nRCO2M' 	►  [M(02CR),]+ nM'X 	 1.5 

(Where M'= Na, K , NH4; X = Cl, NO3, SO4, etc 

Earnshaw et al [50] reported the synthesis of hydrated compounds of the isomeric 

copper nitrobenzoates from the reactions of aqueous solution of the sodium salt of the 

nitrobenzoic acid with a slight excess of cupric sulphate. 

Higher carboxylates can be synthesized by adding a solution of the carboxylic 

acid to a dilute metal acetate solution. The carboxylate exchange reaction can be 

evidenced by the synthesis of the dinuclear [Mo2(X)4] X = 3- or 4-nba by the reaction 

of [Mo2(O2CMe)4] and excess of the isomeric 3- or 4-nbaH in toluene (equation 1.6) 
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[51]. The metathetic reaction takes advantage of the greater acidity of the nitrobenzoic 

acids relative to acetic acid and of the volatility of MeCOOH. 

Mo2(02CMe)4 + 4 (X) --t• [MO2(X)4] + 4 MeCOOH 	 1.6 

In recent years the use of solvo - or hydrothermal methods [1, 52] has resulted 

in the synthesis of a large number of compounds ranging from zero dimensional to 

three-dimensional frameworks. The hydrothermal and metathesis synthesis of three 

cobalt(II)-pyromellitate complexes, purple [Co2(pm)] n, red [CO2(Pm)(H20)4in 2n}120, 

and pink [Co(H20)6](H2pm) (H4pm = pyromellitic acid) has been reported [53]. 

Simple metal carboxylates such as formates and acetates crystallize in unusual 

structures under hydrothermal conditions [54]. 

Metal carboxylates can be synthesized by a solid-state reaction [55] as shown 

below. 

MO +2RCO2H 	 [M(RCO2)2] + H2O 	 1.7 

M'2CO3 + 2RCO2H 	[2M'(RCO2)] + H2O + CO2T 	 1.8 

Where M = Ca, Ba, Za, Cd, Pb; Mf=K, Na; R=Ci IH23, C15H31, C17H35• 

The solid state reaction between benzoic acid, potassium hydroxide and nickel 

chloride followed by treatment with pyridine resulting in a dimeric nickel complex of 

composition [(Ni2(11-H20)(1-t-C6H5CO2)2(PY)4(C6H5CO2)21.(C7H8).(C6H5COOH)  has 

been reported recently [56]. 

Recent studies show that low dimensional metal carboxylate structures can be 

transformed to higher-dimensional ones using organic amines as structure directing 

agent. The use of such structure directing agents like piperazine (Pip) can result in the 

transformation of a zero-dimensional compound to 1-D, 2-D or 3-D as shown below 

(scheme 1.5) [58]. 
(PiPH2)3[Zn2(C204)5}• 8H20  

Pip 

1800C 
Pip 
	 Pip 

100°C 	 1 650 C 

(Pip1-12)2[Zn2(C204)4].31-120 
1-D  

[(PipH2)3[Zn4(C204)714H20 
2-D 

PiP112)[Zn2(C204)3] 
3-D 

Scheme 1.5 
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Novel architecture of carboxylates can be obtained by varying the nature of 

the reactants or the synthetic conditions and by carrying out the reaction in the 

presence of additives such as organic amines. Systematic investigations of hybrid 

material obtained from monocrboxylate units are limited, but some of the metal 

monocarboxylates coexist with other ligands to form extended lattices of varying 

dimensionalities [59]. Metal acetate tends to form dimer [60] example copper 

diacetate is a dimer, which with further association forms an infinite array [61]. 

Copper acetate dimer in [{Cu 2(O2CMe)4}-(tpt)2.2MeOH (tpt = 2,4,6-tris(4-pyridyl-

1,3,5-triazine) are linked by N-donor ligand to give layered compound [62]. A 

schematic representation of various reactions of copper (II) acetate [19b] with 2- 

nitrobenzoic acid in the presence of nitrogen donor ligands is depicted in scheme 1.6. 

[C2(0Ac)2•120 

Cu(L 1 )2(2-nba)2 

(Mononuclear) 

1 
Cu(02(2-nba)2• H2O 

II 
(Mononuclear) 

Me0H 
2-nba+Py 

Cu(Py3)4(2-nba)2 

Dlnuclear complex 
with paddlewheel 

structure 

Me0H 

C6H5CH3 

[Cu(Py3)4(2nba)2] 
'C6H5CH3 

IV 
(Dlnuclear) 

Me0H/C6H5NO2 

[COLI)2(2-nba)2] 
•C6H5NO2 

V 
(Dlnuclear) 

Me0H 	Me0H/H20, 

L 1 +2-nba 
	2-nba+Py 

Me0H/H20 

Scheme 1.6 

Thus metal carboxylates of different dimensionalities, coordination numbers and 

nuclearity can be prepared by varying the nature of the reactant, reagent as well as 

synthetic conditions [10]. A review of the reported chemistry of the metal 4-

nitrobenzoates reveals that the nitrobenzoates of Ag (coinage metal), Mn, Fe Co, Ni, 

Cu, Mo, Rh (transition metals), Sn etc. have been explored. In contrast, the chemistry 

of alkali and alkaline earth metal 4-nitrobenzoates has been relatively less studied. The 

synthesis of the reported metal 4-nitrobenzoates has been achieved by several methods 

like the direct reaction of metal salts or metal oxide or metal hydroxide with 
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4-nbaH (4-nitrobenzoic acid) in non aqueous solvent and / or in the presence of 

coligands, or by carboxylate exchange methods. Representative procedures for the 

synthesis of metal 4-nitrobenzoates are summarized in Table 1.1. 

Table 1.1:  Representative synthesis of the reported metal 4-nitrobenzoates 
Compound Metal source / base / additional requirement 4-nba source Ref 

[Ba(H20)5(4-nba)21. NaOH and BaC12.2H20 / BaCO3 4-nbaH 63 

RAg(11-1,3-Pn)][Ag(4-nba-O)2}}a Ag4-nba + I ,3-pn in NH3 Ag4-nbaH 64 

{[Ag(p.-en)][Ag(4-nba)2]). Ag20 + en 4-nbaH in NH3 65 

[Ag2(DPA)(112--4-nba,0,0)-013-4nba0,0',01n AgNO3(H20)+ DPA(CH3OH/H20) 4-nbaH in DMF 66 

[Ag(p.-enX4-nba)]„ 0.5n(H2 0) Ag20+ NH3 + en 4-nbaH in 1:1 CH3CN 67 

RAg(p.-1,2 pn)](4-nba)],,.2n(H20) Ag20 + 1,2-pn 4-nbaH in NH3  68 

[Ag(NH3)2]4-nba Ag20 in NH3 4-nbaH in aq NH3 70 

[Ag(p.3-HMT)(4-nba-0)12:5(H20) [Ag(1.1.3-HMT)NO3] in MeCN/H20 4-nbaH 71 

[Sn(Me3Si)2) (4-nba-0,0)2] [(CH3)3SiCH2]2SnCl2 + triethylamine in toluene 4-nbaH 72 

[Sn(bu)2(4-nba-0)2] Bu2SnO 4-nbaH in CH2C1 2  73 

[Sn(Ph)3(4-nba-0)] (Ph)2SnO 4-nbaH in toluene 74 

[Mg(H20)6](4-nba)2].2H20 MgCO3 / Mr12.6H20 4-nbaH 75 

[Mn(H20)(Phen)2C1)(4-nba)]. 3H20 MnCl2.2H20 + Na2CO3+ NaOH + Phen 4-nbaH in CH3OH/ H2O 76 

trans-[Co(H20)2(nic)2(4-nba-0)21 CoSO4.7H20+ nic Na4-nba 77 

[Co(H20)4(4-nba)212H20 CoCO3/ CoC12.6H20 4-nbaH 78 

[Co(H20)2(Im)2(4-nba)2] CoCO3/CoC12.6H20+Im in ethanol 4-nbaH + NaOH 79 

[Co(N1-13)6]Cl.(4-nba)2 [Co(NH3)6]C13 in H2O Na4-nba 80 

[Co(en)2(NO2)(4-nba)]R4-nba).4-nbaH] [Co(en)2(NO2)2]NO3 4-nbaH in ethanol 81 

[Ni(H20)4(4-nba)212H20 NiCO3/ NiCl2.6H20 4-nbaH (NaHCO3) 82 

[Ni(cyclam)(4-nba)2] [Ni(cyclam)][C1042 Na-4-nba 83 

[Ni(H20)6](4-nba)z2H20 Ni(OH)2 4-nbaH in NH3 50 

[Ni(H20)2(1m)2(4-nba)2] NiC12.6H20 + Tin in ethanol 4-nbaH + NaOH 84 

trans-(Cu(H20)2(DENA)(4-nba-0)21 [Cu2(H20)2(4-nba)4110.25 4-nbaH] + DENA [Cu2(H20)2(4-nba)41.[0.254-nba14] 85 

[Cu(N113)4(4-nba-0)21 CuO in ammonia 4-nbaH 86 

[Cu(H20)(dabco)(4-nba-0)21a CuO + dabco in ammonia 4-nbaH 87 

[Cu2(4-nba)4(H20)2]Me2C0 	 • K4-nba in H20/(C1-13)2C0 + Cu(NO3)2. 3H20 K4-nba 88 

[Fe50(011)((µ3-Sde-ethan)3(112-Sde-ethar)3 [Fe3(02CMe)3(sde-ethan) in MCCN / toluene 4-nbaH 89 

(11-4-nba)3(4-nba-0)1(C12H14) (C2118)(H20) 

Trans-[Zn(H20)2(DENA) 2(4-nba)2] Rn(1-120)2(4-nba)21+ DENA [Zn(OH)2(4-nba)2] 90 

[Zn(H20)2(4-nba)21 ZnSO4.7H20 4-nbaH 91 

[Zn(lmbu)(4-nba)21 Ethanol, Rn(02CMe)21•2H20 + Imbu + NH3 4-nbaH 92 

gn(pcIpX4-nba)21 gn(PdPX0Ac)21 K4-riba in CH3OH 93 

[Cd(H20)2(4-nba)21 Cd(NO3)2.4H20 + pH = 6 (NaOH) 4-nbaH 94 

[Cd2(1.1.-H20)(DABT)2(4-nba)2]•(4-nba)2 CdC12.2.5 H20 + DABT 4-nbaH + NaOH 95 

Mo2(4-nba)4 Mo2(O2CMe)4 4-nbaH reflux 52 

[Rh2(PyXCH40)(4-nba-0)41•CH2C12 Rh2(02CMe4)4(Me0H)21 4-nbaH in CH2C12 96 

[Ca(H20)4(4-nba)21 CaCO3 4-nba 97 

[Sr(H20)2(4-nba)1(4-nba)•2H20 SrCO3 4-nbal-1 98 

1,3-pn-N,N'=Propane-1,3-diamine-N,N';DPA=di-2-pyridylamine, nic=nicotinamide; Cyclam=1,4,8,11-tetraazacyclotetradecane;HMT = Hexamethylenetetramine, 

dabco = 1,4-Diazabicyclo(2.2.2)octane-N,N'; Pdp = 2,6-Pyridinedi carboxaldehyde -bis(1-pyrenylmethylimine)-N,N',N"; 1,2-pn=1,2-Propanediamine; 	en = 

Ethylenediamine, DENA = N,N-diethylnicotinaiiiide; dien = diethylenetriammonium ion; DABT = diaminobithiazole; Sde-ethan = Salicylidene-2-ethanolamine 
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1.2 Structure and Bonding in metal carboxylate 

In metal carboxylate compounds, the carboxylic acids can function as 

ambidentate and templating ligands with metals providing interesting connectivity. In 

addition to functioning as a simple anion (free uncoordinated group) for charge 

balance in many metal compounds, the carboxylate group can bind to metals in a 

variety of ways. The carboxylate can function as a unidentate ligand (II), as a 

chelating ligand (III), as a bridging bidentate ligand in a syn-syn (IVa), syn-anti 

(IVb), or anti-anti (IVc) configuration or as a monoatomic bridging ligand, either 

alone (Va) or with additional bridging (Vb), or in arrangements involving chelation 

and bridging (Vc, Vd), or bis-monoatomic bridging (Ve) (scheme1:7). Recently it has 

been reported that a single acetate ligand can be linked to five metal centers as 

observed in [Ba9(CH3C00)14](C104)4 [54 (a), 10]. 
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Scheme 1.7 

The carboxylates of highly electropositive elements, such as sodium, 

potassium, magnesium, etc are ionic in nature and observed in (NaDNB)[99] as well 

as in [Co(H20)6](C8HSO3)2.2H20 [100], where, DNB is 3,5 i*initrobenzoate and 

C8H S O3 is 4-formylbenzoate. 
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Unidentate coordination of carboxylate removes the equivalence of the two 

oxygen atoms. Many carboxylic acids tend to form unidentate mode of coordination 

with metal in that each -000 -  group uses only one of the oxygen atoms to bond to 

metal resulting in enhanced double bond character for one of the C-0 bonds. 

Bidentate coordination of the carboxylate ligand with metal ion leads to the formation 

of a four member ring (scheme-7-(III)). It is interesting to observe that, in some metal 

carboxylates, carboxylate ligand can also adopt more than one type of binding mode. 

The compound [Co3O(CH3CO2)6(Py)3][C10 4)[101] exhibits both bridging and 

chelating acetate groups. While in [Ru2(OH2)(MeCN) 2(4-nba) 4(PPh3)2]-1.5CH2C12 

[102] 4-nba ligand functions as monodentate as well as bridging bidentate ligands 

(Figure 1.1). 

Figure 1.1. Monodentate and bridging modes of coordinations in carboxylate ligands 

The unidentate and symmetrical chelate coordination modes are well 

documented in the literature, with unidentate mode being more commonly observed. 

The presence of unidentate carboxylate can be established by IR spectroscopy, 

although X-ray structure determination is more useful to get definitive information on 

these complexes. The syn -syn bridging mode of coordination of carboxylate ligand is 

found to be common for bidentate carboxylates. Of the various arrangements possible 

[103] in copper acetate compounds the four carboxylate ions assume syn -syn 
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configurations and form bridging groups between two cupric ions as shown in the 

figure 1.2. 

Figure 1.2: Binuclear structure of copper(II)carboxylate with syn-syn configuration of 

carboxylate ligands 

Mn(II) and Mn(III) ions in the compound [Mn4(sal)4(Py)8],,[sa1H]2,-,.4nPy are bridged 

by salicylate (sal) carboxylate groups in a syn-anti configuration (IV b) [104]. A rare 

anti anti carboxylate bridged has been reported in the compounds [M(hfac) 2] (where 

M= Mnii, Ni and Cu and hfac= hexafluoroacetylacetonate anion) by Colacio et al 

[105]. 

Several mononuclear, binuclear, trinuclear, tetranuclear and polynuclear metal 

carboxylates have been synthesized and structurally characterized. Representative 

examples of binuclear, trinuclear, tetranuclear and polynuclear carboxylate complexes 

(Figure 1.3) are discussed below. The binuclear structure which occurs in copper 

acetate and several other carboxylates is well established. Dinuclear copper(II) 

complex, [{Cu(phen) 2 }2(CH3COO)]-[PF6]3 is reported by Hadadzadeh et al [106]. 

The nature of the metal-metal interaction in such systems has been studied, with 

interaction varying from the relatively weak in dimeric Cu(II) complexes, to strongly 

M-M bonded species such as Mo 2(O2CR)4 which contains a formal quadruple bond. 

Bimetallic and trimetallic complexes often referred to as 'paddlewheel' and 

triangular complexes respectively and are most studied system [107]. Paddlewheel 

binuclear metal complexes are useful to make assembled frameworks. Dirhodium (II) 

paddlewheel complexes are interesting examples that can change their highest 

occupied molecular orbitals (HOMO) depending on their bridging or axial ligands. A 

mixed ligand dirhodium complex containing 4-nba [Rh(Py)(CH4O)(4-nba-

O)4].CH2Cl2 has been reported [96]. 
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mixed ligand dirhodium complex containing 4-nba [Rh(Py)(CH4O)(4-nba-

O)4].CH2C12 has been reported [96]. 

Trinuclear (carboxylate) are of interest in view of their magnetic properties 

[108]. Trinuclear oxo-centered structure is an important structural motif observed in 

several systems. The acetates of Mn, Co, Fe, Ru etc carboxylate exhibit a trinuclear 

structure. Trinuclear complex [Mn3(1-C1CH2C00)6(bpy)2] of Mn il  with chloroacetate 

bridges has been structurally characterized [109]. Each pair of Mn•••Mn is separated 

by 3.624 A. A similar distance is also reported in analogous complex with acetate 

bridges [Mn3(1-CH3C00)6(bpy)2] (3.614A) [110], while for the complex with 

benzoate ligands [Mn3(1-PhC00)6(bpy)2] the distance is a bit shorter (3.588 A) [111]. 

R 

•CH2C12 

; 

/ 
ip 

Fe 

0 	0 	0 0 I H—S--ir—C I 
N.,/ \ 

C 

R 

Structure of [Fe30(00CR) 3(00CSH)L4(R-C oH27, CI$H31 
OT Ci2F115;=C H2 or C6H4 and L=pyridine) 

NO2 

  

(a) 
	

(b) 

Molecular structure of Mn402(02CCF3)8(bpy)2] CF3CO2H 

(c) 
	

(d) 

Figure 
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The structure of tetranuclear [Mn402(02CCF3)8(bpy)2]CF3CO2H, reveals a 

non-planner or "butterfly"oxobridged manganese {Mn402} 8+  center bound to 

carboxylate and bipyridine ligands[113]. 

Several heterometallic trinuclear complexes as well as mixed ligand 

complexes have been reported by various groups. The first heterometallic trinuclear 

acetates of tripositve iron and chromium [X2 IIIZ III (13-0)(CH3C00)6(H20)3] +  (where 

X2Z=Fe2Cr, Cr2Fe) [115] and of mixed — valence metals [Fe2 111M11 (13- 

0)(CH3C00)6(f120)3] (where M=Co, Mn, Ni, Zn) [116] were synthesized by 

Weiland. Heteronuclear basic trifluoroacetates [Fe2 11IM 11 (13-0)(CF3C00)6 

(1120)3]•}120 [M=Mn, Co, Ni] have been synthesized by the metathesis reaction 

between trifluoroacetate and the acetate trimers [117]. The carboxylate exchange 

reactions proceeds smoothly in aqueous trifluoroacetic acid as the solvent without any 

destruction of the oxo-bridged trinuclear skeleton of the Mn, Co or Ni complexes, 

despite the substantial acidity of trifluoroacetic acid. Similar metathesis reactions 

have also been applied successfully to higher — nuclearity carboxylates [118]. 

Many metal carboxylates have been structurally characterized [10]. Since, the 

thesis deal with the chemistry of metal 4-nitrobenzoates, the structural aspects of the 

reported 4-nba compounds is discussed below. A survey of the reported 4-nba 

compounds (Table 1.2) reveals that the 4-nba ligand can function as a monodentate or 

bidentate or bridging ligands (scheme 8). In many metal 4-nitrobenzoates the 4-nba 

exhibits a monodentate ligation and as an uncoordinated anion for charge balance. 

The structural features of the known metal 4-nba complexes are tabulated in Table 1.2 

and discussed below. 

Tabk 12: Structural features of reported metal 4-nitrobenzoate complexes. 

Compound Coordination 

sphere 

Space 

group 

Modes of coordination 

of 4-nba 

Ref 

N
 rn

 	
V

) 

{[Ag(µ-en)][Ag(4-nba-0)21} n  AgN2  PT Monodentate 65 

AgO2  

[[Ag(.1-1,3-pn)][Ag(4-nba-0) 2]]. AgN2  PT Monodentate 64 

fAgOi3-1-1MT)(4-nba-O)]-2.5H 20 AgN3 O P2,/n Monodentate 71 

[Sn(Ph) 3 (4-nba-O)] SnC3 O PT Monodentate 74 

[Sn(bu)2(4-nba-O) 2 ] SnC2 O2  C2/c Monodentate 73 

[Ti(Cp) 2(4-nba-O) 2 ] TiN2 O2  PT Monodentate 119 

[Cu(NH 3 )4(4-nba-O) 2 ] CuN2 O2  PT Monodentate 86 
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9 

10 

[Cu(H20)(dabco)(4-nba-0)2]. 

[Cu(H 2 0)2 (Py)(4-nba-O) 2 ]2 

[Cu(1,3-pn)2(4-nba-0)2] 

CuN202 

CuN 04... Cu 

CuN402 

Pnunn 

PT 

P2 1 /e 

Monodentate  

Monodentate 

Monodentate 

87 

120 

121 

11 [Cu 2 (H20) 2(4-nba-0) 4 1Me2C0 Cu05  PT Monodentate 88 

12 [Cu 2(4-nba-O)4(EtOH) 2] Cu05  PT Monodentate 88 

13 Trans-[Cu(H20) 2 (DENA)(4-nba-O) 2 ] CuN204 Pi Monodentate 85 

14 [Mn(H2O)4(4-nba-O) 2 ].2H 20 Mn06  Pi Monodentate 122 

15 [Mn(H 20)2(1m)2(4-nba-0) 2 1 MnN204 PT Monodentate 123 

16 [Co(H20) 4(4-nba-0) 2 1•211 20 Co06  P1 Monodentate 78 

17 [Co(H20)2(1m)2(4-nba-0)21 CoN204  P1 Monodentate 79 

18 Trans-[(Co(en) 2 (4-nba-0)(NO 2 )][4-nba.4-nbali] PT Monodentate 81 

19 Trans-[Co(H 2 0)2 (nic)2 (4-nba-O) 2] CoN 204  PT Monodentate 77 

20 [Ni(H20)4(4-nba-0)212H 20 Ni06  PT Monodentate 122 

21 [Ni(H20)2(1m)2(4-nba-0)2] NiN204 PT Monodentate 84 

22 [Ni(cyclam)(4-nba-O) 2 ] NiN402 P2 1 /n Monodentate 83 

23 [Ni(1,3-pn)2(4-nba-0)2] NiN402 Pi Monodentate 124 

24 [Zn(PY)2(4- nba-0)2] ZnN202 C2/c Monodentate 125 

25 Trans-[Zn(H 2 0)2(DENA)2 (4-nba-0) 2 1 ZnN204  PT Monodentate 90 

26 [Zn(hnbu)(4-nba-0) 2] ZnN202 C2/c Monodentate 92 

27 [Zn(pdp)(4-nba-0) 2 ] ZnN302  PT Monodentate 93 

28 [Ru(Cp)(PPh 3)2(4-nba-O)] RuNC20 P2 1 /n Monodentate 126 

29 [Pd(2-pyph)2(4-nba-0)2•CH2C12 PdC2 N 2 02  PT Monodentate 4(d) 

30 [IvIg(H20)2(1m)2(4-nba-0)2] MgN204 PT Monodentate 127 

31 [Ca(H20)3 (1m)(4-nba-0)21•lin CaN05  "21/C Monodentate 127 

32 [Ag(NH3 )2]4-nba AgN2  C2/c Uncoordinated 70 

33 {[Ag(p.-en)](4-nba)}„ 0.5n(H 2  0) AgN 2  C2/c Uncoordinated 67 

34 {[Ag(p.-1,2 pn)](4-nba)).2n(H 2 0) AgN2  Pi Uncoordinated 68 

35 HAgal12-(dien)1(4-nba)2.H2Oin AgN2  P2 1 /n Uncoordinated 69 

36 [Mn(H20)(Phen)2 C1](4-nba).3H 20 MnN4C10 PT Uncoordinated 76 

37 [Co(NH3 )6]C1(4-nba-0) 2  CoN6 PT Uncoordinated 80 

38 [Ni(1420)6](4-nba)2 .2H20 	 ' Ni06  C2/c Uticoordinated 50 

39 [Cu(1,2-pn)2](4-nba) 2 .4H20 CuN202 PT Uncoordinated 128 

40 [Na(4-nba)•3H 20] Na06 Pi Uncoordinated 48 

41 [KH(4-nba) 2 ] KO6  PT Uncoordinated 49 

42 [Mg(H20)6](4-nba)22H20 Mg06  PT Uncoordinated 75 

43 [Cd2(p. -H20)(DABT)2(4-nba-0)21(4-nba)2 CdN204 PT Monodentate, 

Uncoordinated 

95 

44 [ Sr(H20)7(4-nba)1(4-nba).H 20 Sr09 P2 1 /e Uncoordinated, 

Bidentate 

98 

45 [Ca(H20)4(4-nba)2] Ca07 P2 1 /c Monodentate, bidentate 97 

46 [Ag2(DPA)(P2-4-nba,0,0')(p3-4-nba0,0',01 4  AgO2N... Ag2 C2/c briging bidentate, 

Monoatoinic bridging 

66 

47 [Fe5 0(OH)((.1 3-sde-ethan)(.1 2-sde-ethan) 3 	(1.1.-4- FeN05 PT Monodentate 	and 89 

nba0,0')3(4-nba-0)liC121-114)(C71-18) (H20) briging bidentate 
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48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

[Fe6(p3-0)3(112-011)(11.2-4-nba)lo(4-nba)(dm04 

Ydnif)•H 20 

[Dy4(1420)1o(1.12-4-nba-0,0.)6 

(4-nba-0,0') 4(4-nba-0)2]•2H 20 

[Tm4(H20)1412-4-nba-0,0N 

(4-nba-0,0') 4(4-nba-0)21•2H 20 

[Cu2 (H 2 0)2(4-nba-0,0') 2]. 2H 20 

[Cu(Py) 2 (4-nba-0) 2 ]. 21120 

[Sn(Me3S02) (4-nba- 0,0')2] 

[Zn(H20)2(4-nba) 2 ] 

[Cd(H 2 0)2  (4-nba-0,0') 2 ] 

[Ba(H20)5(4-nba)2i9 

[Ru2(H20)(MeCN)2(PP113)241.2-4-nba)4i 

aCa(N-Me1m)](112-4-nba-0,0')(P3-4-nba- 

0,0',OU 

[Mg(H 20)(N-meIm)2(4-nba-0)2l2 

[R-112(PY)(Me0H)(4-nba - 0,0')41.CH2C 1 2 

Fc06 

 Dy0s 

 TmOs  

CuO4N2 

Cu05 .Cu 

SnC2 O4  

ZnO6 

Cd06 

 Ba09  

Ru2NP 04 

CaNO5  

MgN 2O4  

Rh22N 04 

Rh 1 205  

PT 

PT 

PT 

PT 

PT 

P2 I/„ 

C2/c 

C2/c 

P2 I /c 

P2 i /c 

P1 

Pi 

PT 

Monodentate 	and 

briging bidentate 

Monodetate, 	bidentate 

and bridging bidentate 

Monodentate, bidentate 

and briging bidentate 

Bridging bidentate 

Bidentate 

Bidentate 

Bidentate 

Bidentate 

Bidentate, 	bridging 

bidentate 

Monodentate, 	bridging 

bidentate 

Bridging 	bidentate, 

Bridging tridentate 

Monodentate 	and 

bridging bidentate 

Bridging bidentate 

6a 

129 

130 

131 

132 

72 

91 

92 

63b 

102 

133 

75 

96 

2-pyph=2-(2-pyridyl)phenyl ; N-Melin= N-methylimidazole; Cp=Cyclopentadienyl 

A survey of the reported metal 4-nba compounds reveals that the 4-nba ligand 

exhibit as monodentate or as a bidentate or as bridging bidentate ligand or can 

demonstrate the combination of more than one modes of binding. 

VI 

Scheme 1.8 
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The survey of reported sixty structurally characterized metal 4-nitrobenzoates 

reveals that in majority of these compounds (53 %) 4-nba anion function as a 

monodentate (7) 1) ligand, while several compounds (28 %) bidentate, bridging 

ligation or combination of more than one mode of coordination. In the remaining 19 

% the compounds the 4-nba remains uncoordinated and functions as a charge 

balancing species. In terms of nuclearity more than 50 % of the reported 4- 

nitrobenzoates are mononuclear and in these compounds a monodentate coordination 

mode of 4-nba is observed. A few of the compounds (12 %) are dinuclear. In addition 

some compounds exhibit higher nuclearity. Representative structures of such compounds 

are illustrated in Figure 1.4. 

(a) Dinuclear complexes of Cd and Ru 4-nitrobenzoates 

(b) A linear tetranuclear 4-nba complex 
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NO: 

NO: 

Fh0 
H:0 

(c) Penta and hexanuclear Fe(III)-4-nitrobenzoates 

Figure 1.4: Nuclearity in metal-4-nitrobenzoate complexes 

1.3. Spectroscopic investigation of metal carboxylates 

IR spectra (4000-400 cm 1)  can be useful to distinguish, the organic moiety, 

presence of water in the synthesized compounds, etc. In addition it can be used as a 

sensitive probe for the detection of organic ligands and to make distinction between 

the different modes of coordination of metal carboxylates. 

The ionic carboxylate shows no carbonyl bond at about 1700 cm -1  but exhibits 

characteristic bands in the range of 1510-1650 cm -1  and 1280-1400 cm -1  along with a 

series of other characteristic bands due to the C00 -  moiety. As unidentate 

coordination removes the equivalence of two oxygen atoms, this increases the 

uss(C00), decreases u s  (COO) and increase the separation (A) between the y(COO) 

frequencies relative to values for the free carboxylate ion, usually those of sodium and 

potassium [134]. The variation of u(COO) frequencies with change in cation is quite 

small, e. g. for sodium, potassium and rubidium acetate, the antisymmetric mode is at 

1578-1571 cm-1  and the symmetric at 1414-1402 cm -1  and respective separations are 

164, 171 and 164 cm-1  respectively [135]. Chelation and symmetric bridging, shifts 

both u(COO) frequencies in the same directions and give separation similar to ionic 

values. These separations are significantly less than the ionic values and are 

considered as indicative of chelating and bridging carboxylate group [136]. Deccon 

and Phillips have reviewed the IR spectral data for acetate and trifluoroacetato 
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complexes of known compounds and suggested useful correlations between u(COO) 

frequencies and carboxylate coordination. i) Separation between u(COO) frequencies 

(A) substantially greater than ionic values are indicative of unidentate carboxylate 

coordination. ii) Separations significantly less than ionic values are indicative of 

chelating and /or bridging carboxylate group .iii) very low separations (incase of 

acetate only) indicates chelation or a combination of chelation and bridging if short 

metal-metal bonds are not present [137]. For example, the separation of the two 

frequencies in [Co(NH3)5(02CCH3)](Cl04) is 223 cm -1 , indicating monodentate 

coordination [138]. Though detailed infrared spectral studies have been carried out to 

distinguish the different modes of coordinations in metal acetates, no sharp line seems 

available to categorize these on the basis of C-0 stretching frequencies. Nakamura 

[139] suggested that in bridging structure O-C-O angle increases relative to that in 

bidentate ones, consequently antisymmetric C-0 stretching frequency is expected to 

increase. 

Some theoretical as well as vibrational spectral characteristics of the isomeric 

nitrobenzoates of alkali metals like Li, Na, K, Rb and Cs have been recently reported 

[140]. The influence of the metal 4-nitrobenzoates expressed in the shift of –000 -

bands along the metal series has been investigated. The symmetric stretching band of 

carboxylate anion u s  (COO) in IR spectra decreases in the series Li—Cs. The 

asymmetric vibrations p as  (C00-) increases from Li to K and decreases from K to Cs 

salts. The asymmetric stretching bands of carboxylate anion p as  (C00-) in IR spectra 

scatter in a small range (Li=1522, Na=1525, K=1530, Rb=1520 and Cs=1518) but the 

magnitude of separation between asymmetrical and symmetrical vibration of C00 -

group (uas  - us) in the series Li<Na<K>Rb<Cs. The A values in IR spectra indicate 

higher degree of ionic bond in alkali metal 4-nba complexes [141]. The shifts in 

vibration of -NO2 group in alkali metal 4-nitrobenzoates were also investigated. The 

wavenumbers of bands responsible for the nitro group in the IR spectra of salts of 

alkali 4-nitrobenzoates changes in comparison to 4-nbaH. The wavenumbers of the 

symmetric stretching vibration of nitro group u s(NO2) in IR spectra (except sodium 

and potassium) decreased compared to the free acid. In constrast, wavenumbers of 

asymmetric stretching vibration of the nitro group p as(NO 2) in IR spectra considerably 

increased compared to the free acid. These changes in wavenumbers of nitro group 

bands may have occurred under the influence of metal action on 4-nbaH. In the 

analysis of alkaline earth metal 4-nitrobenzoates [140(a)], it is observed that the 
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wavenumbers of symmetric stretching vibrations of nitro group in IR spectra 

decreases, while asymmetric stretching vibrations considerably increases compared to 

the free acid. 

In conjunction with magnetic and other spectroscopic data, electronic 

absorption spectra have been used by many workers to investigate the exact nature of 

the interaction of metal with carboxylate. The technique is used to elucidate the 

structures of a variety of metal carboxylates. It is observed that polynuclear 

carboxylates show different spectra as compared to monomers. In Ni(II) aqua 

complexes, aqua ion can be readily replaced by N-donor ligands. These complexes 

with N-donor ligands are usually blue or violet because of the shift in absorption 

bands when water is replaced by a stronger field ligand. 

Chisholm et al [51] have shown that the introduction of nitro group in 

Mo2(02 CArNO2) compounds in 4-(para) position causes a significant red-shift of a 

metal to ligand charge transfer band, while 3-NO 2 (meta) derivatives are only slightly 

red-shifted compared to the parent benzoate Mo2(02CPh)4. The electronic spectrum of 

[Co(en) 2(NO2)(4-nba)1(4-nba.4-nbaH) in DMSO in the visible region is identical with 

that of the complex cation. Absorption at 468 nm and a shoulder at 259 nm 

correspond to d-d transiffon typical of octahedral, low spin Co(III) [ 81]. 

1.4. 	Applications of metal carboxylates: 

Metal carboxylates or metal soaps are known from ancient time and have 

diverse applications which include their use as soluble driers, water proofing 

materials, adjusting the hardness of organic materials, as reagents in organic 

synthesis, model compounds in bioinorganic chemistry, precursors for oxide materials 

etc [142-144, 8(a)]. Despite their very long history, the interest in the chemistry of 

carboxylates is growing continuously and is currently an area of intense research 

investigations as carboxylate ligands can serve as templating ligands in the 

construction of supramolecular architectures. 

Metal carboxylates are excellent precursors for the preparation of metal oxides 

/ mixed metal oxides by thermal decomposition methods. For example the thermal 

treatment of cobalt oxalate nanorods synthesized solvothermally results in one 

dimensional array of Co304 nanoparticles [145]. Co304 has been extensively 

investigated in view of its applications as gas sensors. Al(02CH3)3 can be used as 
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precursors to yttrium aluminium garnet [146]. 	Aluminium lactate 

[A1(02 CCH(OH)CH3)3] can be used as a water soluble aluminium precursor for the 

preparation of aluminium — containing ceramics [147]. 

The carboxylates of Mn can serve as models of active sites of some enzymes 

[148-150] and photosystem II [151]. In [Mn2(1-0)2(bpy)2(Ar t°1 CO2)21C104 (where 

bpy=2,2'-bipyridine and Ar"CO2=2 1(p-tolyl)benzoate) complex, where the metal 

centers are bridged simultaneously by a pair of oxo groups and a pair of bulky 

carboxylato groups. An oxygen rich environment for the Mn centre is similar to that 

observed in the photosynthetic photosystem II (PSII) active site. The complex has a 

Mn" Mn distance of 2.505 (1)A [152]. The complex [(Ni2( 1-11 20)(1-t -

C6H5CO2)2(PY)4(C6H5CO2)2]•(C7 118). (C6H5COOH) [56] has close structural 

similarities to urease [57] in terms of the nickel center bridged by carboxylate ligands 

and also having two nitrogen donor ligands each attached to the nickel. The complex 

has a free benzoic acid and a toluene molecule in the lattice. In addition, it is 

interesting to note that it can be used as catalyst for acetylation of ketals of glycerol 

without hydrolyzing the ketal group. 

Metal carboxylates constitutes a new family of open-framework inorganic 

material, with novel structural features [153-155, 27(b)] and have interesting solid 

state properties such as porosity, sorption, and luminescence [156-158], catalysis, 

fluorescence, non-linear optics and magnetism [159-163]. 

Metal carboxylates derived from benzene di and tricarboxylic acids like BDC 

and BTC have been extensively investigated in recen years as these compounds 

exhibit porosity as well as sorption properties. Examples 

RFe30)4(804)12(bpdc)6(BPE)6].8(NH2(CH3)21 + .13H20.8DMF (MOF-500), (where 

bpdc = 4,4'biphenyl dicarboxylate and BPE = cis-1,2-bis-4-pyridylethane) can be 

utilized for gas storage [2(a)], Microporous [Co5(OH)2(02(Me)8].2H20, exhibits ion 

exchange behavior[164]. [CoC6H 3 (COOH 113)3(Py)212/3Py [165-166], show selective 

host - guest properties. [Cu 3 (TATB)2(H20)](TATB=4,4'4"-s-triazine-2,4,6- 

triyltribenzoate), shows adsorption characteristics [5]. 

Metal carboxylates like [Zn3BDC.2BTC.2NH2(CH3)2-2NH2(CH3)2][5] and 

[Tb2(BDC)3] [167] exhibit photoluminescence properties. 

Metal carboxylates are used as reagents to achieve synthetic transformations in 

organic chemistry. The oxo-centered trimeric complexes, [Co 1113(13- 

0)(CH3CO2)5(0R)(py)3] ±  [168] , where R=OCCH3 or H, can be used as catalyst for 
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autooxidation of aromatic hydrocarbon. Potassium 2-ethylhexanoate is used as 

catalyst for polyurethane systems (foams) and for unsaturated polyester resin systems 

(boats, shower stalls etc). 

The 3d metal polynuclear oxocarboxylate complexes possess a large number 

of unpaired electrons and therefore intermolecular spin-spin interactions. Some 

systems, having appreciable magnetic anisotropy, show a high magnetization 

relaxation barrier in single molecule. Compounds with these properties are called 

single-molecule magnets (SMMs). Complexes of iron, cobalt, vanadium and nickel, 

displays the SMMs properties [169]. Several Mn compounds like 

[Mn111602(CH3C00)2(salax)6(C2H5-0H)4] [170] (salixH2= sal i cyl al doxime), 

[Mn402(Me0)3(02CPh)2(L)2(Me0H)1(C104)2[171] revealed the SMM properties, 

[Mn12012(02CR)16(H20)4][R=CH3[172] or Ph [173], is a super-paramagnetic 

materials and [Mn3(C81-11004)3(Cl2H8N2)].24H20, possess weak antiferromagnetic 

interactions[ 174] , K[CO3(BTC)3].5H20 exhibits ferromagnetism [175]. 

Many metal carboxylates find their applications in pharmaceuticals, textile, 

paper industries, etc. Magnesium salts of L-aspartic, a-L-glutamic, citric and orotic 

acid are most common preparations used for the treatment of magnesium deficiency 

[176]. A binuclear [Cu2(02(C71115)14(DENA)2)]  (where DENA—N,N-diethyl 

nicotamide) with paddle wheel cage structure possess antifungal activity against the 

wood rotting fungi Trametes versicolor and Antrodia Vaillantii, hence can be used as 

wood preservative [177]. Similar antifungal activities are also observed in the 

complexes [CU2(02(CnH2n+1 )4(urea)] (n=5-11) and (Cu2CO2(C5H ii)4(urea)2] [178]. 

Geraghty et al [20(a)] synthesized [Cu(sal)(phen)], [Mn(salH)2(phen)] and 

[Mn(norb)(phen)2].C2H5OH.H20 complexes which exhibit high anti-candida activity 

against the pathogenic yeast Candida albicans. 

Zinc stearate find uses as flattering and sealing agent in pharmaceuticals, 

paper and textile industries and as lubricants in paints and varnishes [179]. 

1.5. Relevance of alkali earth and transition metal carboxylates 

The alkaline earth metals Be, Mg, Ca, Sr and Ba form stable compounds in 

their bivalent oxidation state. The chemistry of Be differs considerably from that of 

the heavier congeners. The metals Mg and Ca are important form a biological point of 

view owing to their wide spread occurrence in nature (Mg in Chlorophyll, Ca as 
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hydroxyapatite in bones, thermolysin, or protein kinase C) [180] as well as their 

importance in biological role. These two metal ions play essential role in the 

activation of enzymes, complexation with nucleic acid, nerve impulse transmission, 

muscle contraction and carbohydrate metabolism. The metals Mg and Ca play 

different roles in body and this may possibly be due to magnesium having a higher 

charge to radius ratio. Magnesium generally prefers hexacoordination and exists as a 

stable hydrated dication [Mg(H20)6] 2+ as compared to other alkaline earths. 

Magnesium cations induce or stabilize tertiary structures or enhance certain 

functionalities of enzymes. Magnesium salts play a central role as cofactors for most 

enzymes that participate in the biochemistry of nucleic acid [181]. It is well known 

that, Mg ion helps to stabilize the 3-D structure of ribonucleic acid (RNA) and 

deoxynucleic acid (DNA) and thus crucial to the proper functioning of the genetic 

machinery of the cell. Mg plays crucial role as a central metal atom in an energy 

harvesting molecule chlorophyll in plant kingdom. 

In view of its larger size Ca(II) prefers coordination numbers greater than six 

in its complexes and is most prominent metal involved in structural biology. It is the 

main constituent of bone, teeth, shell etc. The coordination and supramolecular 

chemistry of alkaline-earths with the biologically relevant carboxylate ligands like a-

aspartates, a- and 13-glutamates, oronite, pyroglutamate, mercapto benzoates, 

salicylates and anthranilates have been reported [176]. In contrast, the role of the 

heavier alkali (Rb and Cs) and alkaline earth (Sr(II) and Ba(II)) has remained 

unexplored because according to present knowledge these elements are rare or absent 

in biological systems and therefore are not considered essential. Only barium is 

known to be toxic, while the other three have high tolerance doses [182]. 

The chemistry of transition metal carboxylates is extensive and they are 

present in variable oxidation state range up to +7 in case of manganese. The elements 

of the first transition series are the metals of importance in biological processes as 

compared to their heavier congeners except Mo and W. Nickel, cobalt and manganese 

are essential elements for life. Nickel (II) forms large number complexes with 

coordination numbers ranging from four to six. Dimeric nickel (II) complexes are 

studied as model compounds for urease [183].The crystal structures of the active sites 

of binuclear nickel(II) metallo-enzymes have shown that the metal centres are bridged 

by carboxylates as well as water or hydroxide ions. Complexes of copper (II) and 
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Co(II) with carboxylate and imidazole ligands have been studied as models for 

mettalloproteins[184]. 

Manganese (II) carboxylates have long been of special interest since they are 

known to exist at the active sites of some metalloenzymes. Mn(II) ion usually plays a 

structural and /or hydrolytic role, however, it is also found in the reduced form in 

manganese redox enzymes. There are some dinuclear Mn-carboxylate active sites 

such as catalase [185], aminopeptidase[186], arginase[187] etc engaged in processes 

as diverse as amino acid hydrolysis and hydrogen peroxidt disproportion. Interest, in 

the manganese complexes with carboxylate bridging ligands is mainly due to credible 

evidence for the presence of a cluster of manganese ions within the oxygen-evolving 

complex (OEC) of photosynthesis (PSII). The OEC consists of a tetra-nuclear 

manganese cluster that is responsible for the light-driven, oxidative coupling of two 

molecules of water into dioxygen [188]. The carboxylate bridged compounds can be 

used as models of manganese catalase enzymes like [Mn2 1"(0)2(0A0(H20)2(bPY)2] 3+ 

 [189] and [Mn3111 (0Ac)6(bpy)2][190]. Further interest in Mn(II)-carboxylate chemistry 

has arisen due to the fact that the spectroscopic properties of Mn(II) can be used as 

probe for the sites that normally bind other metal ions. Understanding the structural 

and magnetic properties of different Mn (II) —carboxylate complexes will therefore be 

useful in gaining insight into the structural details of the active site(s) that may 

influence the chemical mechanism of catalysis. In addition coligands like imidazole 

(Im) are of considerable interest as potential binding sites for metal ions in many 

biological systems. Im is a monodentate ligand and forms complexes with metal ions 

through the imine N atom. The proton in the I-position is labile and the resulting anion 

acts as a bidentate bridging ligand [191]. Complexes of imidazole and its derivatives 

with transition metal ions have been reported [192]. 

1.6. Scope of the present work 

In recent years several reports have appeared on the synthesis of metal-

carboxylate based materials using benzene carboxylic acids. Novel architectures of 

carboxylates are obtained by varying the nature of the reactant or the synthetic 

conditions and by carrying out reactions in the presence of additives such as organic 

amines. Several of these metal carboxylates [193] are'assembled under solvothermal 

(hydrothermal) conditions. In this method a metal salt, carboxylic acids and a base are 
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reacted at high temperature and pressure in aqueous (hydrothermal) or in non-

aqueous or in presence of N-donors as coligands which may enhance the 

dimensionality of the molecular framework. 

It is well known that, the formation of product depends on the nature of metal 

sources, solvent, reaction conditions such as temperature, pH as well as carboxylates 

sources. The resultant reaction products exhibit novel as well as interesting structural 

features. Although these reactions are useful for the synthesis of newer oxo or 

carboxylato materials, one drawback of these reactions is the unpredictability of the 

final product. In addition, the special equipment needed like Teflon vessel, steel 

autoclave, controlled temperature oven etc. makes this method more expensive and 

also beyond the reach of many laboratories. In spite of this, the hydrothermal (or 

solvothermal) method is slowly emerging as an important synthetic route for the 

preparation of newer complexes, as phase pure products can be obtained in reasonably 

good yields. In this context, it is essential to develop synthetic methods to assemble 

metal carboxylates under ambient condition, which require routine reaction vessels. 

The main aim of this work is to investigate these reactions by changing the 

type and nature of the metal source, as well as the carboxylic acid and to investigate 

the influence of the variables such temperature and pH on the final product. It has 

been reported recently that the use of temperature as a variable during synthesis can 

lead to the transformation of less dense and hydrated phases to high dense and less 

hydrated phases with increasing temperature [58]. The dimensionality of the final 

metal carboxylate product can be enhanced by addition of N-donor ligands. 

The formation of the product in any synthetic transformation is quiet 

dependent on the choice of the metal source as well as the source of carboxylic acid. 

The course of the reaction can be dictated by a suitable choice of starting material, 

pH, temperature as well as solvent system. The reactions are amenable to changes in 

type and nature of metal source as well as the carboxylic acid and also the ancillary 

ligands. In addition to this, the sequence of addition of the reactant is a very important 

factor in deciding the formation of the products, in synthetic inorganic chemistry. The 

use of non-aqueous or mixed solvents has been widely adopted and the use of 

immiscible biphasic solvents whereby product formed at the solvent interface is an 

interesting strategy for the formation of hybrid inorganic framework. 

In this context, in our synthetic methodology, chemicals like alkali, alkaline 

earth and transition metal carbonates or chlorides, p-substituted benzoic acids, 
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ammonia, organic amines, bases such as Na2CO3, NaOH, NaHCO 3 , sodium 

carboxylates, water etc. have been used which are readily available. The sodium 

carboxylates are generated in situ by the reaction of carboxylic acid with sodium 

bicarbonate. 

In the present work, it is proposed to investigate the synthesis of metal 

carboxylates by the direct reaction of metal carbonate with 4-nbaH or alternatively by 

changing the metal source to soluble metal chloride which can be then reacted with 

the sodium salt of 4-nbaH. Other modifications planned include the generation of 

metal carbonate in situ by reacting metal chloride with sodium carbonate which can 

then be investigated for its reaction with carboxylic acid. The use of metal chloride as 

a metal source reduces the reaction time as well as has an advantage as the reaction 

stoichiometry can be exactly maintained as the soluble metal salt are commercially 

available in a state of high purity, while commercial carbonate can contain trace 

amounts of hydroxide impurities. 

The use of insoluble metal carbonate can also be advantageous, as a slight 

excess of the heavy metal carbonate can be used in the reaction to ensure complete 

consumption of the carboxylic acid and the excess of insoluble carbonate can be 

filtered before product is isolated. 

A mechanochemical synthesis of metal carboxylates reported recently, results 

in a variation of the structure of metal carboxylates. In addition to this in the 

biological environment the reactions of substrates takes place in confined media, so, 

in order to understand how different types of motifs can be developed from the 

complexes that have close structural resemblance to biological active sites is of 

interest. It is also of interest to understand the stability of such complexes in the 

presence of various neutral molecules in the lattice. 

The synthesis of metal 4-nitrobenzoates (Ag (coinage metal), Mn, Fe, Co, Ni, 

Cu, Mo, Rh (transition metals), Sn etc) has been achieved by several methods like the 

direct reaction of metal salts or metal oxide or metal hydroxide with 4-nbaH (4- 

nitrobenzoic acid) in non aqueous solvent and/or in the presence of coligands, or by 

the carboxylate exchange methods (Table 1.1). In contrast, alkali and alkali earth 

metal 4-nitrobenzoates has been relatively less studied. 

A primary aim of the present investigation is to develop simple synthetic 

strategies for the convenient synthesis of newer carboxylates using readily available 

starting materials to obtain the bivalent metal carboxylates. The compounds thus 
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prepared were investigated for their thermal properties and their reactivity 

characteristics with a few N-donor ligands like Im or substituted imidazoles (2-MeIm, 

N-Melm & Benzlm) have been studied. The chemistry has been extended to alkali 

earth 4-chlorobenzoates. 
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CHAPTER 2 

EXPERIMENTAL DETAILS 

2.1 	General considerations: 

All the reactions were carried out using water as a solvent and in air, unless 

specified otherwise. Metal salts, substituted benzoic acids and other reagents were 

used as purchased. The starting materials and reaction products are air stable and 

hence were routinely prepared under normal laboratory conditions without any special 

precautions. The pH of the solutions was determined using short-range pH paper as 

well as electronic pH meter (Model PHAN, Lab India). The infrared spectra of the 

samples were recorded on a IR Prestige-21 Fourier transform (SHIMADZU) (4000-

250 cm 1)  infrared (IR) spectrometers and as KBr diluted pellets on a Shimadzu FTIR-

8101A spectrophotometer at Department of Chemistry, Goa University. The samples 

for the IR were prepared as KBr diluted pellets in the solid state and the signals 

referenced to polystyrene bands. Electronic spectra were recorded using matched 

quartz cells on a Shimadzu (UV-2450) spectrophotometer at Department of 

Chemistry, Goa University. The metal content was analysed by EDTA / gravimetric 

method following standard procedures. The insoluble 4-nbaH obtained on acid 

treatment of the complexes was weighed as described earlier [78]. The water content 

of the synthesized complexes was estimated by Karl-Fischer titration. NMR spectra 

were recorded on a Bruker WT 300 MHz FT-NMR spectrophotometer, NIO, 

Donapaula, Goa. The C, H and N analyses were performed on a HEKA Tech Euro EA 

elemental analyzer. Thermal decomposition studies were performed in an electric 

furnace (Newtronic) fitted with a temperature controller in silica crucibles. TG-DTA 

measurements were performed simultaneously using the STA-409CD device 

(Netzsch). The thermal investigations were performed in Al203 crucibles using a 

heating rate of 4 K/min and purged in a air stream of 75 ml/min. EDX analysis was 

performed with a Philips ESEM XL 30 scanning electron microscope equipped with 

an EDAX analyzer. X-ray powder patterns were recorded in transmission geometry 

using a STOE STADI P diffractometer (CuK a  = 1.54056 A) at Institut fiir 

Anorganische Chemie, Christian-Albrechts-Universitat zu Kiel, Germany and on X-

ray diffractometer, system APD 2000, Ital Structures (Italy) at Department of 
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Chemistry, Goa University. STOE Image Plate Diffraction System and on an AED-II 

four circle diffractometer, using graphite-monochromated Mo-K. radiation 

(X=0.71069A). Single crystal X-ray diffraction study was performed at the single 

crystal X-ray facility at School of Chemistry, University of Hyderabad, Institute fiir 

Anorganische Chemie, Christian-Albrechts-UniversitAt zu Kiel, Germany and at IIT 

Kanpur. 

2.2. Synthesis of the bivalent metal carboxylates 

2.2.1. Preparation of [Mg(H20)6164-nbah•2  I-120 1 [75] 

Method I: A mixture of magnesium carbonate (0.84 g, 10 mmol) and 4-nitrobenzoic 

acid (4-nbaH) (3.34 g, 20 mmol) was taken in water (50 ml) and heated on a steam 

bath. The insoluble starting materials slowly started dissolving accompanied with 

brisk effervescence. The heating of the reaction mixture was stopped when there was 

no more evolution of CO2. At this stage the reaction mixture was almost clear and the 

pH was close to neutral. The hot solution was filtered and kept for crystallization. The 

rectangular crystalline blocks that separated were filtered, washed thoroughly with 

ether and dried in vacuo. The crystals obtained in this method were suitable for X-ray 

structure investigations. Yield 4.5 g (90 %). 

Anal Found (calcd) for C14H24MgN2016 1 (500.66): Mg 4.70 (4.86), 4-nbaH 66.42 

(66.78), N 6.53 (5.60), C 33.65(33.60), H 4.61(4.84) 

2.2.2. Preparation of [Mg(H20)4(4-clba)2] 2 

Method I: A mixture of MgCO3 (0.168 g, 2 mmol) and 4-chlorobenzoic acid (4- 

clbaH) (0.6223 g, 4 mmol) was taken in water (20 ml) and heated on a steam bath. 

The insoluble starting materials slowly started dissolving accompanied with brisk 

effervescence. The heating of the reaction mixture was stopped when there was no 

more evolution of CO2. At this stage the reaction mixture was almost clear and the pH 

was close to neutral. The crystalline blocks that separated were filtered, washed 

thoroughly with ether and dried in vacuo. Yield: 0.528 g (65%) 

Anal. Found (Calcd) for C14H16MgC1208 2 (407.38): Mg 5.86 (5.97), C 42.92 (41.24), 

H 3.63 (3.97) 
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Method II: A solution of sodium bicarbonate (0.84 g, 10 mmol) in water (10 ml) was 

added into 4-chlorobenzoic acid (1.565 g, 10 mmol) to obtain the sodium salt of the 

carboxylic acid. To this solution, anhydrous MgC12 .6H20 (1.015 g, 5 mmol) in water 

(30 ml) was slowly added. The resultant clear solution was filtered and filtrate was 

left undisturbed for crystallization. After 4-5 days the colourless blocks separated out. 

These were filtered, washed with cold water (5 ml) and dried in air. The product 

obtained in this method had an identical IR spectrum and analyzed satisfactorily as 

the product from method I. Yield: 1.60 g (79 %) 

2.2.3. Preparation of [Ca(H20)4(4-nba)21 3 1971 and [Ca(H20)3(4-clba)2] 4 

Method I: A mixture of calcium carbonate (1.00 g, 1 °nano') and 4-nbaH (3.34 g, 20 

mmol) was taken in water (50 ml) and heated on a steam bath. The insoluble starting 

materials slowly started dissolving accompanied with brisk effervescence. The 

heating of the reaction mixture was stopped when there was no more evolution of 

CO2. At this stage, the reaction mixture was almost clear and the pH was close to 

neutral. The hot solution was filtered and left undisturbed for 3-4 days. The colourless 

crystalline blocks that separated were filtered, washed thoroughly with ether and dried 

in vacuum 	The crystals obtained in this method were suitable for X-ray studies. 

Yield: 3.109 g (70 %). The use of 4-clbaH (3.12 g, 20 mmol) instead of 4-nbaH 

resulted in the formation of 4. Yield 1.6131 (80%) 

Anal. Found (Calcd) for C14H16CaN2O12 (444.24) 3: Ca 9.01 (9.02), 4-nbaH 74.32 

(74.77), C 37.93 (38.07), H 3.58 (3.66), N 6.24 (6.34) 

Anal. Found (Calcd) for C14H14CaC1207 (404.20) 4: Ca 9.87 (9.92), C 42.94 (41.56), 

H 3.66 (3.50) 

Method II: The sodium salt of 4-nba was first generated in situ by reacting 4-nbaH 

(3.34 g, 20 mmol) with NaHCO3 (1.68 g, 20 mmol) in water. Into this, an aqueous 

solution of anhydrous CaC12 (1.11 g, 10 mmol) was added and the reaction mixture 

was filtered and left aside for crystallization. The crystals that separated after a few 

days were isolated. The IR spectrum of the product obtained in this method was 

identical to that of the spectrum of the product obtained using CaCO3 as the Ca 

source. The product obtained in this method had an identical IR spectrum as the 

product from method I. Yield: 3.820 g (86 %). The use of 4-clbaH (3.12 g, 20 mmol) 

instead of 4-nbaH in the above reaction resulted in the formation of 4 in 78 % yield. 

The product analyzed satisfactorily. 
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2.2.4. Preparation of [Ca(4-nba)2J 3a 

A powdered sample of [Ca(H20)4(4-nba) 2] (0.488 g) was heated in a temperature 

controlled furnace at 250 °C for — 20 min This resulted in the formation of the 

anhydrous compound Ca(4-nba)2 (0.408 g). The observed mass loss of 16.4% is in 

very good agreement with the expected value (16.2 %) for the loss of four moles of 

water. 

2.2.5. Preparation of [Sr(H20)7(4-nba)](4-nba).2H20 5 [98] and [Sr(H20)(4-clba)2l 

6 

Method I: A mixture of strontium carbonate (0.7381 g, 5 mmol) and 4-nbaH (1.67 g, 

10 mmol) was taken in water (80 ml) and heated on a steam bath. The insoluble 

starting materials slowly started dissolving accompanied with brisk effervescence. 

The heating of the reaction mixture was stopped when there was no more evolution of 

CO2. At this stage, the reaction mixture was almost clear and the pH was close to 

neutral. The hot solution was filtered and left undisturbed for a week. The colourless 

crystalline blocks that separated were filtered, washed thoroughly with water and air 

dried. The crystals are unstable in air. The crystals of 5 obtained in this method were 

suitable for X-ray studies. Yield: 2.0962 g (72%). The use of 4-clball instead (1.56 g, 

10 mmol) of 4-nbaH in the above reaction resulted in the formation of 6 in 79% yield 

and analyzed satisfactorily 

Anal. Found (Calcd) for C14 H26SrN2 017 (581.99) 5: Sr 15.23 (15.06), 4-nbaH 56.28 

(57.08), C 29.516 (28.86), H 3.677 (4.811), N 4.834 (4.512) 

Anal. Found (Calcd) for C14H10SrC1205 (416.64) 6: Sr 20.87 (20.2), C 41.48 (40.32), 

H 2.35 (2.42) 

Method II : The sodium salt of 4-nba was first generated in situ by reacting 4-nbaH 

(1.67 g, 10 mmol) with NaHCO3  (0.84 g, 10 mmol) in water. Into this, an aqueous 

solution of SrC12.6H20 (0.793 g, 5 mmol) was added and the reaction mixture was 

filtered and left aside for crystallization. The crystals that separated after a week were 

isolated, washed with water and air dried. Compound is unstable in air. The IR 

spectrum and X-ray powder pattern of the product obtained in this method was 

identical to that of the spectrum of the product obtained using SrCO3. The product 

obtained in this method was analyzed satisfactorily as the product from method I. 

Yield: 2.593 g (89 %). The similar reaction of 4-clbaH instead (1.56 g, 10 mmol) of 4- 
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nbaH with SrC12.6H20 resulted in the formation of 6 in 77% (2.241 g) yield and 

analyzed satisfactorily. 

2.2.6. Preparation of [Ba(H20)5(4-nba)21„ 7 [63b] and [Ba(4-clba)2] 8 

Method I: A mixture of barium carbonate (1.98 g, 10 mmol) and 4-nbaH (3.34 g, 20 

mmol) was taken in water (80 ml) and heated on a steam bath. The insoluble starting 

materials slowly started dissolving accompanied with brisk effervescence. The 

heating of the reaction mixture was stopped when there was no more evolution of 

CO2. At this stage, the reaction mixture was almost clear and the pH was close to 

neutral. The hot solution was filtered and left undisturbed for 4-5 days. The colourless 

crystalline blocks that separated were filtered, washed thoroughly with ether and dried 

in vacuo. The crystals obtained in this method were suitable for X-ray studies. Yield: 

4.653 g (83%). The use of 4-clbaH instead (1.6 g, 10 mmol) of 4-nbaH in the above 

reaction resulted in the formation of 8 in 72% (1.62 g) yield. 

Anal. Found (Calcd) for C14H18BaN2013 (559.64) 7: Ba 24.50 (24.53), 4-nbaH 60.99 

(59.72), C 29.86 (30.00), H 3.114 (3.23), N 5.073 (5.00) 

Anal. Found (Calcd) for C14H8BaC1204 (448.61) 8: Ba 29.55 (30.64), C 37.81 (37.45), 

H 1.746 (1.8) 

Method II: The sodium salt of 4-nba was first generated in situ by reacting 4-nbaH 

(1.67 g, 20 mmol) with NaHCO3 (0.84 g, 20 mmol) in water. Into this, an aqueous 

solution of BaC12.4H20 (1.221 g) was added and the reaction mixture was filtered and 

left aside for crystallization. The crystals that separated after a few days were isolated 

washed with cold water, followed by ether and air dried. The IR spectrum and X-ray 

powder pattern of the product obtained in this method were identical to that of the 

spectrum of the product obtained using BaCO3 as the Ba source. The product obtained 

in this method was analyzed satisfactorily as the product from method I. Yield: 2.378 

g (85%). A use of 4-clbaH instead (1.56 g, 10 mmol) of 4-nbaH in above reaction 

resulted in the formation of 8 in 94 % yield. 

2.2. 7 Preparation of [Li(4-nba)(H20)3] 9 

To an aqueous solution of lithium carbonate (1.4778 g, 10 mmol) in water (20 ml) 4-

nbaH (3.34 g, 20 mmol) was added. The reaction mixture was heated on a water bath. 

Insoluble 4-nitrobenzoic acid slowly started dissolving. The clear solution obtained 

was kept for crystallization. The crystals separated were filtered, washed with ether 

and dried. Yield: 2.32 (51) % 
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Anal. Found (Calcd) for C7H10 LiN 1 O7  9 (227): 4-nbaH 72.33 (73.21), C 36.87 

(36.99), H 3.95 (4.45), N 6.53 (6.17). 

2.2.8. Preparation of [Na(H20)2(4-nba)] 10 

To an aqueous solution of sodium carbonate (1.06 g, 10 mmol) in water (20 ml), 4- 

nitrobenzoic acid (3.34 g, 20 mmol) was added. The reaction mixture was heated on a 

water bath. Insoluble 4-nbaH slowly started dissolving. The clear solution obtained 

was kept for crystallization. The separated rectangular crystals separated were filtered, 

washed with ether and dried. Yield: 2.21 (91%) 

Anal. Found (Calcd) for C7Hi0NaN0710 (243.26): 4-nbaH 67.0 ( 68.21), C 34.91 

(34.53), H 3.69 (4.15), N 6.01 (5.76). 

2.2.9. Preparation of [K(H20)2(4 -nba)J 11 

To an aqueous solution of potassium carbonate (1.38 g, 10 mmol) in water (20 ml), 4-

nbaH (3.34 g, 20 mmol) was added. The reaction mixture with 4-nbaH was heated on 

a water bath. Insoluble 4-nbaH slowly started dissolving. The clear solution obtained 

was kept for crystallization. The separated colourless crystals were filtered, washed 

with ether and dried. Yield: 3.55 (68.53 %) 

Anal. Found (Calcd) for C7H6KNO611 (241.24): 4-nbaH 68.01 (68.89) 

2.2.10. Preparation of [Rb(H20)2(4-nba)J 12 and [Cs(H20)2(4-nba)J 13 

To the aqueous solution of rubidium carbonate (0.231 g, 1 mmol, 20 ml 

water), 4-nitrobenzoic acid (0.334 g, 2mmol) was added and solution was heated on 

water bath. Insoluble 4-nitrobenzoic acid slowly started dissolving. The clear solution 

obtained was kept for crystallization. The flat rectangular blocks that separated were 

filtered, washed with ether and dried. Yield: 0.466 g (78 %). A similar reaction of 4-

nbaH with cesium carbonate (0.326 g, 1 mmol) resulted in the formation of 13 in 60% 

yield. 

Anal. (Cale.) for C7H8RbN06 12 (287.61): 4-nbaH 57.10 (57.77), C 29.06 (29.21), H 

2.18 (2.81), N 4.75 (4.87) 

Anal. Found (Calcd) for C7H8CsNO6 13 (335.05): 4-nbaH 48.87(49.60), C 25.22 

(25.07), H 2.179(2.41), N 4.40 (4.18) 
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2.2.11, Preparation of [Mn(H20)4(4-nba)212H20 14 [122] 

Method I: Manganese carbonate was freshly prepared by mixing an aqueous solution 

of sodium carbonate (0.53 g, 5 mmol) in water (3 ml) with MnC12.6H20 (0.99 g, 5 

mmol) in water (10 ml). To this reaction mixture containing freshly prepared 

manganese carbonate, 4-nbaH (1.67 g, 10 mmol) in water (50 ml) was added and 

heated on water bath for about 5 h to obtain a clear solution. The insoluble manganese 

carbonate slowly started reacting with 4-nbaH resulting in a clear solution. The 

solution was filtered and the filtrate was left undisturbed for crystallization. After 2-3 

days, colourless rectangular crystals were obtained. The crystals were filtered, washed 

with cold water (5 ml) followed by ether and dried in air. Refluxing the above 

reaction mixture in the heating mantle instead of water bath reduces the reaction time 

to 30 min. The crystals obtained in this method were suitable for X-ray single crystal 

studies. The complex was insoluble in water and sparingly soluble in methanol, 

CH3CN and ethanol. Yield: 1.97 g (80 %) 

Anal. Found (Calcd) for Ci4H2oMn1\12014 14 (495.26): Mn 11.24 (11.10), 4-nbaH 

66.19 (67.08), C 33.68 (33.92), N 5.60 (5.65), H 4.11 (4.08). 

Method II: A solution of sodium bicarbonate (0.84 g, 10 mmol) in water (10 ml) was 

added into 4-nitrobenzoic acid (1.67 g, 10 mmol) to obtain the sodium salt of the 

carboxylic acid. To this solution, MnC12.4H20 (0.99 g, 5 mmol) in water (40 ml) was 

slowly added. The resultant clear solution was filtered and the filtrate was left 

undisturbed for crystallization. After 2-3 days the rectangular colourless blocks 

separated out. These were filtered, washed with cold water (5 ml) followed by ether 

and dried in air. The product analyzed satisfactorily and exhibited an identical IR 

spectrum to that of the product obtained from the earlier method I. 

Yield: 80 % (1.98 g). 

Method III: The [Mn(H20)4(4-nba)212H20, can be also prepared by single pot 

reaction from MnC12.4H20 (0.99 g, 5 mmol), 4-nbaH (1.67 g, 10 mmol) and 

NaHCO3 (0.84 g, 10 mmol) in water (70 ml) at room temperature in beaker. The 

reaction mixture was stirred for 1 h till all effervescences ceases. The crystalline 

product thus obtained was filtered, washed with cold water, followed by ether and air 

dried. The product obtained in near quantitative yield and exhibited an identical IR 

spectrum. Yield: 1.99 g (80%). 
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2.2.12. Preparation of [Mn-(4-nba)2] 14a 

The anhydrous yellow complex [Mn(4-nba)2] (0.390 g) can be obtained in near 

quantitative yield by heating a powdered sample of [Mn(H20)4(4-nba)212H20 (0.500 

g) in a temperature controlled oven for 25 min around 200 °C. The complex thus 

obtained analyzed satisfactorily. 

2.2.13. Preparation of [Ni(H20)6] (4-nba)2].2H20 15 [50] 

Method I: A solution of NaOH (0.4 g, 10 mmol) in water (5 ml) was added to 

NiC12.6H20 (1.19 g, 5 mmol) in water (5 ml). Ni(OH)2 thus generated in situ is 

reacted with 4-nbaH (1.67 g, 1 Ommol) in aqueous ammonia (125m1). The solution 

was stirred for 30 min. The blue solution thus obtained (pH 12) was filtered and left 

for crystallization. The blue product thus obtained after 1-2 days was filtered and 

washed with ammoniacal solution and air dried. The compound loses its water content 

on exposure to air. The complex was insoluble in water and CH3CN, slightly soluble 

in methanol and soluble in DMSO. Yield: 1.326g (50%) 

Anal. Found (Calcd) for C 1 4H24NiN2016 15 (534.91): Ni 12.00 (11.00), 4-nbaH 63.91 

(62.11) 

Method II: An aqueous solution of NiC12.6H20 (1.19 g, 5 mmol) was reacted with 

Na2CO3 (0.53 g, 5 mmol) in 20 ml of water. To the NiCO3 generated in situ, 4-nbaH 

(1.67g, 10 mmol) was added in 100 ml water. The solution was stirred for 90 min to 

obtain a clear green colour solution. To the resultant solution 70 ml of aqueous NH 3 

 was added so that pH of the solution is 12. The green solution turned to blue, which 

-was filtered and filtrate was -kept for crystallization. After 3-4 days the blue crystals 

were filtered and washed with ammoniacal solution and dried in air. Yield: 1.05 g 

(38%) 

Method III: [Ni(H20)4(4-nba)212H20 (0.534g) was dissolved in aqueous ammonia 

(15 ml). The resultant clear solution was filtered and kept for crystallization. Blue 

coloured crystals obtained were filtered, washed with ammoniacal solution and air 

dried. Yield: 0.229 g (40 %) 
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2.4.14. Preparation of [Cd(1120)2(4-nba)2] 16 [92] 

CdC12•H20 (1.066 g, 5 mmol) was taken in water (5 ml). Into this, an aqueous 

solution of sodium 4-nitrobenzoate generated in situ from 4-nbaH (1.67 g, 10 mmol), 

NaHCO3  (0.84 g 10 mmol) in water (60 ml) was added. The clear solution thus 

obtained was filtered and kept for crystallization. The crystals obtained were filtered, 

washed with water followed by ether and air dried. Yield: 1.514 g (63%) 

Anal. Found (Calcd) for C141112CdN2010 16 (480.65): Cd 23.3 (23.4), 4-nbaH 69.44 

(69.11) 

2.3 Reactivity studies of bivalent metal 4-nitrobenzoate complexes with N-donor 

ligands 

2.3.1. Preparation of [Mg(1120)2(1m)2(4-nba)2] 17 [127] 

Method I: A mixture of magnesium carbonate (0.84 g, —10 mmol) and 4-nbaH (3.34 

g, 20 mmol) was taken in water (50 ml) and heated on a steam bath. The insoluble 

starting materials slowly started dissolving accompanied with brisk effervescence. 

The heating of the reaction mixture was stopped when there was no more evolution of 

CO2. At this stage the reaction mixture was almost clear and the pH was close to 

neutral. The hot solution was filtered into a warm aqueous solution (5 ml) of 

imidazole (2.72 g, 40 mmol) and the filtrate was concentrated to half the volume and 

left undisturbed for 3-4 days. The crystalline blocks that separated were filtered, 

washed thoroughly with ether and dried in vacuo. The crystals obtained in this 

method were suitable for X-ray structure investigations. The complex was insoluble in 

methanol and slightly soluble in water, DMSO and CH3CN. Yield 4.07 g (77%) 

Anal. Found (Calcd) for C20H18MgN6010 17 (528.73): Mg 4.65 (4.62), 4-nbaH 62.08 

(63.46), C 45.53(45.39), H 3.71(3.44), N 16.08 (15.89) 

Method II: MgC12.6H20 (2.03g, 10 mmol) was taken in water (5 ml). Into this, an 

aqueous solution of sodium 4-nitrobenzoate generated in situ from 4-nbaH (3.34 g, 20 

mmol), NaHCO3  (1.68 g 20 mmol) and water (20 ml) was added. This resulted in the 

formation of a clear solution, which was filtered into an aqueous solution of imidazole 

(2.72 g, 40 mmol) in water (5 nil). The pale yellow solution was then concentrated to 

half its volume by heating on a water bath. The concentrated reaction mixture was 

kept aside for crystallization. The crystals that separated after 4-5 days were filtered, 
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washed with little ice-cold water (-2 ml), followed by ether and dried in air. The 

product obtained in this method analyzed satisfactorily and exhibited an identical IR 

spectrum as that of the product from method I. Yield: 3.331(63%) 

Method III: A powdered sample of [Mg(H20)6](4-nba)2.2H20 (1 mmol, 0.500 g) was 

heated on a water bath for 15 min. The bright yellow coloured partially dehydrated 

compound thus obtained was reacted with an aqueous solution (-5 ml) of imidazole (4 

mmol, 0.272 g). The clear solution thus obtained was left aside for crystallization. The 

product was isolated as described above (Method I). Yield: 0.418 g (85 %) 

Method IV: Mechanical grinding of [Mg(H20)6](4-nba)2.2H20 (0.500 g) and Im 

(0.136 g ) for —20 min, in a mortar and pestle resulted in the formation of 

[Mg(H20)2(Im)2(4-nba)2]. The compound analyzed satisfactorily and exhibited an 

identical IR spectrum as that of the product from Method I. Yield was quantitative. 

2.3.2. Preparation of [Mg(Im)2(4-nba)2] 17a 

A powdered sample of [Mg(H20)2(Im)2(4-nba)2] (0.488 g) was heated in a 

temperature controlled oven at 140 °C for — 20 min. This resulted in the formation of 

the anhydrous compound [Mg(Im)2(4-nba)2] (0.451 g). The observed mass loss of 

7.65 % is in very good agreement with the expected value (7.29 %) for the loss of two 

moles of water. 

2.3.3. Preparation of [Mg(H20)(N-Melm)2] (4-nba)2] 18 [75] 

Method I: A mixture of MgCO3 (0.84 g, 10 mmol) and 4-nbaH (3.34 g, 20 mmol) was 

taken in water (50 ml) and heated on a steam bath. The insoluble starting materials 

slowly started dissolving as evidenced by the brisk effervescence. The heating of the 

reaction mixture was stopped when there was no more evolution of CO2. At this stage 

the reaction mixture was almost clear and the pH was close to neutral. The reaction 

mixture was filtered and N-MeIm (3.19 ml, 40 mmol) was added to the hot filtrate. 

The solution was stirred and concentrated to around 10 ml and left undisturbed for a 

few days. The pale crystalline blocks that separated were filtered, washed thoroughly 

with ether and dried in air. The complex was insoluble in water and CH3CN, slightly 

soluble in DMSO and insoluble methanol. Yield: 4.8 g (87 %). 
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Anal. Found (Calcd) for C44H44Mg2N12018 18 (1077.44): Mg 4.56 (4.51), 4-nbaH 

60.25 (61.65), C 49.09 (49.01), H 4.201 (4.12), N 15.84 (15.59). 

Method II: MgC12.6H20 (2.03 g, 10 mmol) was dissolved in water (10 ml). Into this, 

an aqueous solution (40 ml) of sodium salt of 4-nbaH generated in situ from 4-nbaH 

(3.34 g, 20 mmol), NaHCO 3  (1.68 g, 20 mmol) was added, followed by the addition 

of N-Melm (3.19 ml, 40 mmol). The clear reaction mixture was filtered and kept 

aside for crystallization. The yellow crystalline blocks that separated after few days 

were filtered, washed with ice-cold water (2 ml), followed by ether and air dried. The 

IR spectra of the complexes obtained in both the methods are identical. Yield: 4.15 g 

(83 %). 

Method III: Mechanical grinding of [Mg(H20)6](4-nba)2.2H20 (0.500 g) and N-

MeIm (0.158 g) for —15min, in a mortar and pestle resulted in the formation of Mg 

dimmer [Mg(H20)(N-Melm)2(4-nba)2]  (0.537 g). The compound analyzed 

satisfactorily and exhibited an identical IR spectrum as that of the product from 

method I: 

2.3.4. Preparation of [Ca(H20)3(1m)(4-nba)2l lin 19 [127] 

Method L A mixture of CaCO3 (1.08 g, —10 mmol) and 4-nitrobenzoic acid (4-nbaH) 

(3.34 g, 20 mmol) was taken in water (50 ml) and heated on a steam bath. The 

insoluble starting materials slowly started dissolving accompanied with brisk 

effervescence. The heating of the reaction mixture was stopped when there was no 

more evolution of CO2. At this stage the reaction mixture was almost clear and the pH 

was close to neutral. The hot solution was filtered into a warm aqueous solution- (5 

ml) of imidazole (2.72 g, 40 mmol) and the filtrate was concentrated to half the 

volume and left undisturbed for 3-4 days. The crystalline blocks that separated were 

filtered, washed thoroughly with ether and dried in vacuo. The crystals obtained in 

this method were suitable for X-ray structure investigations. Yield: 4.39 (78%) 

Anal. Found (Calcd) for C 20H22 CaN6O11 19 (562.52): Ca 7.32 (7.13), 4-nbaH 59.55 

(59.06), C 42.771 (42.66), H 4.176 (3.95), N 15.773 (14.93) 

Method II: CaCl2 (1.11 g, 10 mmol) was taken in water (5 ml). Into this, an aqueous 

solution of sodium 4-nitrobenzoate generated in situ from 4-nbaH (3.34 g, 20 mmol), 

NaHCO3 (1.68 g, 20 mmol) and water (20 ml) was added. This resulted in the 

formation of a clear solution, which was filtered into an aqueous solution of imidazole 
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(2.72 g, 40 mmol) in water (5 ml). The pale yellow solution was then concentrated to 

half its volume by heating on a water bath. The concentrated reaction mixture was 

kept aside for crystallization. The crystals that separated after 4-5 days were filtered, 

washed with little ice-cold water (-2 ml), followed by ether and dried in air. The 

product obtained in this method analyzed satisfactorily and exhibited an identical IR 

spectrum as that of the product from method I. Yield 3.488 (62 %). 

2.3.5. Preparation of [Ca(1m)2(4-nba)27 19a 

The powdered sample of [Ca(H20)3(1m)(4-nba)21-Im (0.464 g) was heated on a water 

bath for 15 min to obtain anhydrous complex [Ca(Im)2(4-nba)2] (0.420 g) in 

quantitative yield. The product obtained is analyzed satisfactorily and exhibited a 

different IR spectrum as well as X-ray powder pattern indicating the formation of new 

compound. 

2.3.6. Preparation of [Ca(H20)(2-Melm)(4 -nba) 2.7 20 

Method I: Calcium carbonate (1.0 g, 10 mmol) was added to 4-nbaH (3.34 g, 20 

mmol) in water (80 ml) and the solution was heated on waterbath to obtain clear 

solution. The solution was filtered and to the filtrate 2-MeIm (3.28 g, 40 mmol) in 

water (20 ml) was added. The clear yellow solution was filtered and left for 

crystallization. After 2-3 days pale crystals separated. These were filtered, washed 

with water followed by ether and air dried. Yield: 2.921 g (62 %). 

Anal. Found (Calcd) for CaC1ali18N4010 20 (472.43): Ca 8.47(8.48), 4-nbaH 71.00 

(70.30), C 45.65 (45.73), H 3.63 (3.84), N 12.537 (11.85) 

Method II: The sodium salt of 4-nba was first generated in situ by reacting 4-nbaH 

(3.34 g, 20 mmol) with NaHCO3  (1.68 g, 20 mmol) in water. Into this, an aqueous 

solution of anhydrous CaC12 (1.11 g) was added and the reaction mixture was filtered 

and to the filtrate 2-MeIm (3.24 g, 40 mmol) in water (20 ml) was added. The clear 

yellow solution was filtered and left for crystallization. After few days pale crystals 

separated were filtered and washed with water and then with ether and air dried. IR 

spectrum of the product obtained in this method was identical to that of the spectrum 

of the product obtained using freshly precipitated CaCO 3  as the Ca source. 

Yield: 2.971 g (63 %). 
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2.3.7. Preparation of [Ca(N-Melm)(4-nba)21 21 [133] 

A powdered sample of [Ca(H20)4(4-nba)2] 3 (1.78 g, 4 mmol) was heated with N-

Melm (1.4 ml, 17 mmol) on a steam bath for —1 h to obtain a light yellow solid. To 

this hot mass —8 ml of distilled water was added and the mixture reheated to obtain a 

pale yellow solution. The hot solution was quickly filtered and kept aside for 

crystallization. Fine colourless blocks of crystals suitable for X-ray study, which 

separated were washed with ether (5m1) and dried in air. Yield: 1.09 (60%) 

Anal. Found (Calcd) for C18Cal-114N408 21 (454.41): Ca 8.8 (8.8), 4nbaH 73 (73.11) 

2.3.8. Preparation of [Ca(1120)2(N-MeIm)(4 -nba)2] n 
Calcium carbonate (0.50 g, 5 mmol) was added to 4-nbaH (1.67 g, 10 mmol) in water 

(80 ml) and the solution was heated on water bath to obtain clear solution. The 

solution was filtered and to the filtrate N-Melm (2.529 mL, 30 mmol) was added. The 

clear solution was filtered and left for crystallization. After few days white fine needle 

shape crystals separated were filtered and washed with cold water and air dried. 

Yield: 0.715 g (24.9 %). 

Anal. Found (Calcd) for CisH18CaN4010 22 (490.28): Ca 7.7 (8.17), 4-nbaH 67.0 

(67.8), C 45.42 (44.56), H 3.39 (3.71), N 11.56 (11.42) 

2.3.9. Preparation of [Mn(1120)2(1m)2(4-nba)21 23 [123] 

Method I: MnCO3 is generated in situ by reaction between MnC12 .4H20 (0.99 g, 5 

mmol), and Na2CO3 (0.53 g, 5 mmol) in water (40 ml). To this solution 4-nbaH (1.67 

g, 10 mmol) was added. The reaction mixture was refluxed in the heating mantle for 

30 min to obtain a clear solution. The resulting clear solution was filtered and to the 

filtrate imidazole (0.68 g, 10 mmol) in water (10 ml) was added. The resultant pale 

yellow solution was filtered and kept for crystallization. The yellow crystalline blocks 

was separated within a day was filtered, washed with cold water then with ether and 

air dried. Yield: 2.55 g (91 %) 

Anal. Found (Calcd) for C20H2oMnN6010 23 (559.36): Mn 9.82 (9.82), 4-nbaH 60.55 

(59.39), C 42.93 (42.94), N 15.083 (15.027), H 3.67 (3.61) 

Method II: A solution of sodium bicarbonate (0.84 g, 10 mmol) in water (10 ml) was 

added into 4-nbaH (1.69 g, 20 mmol) to obtain the sodium salt of the carboxylic acid. 

To this solution, MnC12.4H20 (0.99 g, 5 mmol) in water (40 ml) was slowly added. 

The resultant clear solution was filtered. The reaction mixture was filtered and to the 
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filtrate imidazole (0.68 g, 10 mmol) in water (10 ml) was added. The yellow crystals 

were precipitated out within an hour was filtered, washed with cold water followed by 

ether and air dried. The product analyzed satisfactorily and exhibited an identical IR 

spectrum to that of the product obtained from the earlier method I.Yield:2.52 g(90 %) 

Method III: The [Mn(H20)2(Im)2(4-nba)2] can be also prepared by single pot 

reaction from MnC12.4H20 (0.99 g, 5 mmol), Imidazole (0.68 g, lOmmol), 4-nbaH 

(1.67g, 10 mmol), and NaHCO3 (0.84 g, 10 mmol) in water (70 ml) at room 

temperature in beaker. The reaction mixture was stirred for 1 hour till all 

effervescences ceases. The yellow crystalline product thus obtained was filtered, 

washed with cold water, followed by ether and air dried. The product obtained in near 

quantitative yield and exhibited an identical IR spectrum to that of the product 

obtained from the method I. Yield: 1.99 g (80 %) 

Method IV: Mechanical grinding of [Mn(H20)6](4-nba)2.2H20 (0.495 g) and Im 

(0.136 g) for —15min, in a mortar and pestle resulted in the formation of monomer 

[Mn(H20)2(Im)2(4-nba)2]. The compound analyzed satisfactorily and exhibited an 

identical IR spectrum as that of the product from Method L Yield: Quantitative. 

2.3.10. Preparation of [Mn(hni)2(4-nba)21 23a 

The anhydrous pale yellow complex [Mn(Im)2(4-nba)2] (0.494 g) can be obtained in 

near quantitative yield by heating a powdered sample of Mn(H20)2(Im)2(4-nba)2] 

(0.530 g) in a temperature controlled oven for 15 min around 150 °C. The complex 

thus obtained analyzed satisfactorily. 

2.3.11. Preparation of [Mn(H20)(N-Mehn)2(4-nba)2 1224 

Method I: Sodium salt of 4-nitrobenzoic acid is generated in situ from the reaction 

between 4-nbaH (0.334 g, 2 mmol) and sodium bicarbonate (0.168 g, 2 mmol) in 

water (30 ml) and MnC12.4H20 (0.198 g, 1 mmol) solution. To the cold solution N-

MeIm (0.158 ml, 2 mmol) solution in water (5 ml) was added with constant stirring. 

The solution was filtered and kept for crystallization. The yellow crystals obtained 

after a week were filtered and washed with water followed by ether and air dried. 

Yield: 0.3183 (55.55 %) 

Anal. Found (Calcd) for C44H44Mn2N12018 24 (1138.44): Mn 9.965 (9.59), 4-nbaH 

58.2 (57.96), C 45.938 (46.37), N 14.61 (14.76), H 3.83 (3.90) 
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Method II: Mechanical grinding of [Mn(H20)4(4-nba)2]•2H20 (0.495 g, 1 mmol) and 

N-Melm (0.158 ml, 2 mmol ) for —15 min, in a mortar and pestle resulted in the 

formation of Mg dimmer [Mn(H20)(N-Melm)2(4-nba)2] . The compound analyzed 

satisfactorily and exhibited an identical IR spectrum as that of the product from 

Method 1. Yield: Quantitative 

2.3.12. Preparation of [Mn(1120)4(benzinz)21 (4-nba)225 

Sodium salt of 4-nbaH is generated in situ from the reaction between 4-nbaH (1.67 g, 

10 mmol) and sodium bicarbonate (0.84 g, 10 mmol) in water (30 ml) was reacted 

with MnC12.4H20 (0.99 g, 5 mmol) solution. The resultant clear solution was diluted 

to approximately 250 ml. To this solution benzimidazole (1.1813 g, 10 mmol) 

solution in methanol (5 ml) was added with constant stirring. The solution was filtered 

and kept for crystallization. The colourless crystals obtained after 3 days were filtered 

and washed with water followed by ether and air dried. Yield: 2.58 g (74.1 %) 

Anal. Found (Calcd) for C28H28MriN601225 (695.5): Mn 7.90 (7.90), 4-nbaH 47.17 

(47.76), C 48.50 (48.31), H 4.25 (4.07), N 12.87 (12.08). 

2.3.13. Preparation of [Mn(benzini)2(4-nba)2] 25a 

A powdered sample of [Mn(H20) 4(benzim)2](4-nba)2 (0.659 g) was heated in the 

temperature controlled oven at 114 °C for about 15 min resulting in the formation of a 

yellow coloured compound. The sample was then cooled in a desiccator and weighed. 

The resultant weight of the sample was 0.595 g. The observed mass loss of 9.71 % is 

in good agreement with the expected value (10.36 %) for the loss of four moles of 

water. 

2.3.14. Preparation of [Co(H20)2(1m)2(4-nba)2] 26 [79] 

Method I: Sodium salt of 4-nbaH obtained from the reaction between NaHCO3 (1.68 

g, 20 mmol) and 4-nbaH (3.34 g, 20 mmol) in water (60 ml) was reacted with 

CoC12.6H20 (2.38 g, 10 mmol) in water (10 ml). To the resultant red coloured 

solution, 1m (1.36 ml, 20 mmol) was added with continuous stirring. The reaction 

mixture thus obtained was filtered and kept for crystallization. After few weeks 

crystals slowly separated, which were filtered, washed with water (5 mL) and air 

dried. Yield: 4.77 g (85 %). 
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Anal. Found (Calcd) for C2oH18CoN601026 (563.35): Co 10.36 (10.46), 4-nbaH 57.68 

(58.97), C 42.93 (42.60), H 3.51 (3.23), N 15.38 (14.91) 

Method II: CoCO3 is generated in situ by reaction between CoC12 .6H20 (1.19 g, 5 

mmol), and Na2CO3 (0.53 g, 5 mmol) in water (40 ml). To this solution 4-nbaH (1.67 

g, 10 mmol) was added. The reaction mixture was stirred for 20 min to obtain clear 

solution at room temperature or below 50 °C. The resulting clear solution was filtered 

and to the filtrate imidazole (0.68 g, 10 mmol) in water (10 ml) was added with 

constant stirring. The resultant coloured solution was filtered and kept for 

crystallization. The crystals was separated within a day was filtered, washed with cold 

water then with ether and air dried. Yield: 1.737 (61 %) 

2.3.15. Preparation of anhydrous [Co(Im)2(4-nba)2J 26a 

A powdered sample of [Co(H20)2(Im)21(4-nba)2] (0.550 g) was heated in the 

temperature controlled oven at 128 °C for about 20 min. The sample was then cooled 

in a desiccator and weighed. The resultant weight of the sample was 0.496 g. The 

observed mass loss of 6.41 % is in good agreement with the expected value (6.4 %) 

for the loss of two moles of water. The infrared spectrum of the heat treated sample 

clearly indicates the anhydrous nature of the compound. The X-ray powder pattern of 

the compound was quite different from the pristine complex, indicating the formation 

of a new compound. 

2.3.16. Preparation of [Co(N-MeIm)2(4 -nba)2] 27 and [Co(2-MeIm)2X4 -nbah] 28 

Sodium salt of carboxylic acid obtained from the reaction between NaHCO3 (0.168 g, 

2mmol) and 4-nbaH (0.334 g, 2 mmol) in water (50 ml) was reacted with CoC12.6H20 

(0.238 g, 1 mmol) in water (10 ml). To the resultant red coloured solution, N-MeIm 

(0.16 ml, 2 mmol) was added with continuous stirring. Initially blue coloured 

solution formed is turns to purple on stirring for 10 min The purple coloured solution 

thus obtained was kept for crystallization. After few weeks big crystals obtained was 

filtered, washed with water (5 ml) and air dried. The complex was insoluble in water, 

slightly soluble in DMSO and insoluble in methanol, and CH3OH. Yield: 0.461 g (83 

%). The use of 2-MeIm (0.164 g, 2 mmol) instead of N-MeIm in the above reaction 

resulted in 28 in 86% yield. The complex was partially soluble in DMSO, CH3CN, 

methanol. 
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Anal. Found (Calcd) for C22H20CoN608 27 (555.37) : Co 11.01 (10.61), 4-nbaH 59.93 

(59.8), C 47.391 (47.56), H 3.8 (3.63), N 14.99 (15.13). 

Anal. Found (Calcd) for C22H20CoN608 28 (555.37) : Co 10.26 (10.61), 4-nbaH 59.98 

(59.8), C 47.41 (47.56), H 3.77 (3.63), N 14.80 (15.13) 

2.3.17 Preparation of [Co(phen)2(HCO3)(4-nba)]•4.5H20 29 

Method I: The solution of Na2CO3 (0.53g, 5 mmol) in 5 ml water was added to CoC12 

.6H20 (1.19 g, 5 mmol). CoCO3 generated in situ from above reaction was treated 

with 4-nbaH (1.67 g, 10 mmol) in 70 ml water. The solution was stirred for an half an 

hour to obtain clear solution at room temperature. The resultant clear solution with 

small quantity of precipitate was filtered. In to this 20m1 of the methanolic solution of 

1, 10 phenanthroline (1.98 g, 10 mmol) was added. The brownish red solution was 

stirred for 15 min and filtered and kept for crystallization. The reddish big blocks 

obtained after a few weeks were filtered, washed with little cold water and dried in 

air. The compound was soluble in water, CH3CN, DMSO and freely soluble in 

methanol. Yield: 38 % 

Anal. Found (Calcd) for C32H30CoN5011.50 29 (726.94): Co 8.7 (8.08), 4-nbaH 21.1 

(22.94), C 52.547 (52.82), H 3.927 (4.17), N 9.44 (9.63) 

2.3.18. Preparation of [Nia1202(Im)2(4-nba)2] 30 [84] 

Method I: The solution of Na2CO3 (0.53 g, 5 mmol) in water (5m1) was added to 

NiC12.6H20 (1.19 g, 5 mmol). NiCO3 generated in situ from above reaction was 

treated with 4-nbaH (1.67 g, 10 mmol) in water 90 ml) and refluxed in heating 

mantle to obtain clear solution for 1 h. The green coloured solution obtained was 

filtered into imidazole (0.68 g, 10 mmol) in 5 ml water. Bluish green solution 

obtained was kept for crystallization. After a day bluish green crystalline product was 

filtered and washed with water and then with ether and dried in air. Yield: 2.548 g 

(90.45 %) 

Anal. Found (Calcd) for NiC20H20N6O10 30 (563.13): Ni 10.76 (10.4), 4-nbaH 58.88 

(58.99), C 43.00 (42.62), H 3.40(3.58), N 14.36 (14.91) 

Method II: Sodium salt of 4-nbaH generated in situ from the reaction between 4- 

nbaH (1.67 g, 10 mmol) and NaHCO3  (0.84 g, 10 mmol) in water (30 ml) and added 

to NiC12 6H20 (1.19 g, 5 mmol) solution in 20 ml water. The resultant green solution, 
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imidazole (0.68 g, 10 mmol) in 5m1 water was added with constant stirring. The 

resultant bluish green solution was kept for crystallization. After a day bluish green 

crystals obtained were isolated as that of the method I and analyzed satisfactorily. 

Yield: 2.08 g (74 %) 

Method III: A solution of NaOH (0.4 g, 10 mmol) in water (5 ml) was added to 

NiC12.6H20 (1.19 g, 5 mmol) in water (5 ml). Ni(OH) 2  generated in situ is reacted 

with 4-nbaH (1.67 g, lOmmol) in aqueous ammonia (125m1). The solution was stirred 

for 30 min The blue solution thus obtained ( pH =12) was filtered into aqueous 

solution of imidazole (0.681 g, 10 mmol) and the resultant blue solution heated on 

water bath to expel excess of ammonia and then kept for crystallization. The bluish 

green crystals obtained after a week were filtered, washed with water followed by 

ether and air dried. Yield: 1.31 g (47 %) 

2.3.19. Preparation of anhydrous INi(Im)2(4-nba)2l 30a 

A powdered sample of [Ni(H20)2(Im)2](4-nba)2] (0.550 g) was heated in the 

temperature controlled oven at 200 °C for about 20 min. The sample was then cooled 

in a desiccator and weighed. The resultant weight of the sample was 0.496 g. The 

observed mass loss of 6.27 % is in good agreement with the expected value (6.4 %) 

for the loss of two moles of water. 

2.3.20. Preparation of [Ni(Im)674-nba2-2H20 31 

Method I: 1.19 g of NiC12.6H20 solution in water (60 ml) was added to in situ 

generated sodium salt of 4-nitrobenzoate obtained from the reaction of 4-nbaH (1.67 

g, 10 mmol) and NaHCO3 (0.84 g, 10 mmol) in 40 ml of water. To this clear solution 

imidazole (2.042 g, 30mmol) was added in 30 ml of water. The clear blue coloured 

crystals separated. These were filtered and kept for crystallization. After 3- 4 days 

blue colour solution obtained was filtered, washed with water and air dried. Yield: 

3.35 (80 %) 

Anal. Found (Calcd) for C32H34NiN14010 31 (837.43): Ni 7.46 (7.03), 4-nbaH 40.4 

(39.76), C 45.70 (45.85), H 4.30 (4.1), N 23.59 (23.40) 

Method II: A solution of Na2CO3 (0.265g, 2 5 mmol) in 5 ml water was added to 

NiC12 .6H20 (0.595 g, 2.5 mmol). NiCO3 thus generated in situ from above reaction 

was treated with 4-nbaH (0.835 g, 5 mmol) in 50 ml water. The solution was heated 
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was filtered and to the filtrate a solution of imidazole (1 .021 g, 	15 mmol) was 

added. The blue solution was stirred and filtered and kept for crystallization. Blue 

crystals were obtained after 3-5 days. These were filtered washed with water and air 

dried. Yield 0.937 g (67 %) 

Method III: A solution of NaOH (0.4 g, 10 mmol) in water (5 ml) was added to 

NiC12.6H20 (1.19 g, 5 mmol) in water (5 ml). Ni(OH)2 generated in situ is reacted 

with 4-nbaH (1.67 g, 1 Ommol) in aqueous ammonia (125m1). The solution was stirred 

for 30 min. The blue solution thus obtained ( pH zt 12) was filtered into aqueous 

solution of imidazole (2.042 g, 10 mmol) and the resultant blue solution heated on 

water bath to expel excess of ammonia and then kept for crystallization. The blue 

crystals obtained after 2-3 days were filtered, washed with water and air dried.Yield: 

1.40 g (66 %) 

Method IV : A solution of imidazole (0.4042 g, 6 mmol) was added to NiC12.6H20 

(0.238 g, 1 mmol) in 10m1 water. To the resultant blue solution sodium salt of 4-nba 

generated in situ from the reaction of 4-nbaH (0.334 g, 2 mmol) and NaHCO3 (0.168 

g, 2 mmol) was added. The resultant solution was filtered and kept for crystallization. 

After a day blue coloured crystals separated. These were isolated by similar procedure 

as above. Yield: 0.379 g (45 %) 

2.3.20. Preparation of INi(10614-nba231a 

A powdered sample of [Ni(Im)6](4-nba)2.2H20 (0.315 g) was heated on a water bath 

for 30 min. The hot mass was cooled in a desiccator and weighed. The observed mass 

loss of 3.97 % is in good agreement with the expected value (4.3 %) for the loss of 

two moles of water. 

2.3.21. Preparation of [Ni(H20)2(2-Melm)2(4-nba)21 32 

Method I: Sodium salt of 4-nbaH generated in situ from reaction between 4-nbaH 

(0.334 g, 2 mmol) and NaHCO3 (0.168 g, 2 mmol) in water (30 ml) was added to 

NiC12.6H20 (0.238 g, 1 mmol) in water (10 ml). The addition of 2-Melm (0.164 g, 2 

mmol) in water (3 ml) to the solution resulted in bountiful amount of light green 

precipitate, which was dissolved in minimum quantity of aqueous ammonia. The 

solution was filtered and kept for crystallization. After few days bluish green crystals 

obtained were filtered, washed with water, followed by ether and air dried. The 
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compound was partially soluble in water and CH 3 CN and soluble in DMSO and, 

methanol. Yield: 0.272 (46 %) 

Anal. Found (Calcd) for C22H24NiN6010 32 (591.16): Ni 9.94 (9.92), 4-nbaH 55.92 

(56.19), C 44.71 (44.69), H 4.26 (4.1), N 14.15 (14.21). 

Method II: 	solution of NaOH (0.08 g, 2. mmol) in water (5 ml) was added to 

NiC12.6H20 (0.238 g, 1 mmol) in water (5 ml). Ni(OH)2 generated in situ is reacted 

with 4-nbaH (0.334 g, 2 mmol) in aqueous ammonia (12 ml). The solution was stirred 

for 30 min. To the clear blue solution 2-MeIm (0.164 g, 2 mmol) was added. The 

resultant solution was heated on a water bath for few min to expel ammonia, and was 

filtered and left for crystallization. The bluish green product thus obtained after few 

days was filtered and washed with water followed by ether and air dried. 

Yield: 0.4211 g (71 %) 

2.3.22. Preparation of [Ni(H2O)(N-Meini)2(4-nba)21 33 

Ni(4-nba)2 .6H20 generated in situ from the reaction between NiC12.6H20 (0.238g, 1 

mmol) in water with sodium salt of 4-nba generated in situ from reaction between 4- 

nbaH (0.334 g, 2 mmol) and NaHCO 3  (0.168 g, 2 mmol) in water (30m1). To this 

solution, N- MeIm (0.164 g, 2 mmol) was added. The clear solution thus obtained 

was filtered and left for crystallization after few weeks green crystals obtained were 

filtered and washed with cold water and air dried. Yield: 0.404 g (70 %). 

Anal. Found (Calcd) for NiC22H22N609 33 (573.16): Ni 10.18 (10.23), 4-nbaH 56.44 

(57.88), C 47.27 (46.06), H 3.64 (3.88), N 13.93 (14.60) 

Method II: A solution of NaOH (0.08 g, 27mmol) in water (5 ml) was added to 

NiC12.6H20 (0.238 g, 1 mmol) in water (5 ml). Ni(OH)2 generated in situ is reacted 

with 4-nbaH (0.334 g, 2 mmol) in aqueous ammonia (12 ml). The solution was stirred 

for 30 min. To the clear blue solution N-MeIrn (0.16 ml, 2 mmol) was added. The 

resultant solution was heated on a water bath to expel ammonia, filtered and left for 

crystallization. The green product thus obtained after few days were filtered and 

washed with ammoniacal solution followed by ether and air dried. 

Yield: 0.408 g (71 %) 
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2.3.23. Preparation of [Cd(H20)2(102(4-nba)21 34 

Method I: CdC12•H20 (1.066 g, 5 mmol) was taken in water (5 ml). Into this, an 

aqueous solution of sodium 4-nitrobenzoate generated in situ from 4-nbaH (1.67 g, 10 

mmol), NaHCO3 (0.84 g 10 mmol) in water (60 ml) was added. This resulted in the 

formation of a clear solution, which was filtered into an aqueous solution of imidazole 

(1.36 g, 10 mmol) in water (10 ml). The colourless solution was kept aside for 

crystallization. The crystals that separated after 4-5 days were filtered, washed with 

little ice-cold water (-2 ml), followed by ether and dried in air. Yield: 2.568g (83 %) 

Anal. Found (Calcd) for C201-120CdN6010 34 (616.48): Cd 18.22(18.23), 4-nbaH 52.38 

(53.8), C 38.65 (38.92), H 3.10 (3.27), N 13.62 (13.62) 

Method II: To a solution of CdC12.H20 (0.503 g, 2.5 mmol) in water (20 ml), Na2CO3 

(0.265 g, 2.5 mmol) in water (5 ml) was added. The CdCO3 generated in situ was 

treated with 4-nbaH (0.835 g, 5 mmol) and reflux in the heating mantle for 30 min to 

obtain a clear solution. The volume of the resultant solution was maintained around 

60 ml and filtered directly into an aqueous imidazole solution (0.3404 g, 5mmol). The 

crystals obtained immediately were filtered, washed with ether and dried in air. Yield: 

1.37 g (89 %) 

2.3.24. Preparation of [Cd(102(4-nba)2] 34a 

The powdered sample of [Cd(H20)2(1m)2(4-nba)21 (0.464 g) was heated on a water 

bath for 15 min to obtain the anhydrous complex [Cd(1m)2(4-nba)2] (0.437 g) in 

quantitative yield. The observed mass loss of 5.87 % is in good agreement with the 

loss for two moles of water (5.82 %). The product obtained analyzed satisfactorily. 
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CHAPTER - 3 

RESULTS AND DISCUSSION 

The synthetic aspects of the synthesized bivalent metal carboxylates described 

in this work and their reactivity characteristics are described in this chapter. In present 

investigation, various chemical as well as analytical techniques have been employed 

for compound characterization, which include elemental analysis (C, H, N ), IR, 

Raman, 1 H , 13C NMR, ESR, UV-Vis spectroscopic techniques, thermal methods like 

TG-DTA-DSC, electron microscopy, X-ray powder and single crystal X-ray 

diffractometry. The various techniques used for the charcterizations of new 

complexes synthesized in the present work are summarized in Scheme 3.1. 

Scheme 3.1 

3.1 	Synthetic aspects 

The synthetic procedures empldyed for reactivity characteriStics of different 

metal (alkali, alkaline earth and transition metal) carboxylates have been described in 

chapter 2. In this investigation the synthesis of metal carboxylates, differs in term of 

different starting metal source as well as different reaction conditions with substituted 

benzoic acid especially 4-nbaH and 4-clbaH. 

The synthesis of the complexes has been performed by employing aqueous 

reaction conditions of alkali or alkali-earth metal carbonates with 4-nitrobenzoic acid 

followed by crystallization to obtain crystalline 4-nba compounds of the 

corresponding metals in all cases. An alternate method, which involves the reaction 

of metal halide with the carboxylic acid in the presence of a mild base like ammonia, 

has been found to work equally well for the synthesis as shown below (Scheme 3.2). 
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The complexes have been prepared by reacting the corresponding alkali metal 

or alkali earth metal carbonate with 4-nbaH (4-nitrobenzoic acid) in a 1:1 or 1:2 ratio 

respectively in water. The general reaction for the formation of the complexes can be 

represented as below: 

M2CO3 +2(4-nbaH) H2 O [M(H20)„(4-nba)]+ CO2 1+ H2O 	 3.1 

Where M= Li, Na, K, Rb and Cs 

MCO3  +2(4-nbaH) 
1-120

{M(1-120)n(4-nba)2txH20 + CO 2  + H 2O 	 3.2 

Where M= Mg, Ca, Sr, Ba, Mn, Co and Ni 

In the above reaction, when metal carbonate is added to a hot aqueous solution 

of 4-nbaH, the insoluble metal carbonate as well as 4-nbaH which is also insoluble, go 

into solution slowly with evolution of CO 2 . The reactions were performed at 100 °C on 

a water bath. It is important to note here, that the reaction of 4-nbaH with metal 

carbonate is sluggish and usually requires longer duration for completion. However, 

the use of metal carbonate is advantageous for the synthesis of metal carboxylates as a 

slight excess of the insoluble carbonate can be used to ensure complete consumption 

of the insoluble 4-nbaH, while the excess of unreacted carbonate can be filtered off. 

The use of freshly precipitated metal carbonate instead of commercial 

carbonate reduces the duration of reaction appreciably. In this methodology, the 

precipitated metal carbonate is not filtered but directly reacted with the carboxylic 

acid. The reaction proceeds as follow: .  

MC12  + Na2 CO3 	H2O MCO3  J, + 2NaC1 
	

3.3 

MCO3 + 2(4-nbaH) H2O  [M(H2 0)n(4-nba)2]•xH20 + CO2  T+ H2O 	3.4 

Where M= Mg, Ca, Sr, Ba, Mn, Co and Ni 

All the above reactions can be carried out on a water bath (100 ° C) and the products 

can be crystallized from a nearly neutral reaction mixture. In another synthetic 

method, metal chlorides were employed for the synthesis of metal-carboxylates. The 
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reaction of MC12 with 4-nbaH in the presence of base such Na 2 CO3 , NaHCO3  etc 

results in the formation of hydrated metal 4-nitrobenzoates. 

H 2 O / base 
MC1 2+2(4-nbaH) 	M(H20)„(4-nba)2]•xH20 

	
3.5 

Where M= Mg, Ca, Sr, Ba, Mn 

In addition to the above method, metal chloride is reacted with sodium 4- 

nitrobenzoate generated in situ by the reaction of 4-nbaH with NaHCO 3 . In this case, 

reactions can be performed at room temperature, the chloride anion remains in 

solution as highly soluble NaC1 and the less soluble carboxylate crystallizes out in 

good yields and the product formation can be represented as shown below. 

MC12  + 2 [4-nbaH + NaHCO3] H2O [M(H20)44-nba)2]•xH20 +2Naa + 

CO2  r+ H2O 	 3.6 

Where M= Mg, Ca, Sr, Ba, Mn 

In the present work it has been observed that the carboxyl ate products formed either 

by chloride or carbonate route, exhibit identical 1R spectra as well as X-ray powder 

pattern. It is also interesting to note, that the metal complexes of Mn, Ni and. Co also 

can be obtained in good yield in a single pot by reacting the corresponding metal 

chloride, 4-nbaH and NaHCO3, in aqueous medium in good yield. In case of nicke14- 

nitrobenzoate complexes, the reaction of nickel carbonate with 4-nbaH in water at 

100°C resulted in the formation of the light green [Ni(H20)4(4-nba)212H20 [82]. In 

contrast, the reaction of freshly precipitated nickel hydroxide with 4-nbaH in aqueous 

ammonia (pHz1 2) resulted in the formation of the blue hexaaquaNi(II) complex 

[Ni(H20)6](4-nba)2.2H20. 

[NiC12.6H20 + Na2CO 3]+2 4-nbaH 	i [Ni(H20)4(4-nba)2].2H20 [82] + 

CO2T + 2NaC1 + H2O 	 3.7 

pilz12 
[NiC12.6H20 +2 NaOH]+2 4-nbaH 	[Ni(H20)6](4-nba)2.2H20 15 + 

NH3  
2NaC1 + H2 O 
	

3.8 
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The procedure employed here is a slight modification of the reported 

procedure for the same complex [50]. Thus it can be seen that the reaction of nickel 

carbonate or hydroxide with 4-nbaH results in the formation of two products with 

different degree of hydration and formation of these complexes is pH dependent. The 

synthesis of alkaline-earth metal complexes of 4-chlorobenzoic acid has been 

performed by employing similar reaction conditions as mentioned earlier for the 4- 

nitrobenzoate complexes and the products were isolated. The reactions can be 

described as shown below. 

MCO3 + 2(4-clbaH) H2O [M(H20)„(4-clba) 2]•xH 20 + CO2T -F H2O 	3.9 

MC12 + 2[4-clbaH +NaHCO3]  1-17 ■C  [M(H20)„(4-clba)2]•xH20 +2NaC1 + 

CO2T + H2O 	 3.10 

Where M= Mg, Ca, Sr, Ba 

It is interesting to note that the reaction of 4-nbaH with metal source in the above 

reaction at different reaction conditions resulted in the formation of hydrated 

complexes of metal 4-nitrobenzoates. In the case of Ba the use of 4-clbaH instead of 

4-nbaH with barium sources resulted in the formation of the anhydrous bis(4- 

chlorobenzoato)barium(II) (equation 3.11 and 3.12). 

BaCO3 + 2(4-clbaH)  H2O  [Ba(4-clba)2] + CO2T + H 2O 	 3.11 

BaC12 + 2[4-clbaH+NaHCO3]  f129  [Ba(4-clba)2] +2NaC1 + CO2T+ H2O 	3.12 

The IR spectrum indicates the formation of an anhydrous product. 

3.2. 	Reactivity studies 

The reactivity studies of the synthesized complexes were investigated with N-

donor ligands like Im, N-Melm, 2-MeIm, BenzIm and phen (Scheme 3.3). 
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Scheme 3.3 

3.2.1. Reactivity studies of alkali earth metal 4-nitrobenzoates 

The bivalent metal 4-nitrobenzoate complexes synthesized in this investigation 

have been studied for their reactivity characteristics with a few N-donor ligands like 

Im, or substituted imidazoles (2-MeIm, N-MeIm & Benzlm) and phen. It is 

interesting to note that the mononuclear compound [Mg(H20)6](4-nba)2.2H 20 1 can 

be transformed to differently hydrated compounds [Mg(1420)2(Im)2(4-nba) 2 ] 17 and 

[Mg(H20)(N-MeIm)2(4-nba)2] 2  18 by maintaining the metal and N-donor ligands 

or N-MeIm respectively) in a 1:4 ratio. The use of reduced amounts of N-donor 

ligands i.e. metal : N-donor ligands in a 1:2 mole ratio results in the formation of an 

initial product 1 in the first crop and the N-ligated complexes are obtained in low 

yields in the second crop. It has also been observed that the use of an excess of Im 

(metal : N-donor ligand ratio 1:6) leads to the formation of only the complex 17 or 18 

respectively. The dimeric complex [Mg(H 20)(N-MeIm)2(4-nba) 21218 contains Mg:4- 

nbaH:N-MeIm in a 1:2:2 mole ratio. Both these compounds also can be obtained by 

mechanical grinding of hydrated Mg(II)4-nitrobenzoate complex with Im or N-MeIm 

in 1:2 ratio. 

Another interesting observation is with respect to the amount of water for the 

preparation of complexes 17 and 18. The products are formed in good yields if the 

reaction is carried out in reduced volume water. In the presence of large amounts of 

water the previously reported complex [Mg(H20)6](4-nba)2.2H20 is obtained. This 

observation explains the requirement of excess N-donor ligand for product formation, 
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during the reaction of the oxophilic Mg compound 1 with Im or N-MeIm. 17 and 18 

can also be prepared by partially dehydrating 1 followed by reacting it with Im or N-

MeIm 1:2 ratio respectively. The use of alternate starting materials like the alkaline-

earth metal chloride and sodium 4-nba result in the formation of the same product 

indicating the high formation tendency of these complexes. Attempts to incorporate 2- 

MeIm in the coordination sphere of Mg(II) 4-nitrobenzote complexes in aqueous 

medium were not successful and resulted in the isolation of starting material only. The 

incorporation of N-donor ligands such as Im or N-MeIm in the coordination sphere of 

Mg(II) 4-nitrobenzoate has been achieved at reduced volume of water. The formation 

of complexes was analyzed by IR spectroscopy and X-ray powder pattern. The details 

of these investigations are depicted in Scheme 3.4. The reaction of Ca(II) complexes 

with 4-nbaH in the presence of Im, N-MeIm and 2-MeIm are represented in 

Scheme 3.5. 

[Mg(H2 0)(N-Melm)2(4-nbAl la 

2 

MgCO3  4-nbaH 

H2O  

[Mg(H2 0)6](4-nba)2 .2H20 

Mechanical  Finding 

[Mg(H2 0)6 ](4-nba)2 .2H201 [75] 

H20Ibase 

[Mg(Im)2(4-nba)2] 

6 

[Mg(1120)2(1m)2 (4nba)2) It 
MgC12 6H20 + 4-nbaH  [Mg(H20)2 (1m)2(4-nba)2] 17  

Scheme 3.4 
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The aqueous reaction of calcium carbonate with 4-nbaH in a 1:2 mole ratio 

followed by addition of Im or 2-MeIm or N-helm results in the formation of mixed 

ligand compounds [Ca(11 2 0)3 (1m)(4-nba)2]•1m 19, [Ca(H 2 0)(2-Melin)(4-nba) 2 ],0  20, 

[Ca(N-Melm) (4-nba) 2] 21 and [Ca(H 20)2(N-MeIm) (4-nba)2] 22 respectively in 

good yield.It is noteworthy, that the [Ca(H 2 0)3(1m)(4-nba)2]•Im 19, and [Ca(H 2 0)(2- 

1Vie1m)(4-nba)2],0 20 can be obtained by maintaining the metal : Im (or 2-Melm) in a 

1:4 ratio, as in the case of [Mg(H 2 0)2 (1m)2(4-nba)2] complex in large volume of 

water. Addition of excess of Im in the reaction mixture does not lead to the 

coordination of second ligand to centre Ca(II) metal in 19. The type of product 

obtained in the synthesis of complexes; depend significantly on the amount solvent 

used in the reaction. It is interesting to note in synthesis bis imidazole Ca(II) 

complex, when the reaction is performed in reduced water, a powdery material is 

obtained, while use of large volume of water, results in the formation of white needle 

shape mono imidazole coordinated complex, crystallizes out in good yield. This effect 

of solvent was not observed in the preparation of 2-MeIm coordinated Ca(II)-4-nba 

complex 2.0. This suggests that a number of Im coordinated compounds co-exist in the 

equilibrium in the reaction mixture of 17. A similar solvent effect is also observed in 

the synthesis of N-MeIm coordinated Ca(I1)-4-nba complexes. In large volume of 

water and metal and N-MeIm in 1:6 ratio results in the formation of compound 

[Ca(H20)2(N-MeIm)2(4-nba) 2] 22, while anhydrous compound 21 is obtained in 

reduced water. In addition to this, bisimidazole Ca(II) as well as 2-MeIm coordinated 

Ca(II) 4-nba complexes decomposes in excess of water to results in the formation of 

Starting complex [Ca(H 20)4 (4-nba) 2] 3. When [Ca(H 20)4(4-nba)2] 3 complex at 

100°C results in loss of three mole of water leading to the formation of the 

monohydrate [Ca(H 20)(4-nba)2] 3b. 

The reactivity of the above N-donor ligands with the heavier congeners of 

alkali and alkaline earth metals (hydrated Sr, Cs and Rb 4-nitrobenzoates) complexes 

was investigated to get new compounds. The attempt to incorporate these ligands 

(Im, N-helm and 2-helm) into the coordination sphere of these metal complexes 

were not successful. However, reaction of 2-MeIm with in situ generated 

[Ba(H20)5(4-nba)21, results in the formation of needle shape crystalline product after 

several weeks. Attempt to incorporate 1, 10 phenanthroline in the alkali earth metal 4- 

nitrobenzoates were not successful. 

58 



3.2.2. Reactivity studies of transition metal 4-nitrobenzoates 

The reaction of [Mn(H20)4(4-nba)2].2H20 complex generated in situ from 

sodium salt of 4-nba (obtained from the reaction of 4-nbaH and sodium bicarbonate) 

and MnC12.41-120 in the presence of ligands like Im and N-MeIni in aqueous medium 

resulted in the formation of mononuclear compound 23 and the dinuclear compound 

24 respectively (Scheme 3.6). In both the complexes 4-nba is coordinated to Mn(II). 

In contrast, the addition of methanolic solution of Benzlm to an aqueous solution of 

manganese (II) complex resulted in the complex [Mn(H20)4(BenzIm) 2](4-nba) 2  25. 

All the three complexes can be dehydrated, It is interesting to note that the N-MeIm 

coordinated Mn(II) complex can be fully dehydrated unlike its isostructural 

magnesium analogue. The [Mn(H 20)2 (Im)2(4-nba)2] 23 complex and dinuclear 

[Mn(H20)(N-Melm)2(4-nba)2] 24 can also be obtained by mechanical grinding (or by 

ball milling for 3 hrs) of [Mn(H20)4(4-nba)2].2H20 and Im or N-MeIm in 1:2 mole 

ratio for 30 minutes.The formation of various complexes was confirmed by analytical 

data, IR spectra as well as X-ray powder pattern. Resultant complexes were quite 

stable in air and are practically insoluble in water. 

The aqueous reaction of CoC12.6H20 with 4-nbaH in a 1:2 mole ratio followed 

by addition of Im or N-MeIm or 2-Melm results in the formation of the complexes 

26, 27 and 28 respectively in good yields. The hydrated cobaltous 4-nitrobenzoate 

formed initially in situ probably reacts with Im or 2-Melm or N-MeIm, to yield the 

respective products containing N-donor ligands. The formation of complex 26 has 

been reported earlier starting from Co(OH)2. The use of metal : Im or 2-MeIm or N-

MeIm in a 1:2 mole ratio results in the formation of three new complexes 

[Co(H20)2(Im)2(4-nba)2] 26, [Co(N-MeIm)2(4-nba) 2 ] 27 and [Co(2-Melm)2(4-nba) 2 ] 

28 respectively. It has also been observed that the use of an excess of Im in 26 (metal 

: Im ratio 1:4 or 1:6) leads to the formation of only 26. In contrast, the reaction of 

CoC12  •6H20, Im and 1,4-benzenedicarboxylic acid or 3,5-dinitrobenzoic acid or 

formic acid have been reported to result in [Co(Im) 6](1,4-BDC)•4H 20 [36 (f)], 

[Co(1m)6](DNB)2 .2H20 [194] and [Co(Im)6](HCOO)2 [194]. However in case of 27 

and 28 addition of excess of N-donor ligands reduces yield of the products. It is 

interesting to note here that the yield of the final product depends on the reaction 

temperature. The maximum yield was obtained when reaction is carried out at room 

temperature as compared to other hydrated transition metal 4-nitrobenzoate 

complexes under investigation. Complexes 27 and 28 on heating in excess of water 
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Scheme 3.6 



transformed to a green precipitate. The exact compositions of these products are not 

known. However, yield of the final mixed ligand Co(II)-4-nitrobenzoate complexes 

depends mainly on the reaction time, metal : substituted imidazole ratio as well as 

temperature of the reaction. The use of freshly prepared CoCO3 reduces the reaction 

time and increases yield of the final product. The reactivity of the hydrated Co(II)4- 

nba complex with N-donor ligands is presented in Scheme 3.7. The reddish pink 

complex [Co(HCO3)(phen)2(4-nba)].4.5H20 29 can be obtained from the reaction of 

[Co(H20)4(4-nba)21•2H20 generated in situ from the reaction of freshly precipitated 

CoCO3 with 4-nbaH in the presence of phen in a 1:2 ratio at room temperature 

(equation 3.13). 

[CoC12.6H20 + Na2CO3]+2 (4-nbaH) phen 	[Co(HCO3)(phen)2(4-nba)].4.5H20 

29 +CO2T+2NaC1+ H2O 	3.13 

Use of CoC12.6H20 instead of CoCO3 resulted in negligible amount of the above 

product. The compound is found to be soluble in common solvent like water, 

acetonitrile, DMSO, and freely soluble in methanol. 

[Co(N-Melm)2 (4-nba)2 ] 

 

Co(2-Melm)2  (4-nba)2] al 

  

CoC12.6H20 + 

2[4-nbali+NaHCO3] 

CoC12 .6H20 +Na2CO3 

 + 2 4-nball 
[Co(H20)4  (4-nba)2121120 [78] 	a 

128°C 
Co(H20)2(Im)2(4-nba)2 ] 

2§, 
[Co(phen)2 (HCO3)(4-nba)].4.5 H2O 

22 
[Co(Im)2 (4-nb a)2] 

Ifta 

Scheme 3.7 
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NaOH 
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[Ni(H20)s)(4•nba)21H2011 
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iNi(H20)2(2•41m)2 (4nbQ 

The reactivity of the hydrated Ni(II) complexes with the.N-donor ligands is 

schematized below (Scheme 3.8). The Im coordinated bluish green bis(imidazole) 

complex [Ni(H20)2(Im)2(4-nba)2] 30 which is isostructural with Mg, Mn and Co 

analogues, can be obtained by maintaining the metal : Im in 1:2 ratio while the use of 

excess imidazole (metal : Im in a 1:6) afforded the hexakis(imidazole) complex, 

[Ni(Im)6](4-nba)2.2H20 31 in good yield. It has also been observed that the use of 

intermediate amount of Im (Ni(II) : Im in a 1:4 mole ratio) results in the formation of 

compound 30 initially followed by compound 31. In contrast, the direct reaction of 

[Ni(H20)4(4-nba)21•2H20 complexes with 2-MeIm or N-MeIm in a 1:2 mole ratio 

results in the formation of greenish blue [Ni(H20)2(2-MeIm)2(4-nba)2] 32 and dark 

green [Ni(li20)(N-Melm)2(4-nba)2] 33 respectively. The use of excess of substituted 

imidazole results in yellowish green gelatinous precipitate. 

Scheme 3.8 
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It is observed that the acidification of all the new complexes with aqueous 

acids such as dilute HC1 result in the protonation of the carboxylate and 

decomposition of metal complex as shown below. 

[M(carboxylate)2 .xH2O] 	2H+ 	[M(H20)]2+  + 2 carboxylic acid 	 3.14 

excess 
The acidification reaction, which results in the formation of the carboxylic 

acid, is a very useful reaction as this offers a convenient method for the analysis of the 

metal complexes when the carboxylic acid formed is insoluble as in the case of 4- 

nbaH. 

[M(4-nba)2.xH 2 O] + 2 H+----•• m2+  + 2 (4-nball)1 
	

3.15 

The 4-nitrobenzoate complexes prepared in this work have been studied by the 

acidification reaction to isolate the insoluble 4-nitrobenzoic acid. The insoluble acid 

was quantitatively analyzed. In addition to this, the filtrate, which contains the 

bivalent metal as the aqua ion can be used to estimate the metal content by EDTA or 

gravimetry method. The metal analysis of the Mg, Ca, Mn Co and Ni(II) complexes 

was determined by EDTA titration, while those of the Sr and Ba(II) complexes was 

quantified as hydrogen phosphate and chromate complex respectively and analyzed 

gravimetrically. The analytical data for metal carboxylates obtained by using these 

methods is presented in Table 3.1. Mg, Ca, Sr, Ba, Mn, Co and Ni metal was also 

analyzed by the decomposition of the complex by heating it to high temperature, 

resulting in the volatilization of the organic matter. The residue thus formed was then 

Table 3.1: Metal and 4-nbaH analysis of synthesized complexes 

No. Compound Metal analysis 
Observed Expected 

4-nbaH 
Observed Expected 

1 [Mn(H20)6](4-nba)2.2H20 4.7 4.86 66.32 66.78 

2 [Mg(H20)4(4-clba)21 5.86 5.97 - - 

3 [Ca(H20)4(4-nba)2] 9.01 9.02 74.32 74.77 

4 [Ca(H20);(4-clba) 2 ] 9.87 9.92 - - 

5 [Sr(H20)7 (4-nba)](4-nba).2H20 15.23 15.06 56.28 57.08 

6 [Sr(H20)(4-clba)2] 20.87 20.20 - - 
7 [Ba(H20)5(4-nba)2] 24.50 24.53 60.99 59.72 
8 [Ba(4-clba)2] 24.50 24.53 - - 

14 [Mn(H20)4(4-nba)2].2H 20 11.24 11.10 66.19 67.08 
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15 [Ni(H20)6](4-nba)2.2H20 12.00 11.00 63.91 62.11 
16 [Cd(H20)2(4-nba)2 23.3 23.4 69.44 69.11 

17 [Mg(H20)2(1m)2(4-nba)2] 4.65 4.62 62.08 63.46 
18 [Mg(H20)(N-Mehn)2(4-nba)212 4.54 4.51 60.25 61.65 
19 [Ca(H20)3(1m)(4-nba)2].1m 7.32 7.13 59.55 59.06 
20 [Ca(H20)(2-MeIm)(4-nba)2] 8.47 8.48 71.00 70.30 
21 [Ca(N-Melm)(4-nba)2] 8.8 8.8 73.00 73.11 
22 [Ca(H20)2(N-Melrn)(4-nba)2] 7.7 8.17 67.00 67.8 
23 [Mn(H20)2(1m)2(4-nba)21 9.817 9.82 60.55 59.39 
24 [Mri(H20)(N-MeiM)2(4-riba)2]2 9.965 9.586 58.2 57.96 
25 [Mn(H20)4(Benzlm)2](4-nba)2 7.899 7.897 47.167 47.76 
26 [Co(H20)2(1m)2(4-nba)21 10.36 10.46 57.68 58.97 
27 [Co(N-Melm)2(4-nba)2] 10.26 10.61 59.98 58.8 
28 [Co(2-Melm)2(4-nba)21 11.01 10.61 59.93 59.8 
30 [Ni(H20)2(1m)2(4-nba)2] 10.76 10.40 58.88 58.99 
31 [Ni(1m)6](4-nba)2.2H20 7.46 7.025 40.4 39.76 
32 [Ni(H20)2(2-MeTtn)2(4-nba)2] 9.94 9.92 55.92 56.19 
33 [Ni(H20)(N-Melm)2(4-nba)21 10.18 10.226 56.44 57.88 
34 [Cd(H20)2(1m)2(4-nba)21 18.22 18.23 52.38 53.8 

dissolved in dilute HC1 and the metal was estimated by EDTA titration or gravimetric 

method. Based on these results the composition of the decomposed product was 

determined. The water content in most of the synthesized compounds was determined 

by Karl Fischer titration. Karl Fischer titration is based on the rapid, stoichiometric 

reaction of water with the Karl Fischer reagent which is composed of iodine, 

sulphurdioxide and imidazole or pyridine dissolved in methyl glycol. Determination 

of water is based upon the quantitative reaction of water with an anhydrous solution 

of sulphur dioxide and iodine in the presence of a buffer that react with hydrogen 

ions. The water present in the analyte reacts with Karl Fischer reagent as shown in the 

reaction below: 

H2O + I2 + SO2 + CH3OH + 3 C5H5N -II. 2 C5H5N. HI + C5H5N.HCH3S 

The results of this analysis are tabulated in Table 3.2. These values add credence to 

the proposed formulas based on C, H, N analytical data (Table 3.3). 
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Table 3.2: Water content analysis of synthesized compounds by Karl Fischer Titration 

Compounds No. Water content analysis 
Expected 	Calculated 

[Sr(H20)7(4-nba)](4-nba)].2H 20 5 27.8 	27.87 

[Ba(H20)5(4-nba)2] 7 15.98 	16.08 

[Mn(H20)4(4-nba)2].2H20 14 20.23 	21.83 

[Mg(H20)2(Im)2(4-nba)2] 17 7.45 	7.29 

[Mg(H20)(N-Melm)2(4-nba)2] 2 18 2.57 	3.34 

[Ca(H20)3(1m)(4-nba)2].Im 19 9.30 	9.63 

[Ca(H20)(2-MeIm)(4-nba) 2] 20 3.87 	3.81 

[Ca(H20)2(N-Melm)(4-nba)2] 22 6.11 	7.35 

[Mn(H20)2(Im)2(4-nba)23 23 6.524 	6.46 

[Mn(H20)4(Benzlm)2](4-nba)2  25 11.45 	12.47 

[Co(H20)2(Im)2(4-nba)2] 26 7.12 	6.4 

[Co(N-Melm)2(4-nba)2] 27 0.05 	0.00 

[Co(2-Melm)2(4-nba)21 28 ---- 	0.00 

[Ni(H20)2(Im)2(4-nba)2] 30 6.40 	6.39 

[Ni(Im)6](4-nba)2.2H20 31 4.26 	4.01 

[Ni(H20)2(2-Melm)2(4-nba)2] 32 5.6 	6.09 

[Ni(H20)(N-MeIm)2(4-nba)2] 33 2.84 	3.24 

Table 3.3: C H N analytical data of synthesized compounds 

Compound No Mol. Formula 

(MW) 

N 
Found Calcd 

C 
Found Calcd 

H 
Found Calcd 

[Mg(}120)6](4-nba)21•2H20 1 MgC20H32N4O 16  6.53 5.60 33.65 33.60 4.61 4.84 
[Mg(H20)4(4-clba)2] 2 CaC12C 14  H 1 608 0 ---- 42.92 41.24 3.63 3.97 
[Ca(H20)4(4-nba)2] 3 CaC1 4H 16N2012 6.24 6.34 37.93 38.07 3.58 3.66 
[Ca(H20)3(4-clba)2] 4 CaC12C 14H 1407  0 ---- 42.94 41.56 3.66 3.50 
[Sr(H20)7(4-nba)14-nba•2H20 5 SrC14 H26 N2 017 4.83 4.51 29.52 28.86 3.68 4.81 
[Sr(H20)(4-clba)2] 6 SrC12C 1 4 H 1006  0 ---- 41.48 40.32 2.35 2.42 
[Ba(H20)5(4-nba)2] 7 C 14H1813aN20 13  5.07 5.00 29.86 30.00 3.11 3.23 
[Ba(4-clba)2] 8 BaCl2C 14H 1004  0 ---- 37.81 37.45 1.75 1.80 
[Li)(H20)3(4-nba] 9 KC711 10N07  6.53 6.17 36.87 36.99 3.95 4.45 
[Na)(H20)3 (4-nba] 10 NaC7H 10NO7  6.01 5.76 34.91 34.53 3.69 4.15 
[Rb(H20)2(4-nba).) la RbC7H8NO6  4.75 4.87 29.06 29.21 2.18 2.81 
[Cs(H20)2(4-nba) 1 13 CsC7H8NO6  4.4 4.18 25.22 25.07 2.18 2.41 
[Mn(H20)4(4-nba)21•2H20 14 MnC14H20N2014 5.60 5.65 33.68 33.92 4.11 4.08 

[MO20)2(Im)2(4-nba)21 17 MgC20H18N 6010  16.08 15.89 45.53 45.39 3.71 3.44 
[M0120)(N-MeIm)2(4-nba)21 a mg2c44H44N12018 15.84 15.59 49.09 49.01 4.20 4.12 
[Ca(H20)3(Im)(4-nba)21•Im 12 CaC20H22N6011  15.77 14.93 42.77 42.66 4.18 3.95 
[Ca(H20)(2-Melm)(4-nba)21 go  CaC 1811 18N40 10  12.54 11.85 45.65 45.73 3.63 3.84 
[Ca(H20)2(N-Melm)(4-nba) 21 a  CaC18H18N4 O m  11.56 11.42 45.42 45.56 3.38 3.71 
[Mn(H20)2(Im)2(4-nba) 21 21 MnC2oH20N6012 15.08 15.03 42.93 42.94 3.67 3.61 
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[Mn(H20)(N-Me1m)2(4-nba)2J2 
[Mn(H20)4(BenzIm)2](4-nba)2 
[Co(H20)2(11n)2(4-nba)21 

24 
25 
a  

C44H44Mn 2N12018 
MnC28H28N6O 10  

coc20H20N6010 

14.61 
12.87 
15.38 

14.76 
12.08 
14.91 

45.74 
48.50 
42.93 

46.37 
48.31 
42.62 

3.83 
4.25 
3.51 

3.90 
4.07 
3.23 

[Co(N-Mehn)2(4-nba)2] 27 CoC22H2oN608 14.99 15.13 47.39 47.56 3.80 3.63 
[Co(2-MeIm)2(4-nba)2] 28 CoC22H2oN608 14.80 15.13 47.41 47.56 3.77 3.63 
[Co(phen)2(HCO3N4-nba)]•4.5H20 .22 C321-130CoN5011  50 9.44 9.63 52.55 52.82 3.93 4.17 

[Ni(}120)2(11n)2(4-nb021 30 NiC20li2oN6O10  14.36 14.91 43.00 42.62 3.40 3.58 
[Ni(Im)6](4-nba)2 . 2H20 31 NiC32H34N14O10 23.59 23.40 45.70 45.85 4.30 4.10 

[Ni(H20)2(2-Melm)2(4-nba)2] 32 NiC22H24N6O10 14.15 14.21 44.71 44.66 4.26 4.10 
[1■11(H20)(N-MeIm)2(4-nba)2] 33 NiC22HnN609 13.93 14.60 47.27 46.06 3.64 3.88 
[Cd (H20)2(Im)2(4-nb 02 34 CdC2oH2oN6 Ow 13.62 13.62 38.65 38.92 3.10 3.27 

3.3. Single crystal X-ray diffractometry 

Intensity data in the structure reported in this work were collected on different 

instruments at IIT Kanpur, School of chemistry, University of Hyderabad and 

University of Kiel, Germany. The structures were solved with direct methods using 

SHELXS-97 and refinement was done against F2 using SHELXL-97 [195]. All non-

hydrogen atoms were refined using anisotropic displacement parameters. The 

hydrogen atom attached to oxygen of water in many compounds were located in 

difference map but positioned with idealized geometry and refined using the riding 

model with fixed isotropic displacement parameters. The technical details of data 

acquisition and some selected refinement results for the complexes structurally 

characterized in this work are summarized in APPENDIX-I. 

3.3.1. Description of crystal structures of Mg(II) complexesl, 17 and 18 

Compound [Mg(H20)6](4-nba)22H20 1 crystallizes in the centrosymmetric 

triclinic space group PT and the Mg(II) is located on inversion centre. In compound 1 

one H atom (H80) attached to the crystal water (014) is disordered over two positions 

and was refined using a split model with site occupation factors of 50 : 50. The 

structure of 1 consists of a [Mg(H20)6] 2+  cation, a free 4-nba anion and a lattice water 

molecule (Figure 3.1).The octahedral hexaaquomagnesium(II) cation is a well known 

unit and has been reported in several Mg(II) complexes [17(a,d),196]. The cis 0-Mg-

0 angles in the {Mg06} octahedron range from 88.6° to 91.5° (Table 3.4). The Mg-0 

bond distances in the [Mg(H20)6] 2+  unit of 1 range from 2.046(2) to 2.088(2) A are 

comparable (2.0822(15)) with monomeric complex 17 and are shorter than the 

observed Mg-0 (H20) bond distance of 2.1170(11) in the dinuclear complex 18. The 

observed bond lengths and bond angles of the 4 -nba anion are in the normal range and 

are comparable with those reported for compounds containing the free 4-nba anion 

[197] . 
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Table 3.4. Selected bond lengths [A] and angles [deg] for [Mg(}120)6](4-nba)22H20 1 

Mg(1)-0(11) 2.088(2) Mg(1)-0(11) i  2.088(2) 
Mg(1)-0(12) 2.066(2) Mg(1)-0(12) i  2.066(2) 
Mg(1)-O(13) 2.046(2) Mg(1)-0(13)' 2.046(2)) 
0(13)-Mg(1)-0(12)' 88.6(1) 0(13)-Mg(1)-0(12)' 91.5(1) 
0(13)-Mg(1)-0(12) 91.5(1) 0(13)-Mg(1)-0(12) 88.6(1) 
0(13)-Mg(1)-0(11) 89.9(1) 0(13)-Mg(1)-0(11) 90.1(1) 
0(12)-Mg(1)-0(11) .  89.6(1) 0(12)-Mg(1)-0(11) 90.4(1) 
0(13)-Mg(1)-0(11)" 90.1(1) 0(13)-Mg(1)-0(11)' 89.9(1) 
0(12)-Mg(1)-0(11)" 90.4(1) 0(12)-Mg(1)-0(11)' 89.6(1) 
0(11)-Mg(1)-0(11)` 180.0(1) 0(13)-Mg(1)-0(13)' 180.0 
0(12)-Mg(1)-0(12)' 180.0 
Symmetry transformations used to generate equivalent atoms: i -x, -y, -z+1 

An analysis of the crystal structure reveals that the monomeric Mg(II) 

complex 1 exhibits several H-bonding interactions through all possible sites, with the 

oxygen atoms of the carboxylate and nitro groups functioning as H-acceptors, while 

the H atoms of the coordinated waters act as H-donors. The lattice water (014) 

functions as H-donor and is linked intramolecularly to the carboxylate oxygen 01 via 

014-H70•01 interaction. As mentioned earlier, one of the H atoms attached to the 

lattice water is disordered over two positions (H80 and H90). The disordered 

hydrogen (H80) on 014 is H-bonded to another lattice water through 014-H80-014 

bond, while the H90 is linked to a coordinated water 011 via 014-H90•011 bond 

resulting in the formation of a centrosymmetric cyclic water cluster (Figure 3.2). The 

014-H80-014 interaction taken separately constitutes a centrosymmetric cyclic 

water dimer. Water oligomers have been extensively investigated by spectroscopic 

methods [198] and theoretical calculations.[199] In recent years the crystallographic 

identification of several H-bonded water clusters [200] especially linear water dimers 

in crystalline hydrates has been reported.[201] The patterns of water clusters within 

the Cambridge Structural Database (CSD Version 5.23 April 2002) have been 

reviewed by Infantes and Motherwell [202] and classified as discrete chains and rings, 

infinite chains and tapes, and layer structures. According to this classification many of 

the reported water clusters fall in the category of discrete chains with water dimers 

accounting for the majority of the structures. Interestingly there is no mention of a 

cyclic water dimer in this review [202]. In a recent paper, Das and coworkers have 

reported on the identification of a water nonamer, which features an inbuilt cyclic 

water dimer, in a tetranuclear copper complex [203]. To the best of our knowledge, 

there is no other cyclic water dimer crystallographically characterized till date, other 
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Figure 3.1: The crystal structure of 1 showing the atom labeling scheme. 
Displacement ellipsoids are drawn at the 50% probability level except for the 
hydrogen atoms, which are shown as circles of arbitrary radius. One of the H atoms 
attached to the lattice water (014) is disordered over two positions. Symmetry code: i 

—x, —y, —z + 1. 

0 111 

Figure 3.2: A view of the surroundings of the lattice water in 1 showing the H-
acceptor bonds with the coordinated waters 011 and 012, a H-donor bond (014- 
H70-01) to the carboxylate oxygen 01. The H atom involved in the formation of the 
centrosymmetric cyclic water dimer is disordered over two positions. The red and 
blue dotted lines indicate the H-bonding of the disordered atoms. Symmetry codes: i) 
—x + 1, —y + 1, —z + 1; ii) x, y— 1, z; iii) —x, —y, —z + 1, 
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than the inbuilt cyclic water dimer mentioned above. The observed 0•H and 0•0 

distances of 2.282 and 3.031 A in the cyclic water dimer in 1 are shorter than the sum 

of their van der Waals radii but longer than the reported values for nearly linear water 

dieters identified in other crystalline environments [201] and the inbuilt cyclic water 

dimer[203]. Interestingly the OHO angle of 165° which indicates a strong interaction, 

is more than the reported value of 160 °  for the inbuilt cyclic water dimer[203]. The 

disorder of the hydrogen atom involved in the formation of the cyclic water dimer can 

probably account for the observed metric parameters of the 014-H80-014 

interaction. In addition, the lattice water forms H-acceptor bonds with the coordinated 

waters intra- as well as intermolecularly resulting in the bridging of the cyclic water 

dimer by four [Mg(H 2 0)6] 2+  cations. All H-atoms involved in H-bonding are singly 

shared donors excepting H2O attached to 011. Unlike the 014 atom of the lattice 

water and the 01 atom of the carboxylate group, which function as trifurcated 

acceptors, the oxygen atoms of the nitro group as well as the 02 of the carboxylate act 

as singly shared acceptors. The observed 0—H-0 interactions in 1 ranging from 

1.830 to 2.428 A are shorter than the sum of their van der Waals radii [204] and are 

accompanied by OHO bond angles ranging from 133 to 177° (Table 3.5) These 

interactions lead to the formation of alternating layers of anions and cations in the 

crystallographic be plane and the lattice waters are situated between the dications 

(Figure 3.3). As a result of the H-bonding pattern in 1, the 4-nba anions are arranged 

antiparallel to each other along b. An analysis of the short ring interactions and 

distances between the ring centroids (Cg—Cg) indicates a nearly overlapped 

arrangement of 4-nba anions in the crystal structure of 1 and the perpendicular 

distance of 3.388 A accompanied by Cg—Cg distance of 3.674 A between the 4-nba 

rings is indicative of 7C-7C stacking interactions. 

Table 3.5. Hydrogen-bonding geometry (A, °) for [Mg(H20)6](4-nba)2.2H20 1  

d(D-H) d(H••.A) D(D--- A) <DHA Symmetry code 

011-H10•014" 0.82 1.988 2.803 172 [x, y-1, z] 
011-H20•••03 m  0.82 2.402 3.216 172 [x, y-1, z-1] 
011-H20-04 2 " 0.82 2.407 3.029 133 [x, y-1, z-1] 
012-H30•••01' 0.82 1.830 2.647 174 [-x+1, -y+1, -z+1] 
012-H40•••014 0.82 2.428 3.103 140 
013-HSO•••02" 0.82 1.830 2.648 176 [x-1, y-1, z] 
013-H60-01" 0.82 2.030 2.849 177 [x, y-1, z] 
014-H70•••01 0.82 1.994 2.783 161 
014 -H80•014'" 0.82 2.233 3.031 165 [ -x+1, -y+1, -z+1] 

014-H80•••014' 0.82 2.315 2.977 138 [-x, -y, -z+1] 
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The complex [Mg(H20)2(Im)2(4-nba)2] 17 crystallizes in the centrosymmetric 

triclinic space group Pi and the Mg(II) is located on a centre of inversion (Figure 3.4). 

17 is isostructural with the corresponding Ni(II),[84] Co(II)[79] and Mn(II) [123] 

analogues (Table 3.6) and the cell volume of the Mg complex is very close to that of 

the corresponding Ni(II) complex. The central metal in 17 is hexacoordinated and is 

bonded to two trans water molecules and two trans monodentate 4-nba anions through 

0 atoms, which lie on an approximate square plane. Two trans Im ligands complete 

the octahedral coordination around Mg. The trans 0—Mg-0 and N—Mg—N angles 

show the ideal value of 180°, while the cis 0—Mg-0 and N—Mg-0 angles range from 

87.01(5) to 92.99(5)° (Table 3.7) indicating a slight distortion of the (MgO 4N2 ) 

octahedron. The observed intra—ligand bond lengths of the Im and 4-nba ligands are in 

the normal range and are in agreement with those reported in related compounds. [70, 

84, 124] The Mg—O(H20) and Mg—O(4-nba) distances of 17 (Table 3.7) are in good 

agreement with those observed for the isostructural Co and Ni complexes and slightly 

shorter than those of the Mn(II) complex. The Mg—N distance of 2.1726(17) A for 17 

is relatively longer than the observed distances of 2.0602(4) and 2.0944(14) A for Ni 

and Co complexes but slightly shorter than the Mn—N distance of 2.2127(14) A. The 

affinity of Ni and Co(II) for N donor ligands as well as the larger size of the Mn(II) 

ion can probably account for this observation. A careful analysis of the structure 

reveals that the coordinated water, 4-nitrobenzoate as well as the imidazole in 17 are 

involved in two types of H-bonding interactions namely 0—H-0 and N—H•0. Each 

molecule of the Mg(II) complex is linked to six other molecules with the aids of 0-

H-••O and N—H-0 bonds (Figure 3.5). The coordinated water (03) is linked 

intramolecularly to the free carboxylate oxygen atom (02) at a very short distance of 

1.823 A and with a coordinated carboxylate (01) of a neighbouring molecule 

resulting in the formation of a H-bonded chain along a axis (Figure 3.6). The amine 

nitrogen (N2) of the coordinated imidazole is H-bonded to the free carboxylate 

oxygen (02) of a neighbouring molecule with 02 functioning as a bifurcated 

acceptor. In addition, the coordinated imidazole, which functions as a bifurcated 

hydrogen donor, is linked to the oxygen atom of the nitro group in a neighbouring 

complex thus extending the network. In all four 0—H contacts ranging from 1.823 to 

2.518 A (Table 3.8) are observed and all these 0—H interactions are shorter than the 

sum of their van der Waals radii.[204] The short ring interactions and distances 

between the ring centroids (Cg—Cg) were analysed by using the program Platon.[205] 
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Figure 3.3. A view of the packing of 1 showing the alternating layers of 
[Mg(H20)6] 2+  cations and 4-nba anions in the crystallographic be plane. The lattice 
waters are located between the cations, while the anions are arranged antiparallel to 
each other along b. 

Figure 3.4: The crystal structure of [Mg(H20)2(Im)2(4-nba)2] 17 showing the atom-
labeling scheme. Displacement ellipsoids are drawn at 50% probability level except 
forthe H atoms, which are shown as circles of arbitrary radius. Symmetry code: i —x + 
1, —y + 1, —z + 1. 
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Figure. 3.5. H-bonding situation around [Mg(H20)2(Im)2(4 -nba)2]2 17 showing the 
linking of each Mg complex with six others with the aid of O-H•••0 and N-H•••0 
interactions 

Figure 3.6. Formation of a H-bonded chain in 3 along a axis via 0—H•••0 interaction 
showing the linking of coordinated water (03) with a coordinated 4-nitrobenzoate of a 
neighbouring molecule (01). H atoms attached to C are not shown for clarity. 
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Metric 	[Mg(H20)2 (I [mn(I-120)2(in)2 	[Co(H2 0)2 (Im)2 	[Ni(H20)2(1m)2 

Parameters 
	m)2(4-nba)2] 	(4-nba)2] 	(4-nba)2] 	(4 -nba)2] 

a (in A) 

b (in A) 

c (in A) 

a (in') 

13 (in °) 

7 (in °) 

V (in A3 ) 

Inter planar 
distance (in A) #  

5.533(5) 5.6745(3) 5.6482(10) 5.644(2) 

8.122(5) 8.1082(3) 8.0559(12) 8.0547(18) 

12.775(5) 12.8399(6) 12.7628(11) 12.716(2) 

74.803(5) 76.7284(15) 75.619(2) 75.032(1) 

87.389(5) 88.139(2) 87.920(2) 87.759(2) 

87.431(5) 86.3319(13) 86.9180(10) 87.079(2) 

553.1(6) 573.71(5) 561.56(14) 557.5(3) 

3.583 3.624(16) 3.555(14) 3.535(14) 

Mg(1)-0(3) 1 
 Mg(1)-0(1)' 

Mg(1)-N(3) 1  

2.0822(15) 
2.1210(13) 
2.1726(17) 

Mg(1)-0(3) 
Mg(1)-0(1) 
Mg(1)-N(3) 

2.0822(15) 
2.1210(13) 
2.1726(17) 

0(3)-Mg(1)0(3)" 180.00(1) 0(1) 1-Mg(1)-N(3) 87.01(5) 
0(3)-Mg(1)0(1) 1  91.79(6) 0(1)-Mg(1)-N(3) 92.99(5) 
0(3) I -Mg(1)0(1) 1  88.21(6) 0(3)-Mg(1)-N(3)' 89.63(5) 
0(3)-Mg(1)-0(1) 88.21(6) 0(3) 1  -Mg(1)-N(3 1  90.37(5) 
0(3) 1 -Mg(1)-0(1) 91.79(6) 0(1)` -Mg(1)-N(3) 1  92.99(5) 
0(1)'-Mg(1)-0(1) 180.0 (1) 0(1)-Mg(1)-N(3) ' 87.01(5) 
0(3)-Mg(1)-N(3) 90.37(5) N(3)-Mg(1)-N(3) 1  180.00(6) 
0 3Y-M 1 -N(3) 	89.63 5 

Table 3.6. Comparative metric parameters of [M(H20)2(Im)2(4-nba)2] complexes M = 
Mg, Mn, Co, Ni 

All the complexes crystallize in triclinic space group P 	#Perpendicular distance from the 
center of gravity of one Im ring to another Im ring in a neighbouring complex. 

Table 3.7. Selected Bond lengths [A] and angles [deg] for [Mg(H20)2(Im)2(4-nba)2] 17 

Symmetry transformations used to generate equivalent atoms: i -x+1,-y+1,-z+1 

Table 3.8. Hydrogen-bonding geometry (A, 0) for [Mg(H20)2(Im)2(4-nba)2] 17. 

D-H••A d(D-H) d(H•••A) d(D•A) <DHA Symmetry code 

03-H2W2•02 i  0.857 1.823 2.652 162.18 [-x+1, -y+1, -z+1] 

03-H1W1 -.0 l l ' 0.826 2.002 2.807 164.52 [-x, -y+1, -z+1] 

N2-H3N2-02 lil  0.871 2.260 3.011 144.28 [-x+1, -y, -z+1]  

N2-H3N2•05 iv  0.871 2.518 3.132 128.14 [x+1, y-1, z+1] 
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A nearly overlapped arrangement of parallel imidazole ligands in 

neighbouring complex molecules is observed in the crystal structure of 17 and the 

perpendicular distance of 3.583 A accompanied by Cg—Cg distance of 3.6382 A 
between the imidazolerings indicates 7E it stacking interactions. A similar feature has 

been reported in the related isostructural Mn, Co and Ni complexes [79, 84, 123]. The 

observed interplanar distance between two imidazole rings of the neighbouring 

molecules in 17 is found to be slightly less than the value reported for the Mn(II) 

complex (3.624 A) but longer than that reported for Ni(II) (3.535 A) and Co(II) 

(3.555 A) analogues. For the 6-membered 4-nba rings, the observed Cg—Cg distance 

of 4.3576 A and the perpendicular distance from the centre of one ring to the next ring 

at 3.345 A indicate it-it interactions but the rings do not overlap. 

Complex [Mg(H20)(N-MeIm) 2(4-nba)2]2  18 crystallizes in the centrosymmetric 

triclinic space group PT and its asymmetric unit consists of half of the dimeric 

complex molecule. In the centrosymmetric dimer, each Mg atom is coordinated to an 

aquo ligand, two monodentate N-MeIm ligands and a monodentate 4-nba ligand. 

The second 4-nitrobenzoate ligand functions as a bridging bidentate ligand (p2-1 1 : 

1 1), linking the metal centers and completes the hexacoordination around each Mg(II) 

(Figure 3.7). This bridging binding mode of the 4-nba ligand results in the formation 

of the characteristic eight membered ring observed in bridged dinuclear carboxylates, 

consisting of two Mg atoms, four oxygen atoms and two carbon atoms from the 

carboxylate moieties of the bridging ligands. The observed bond lengths and bond 

angles of the organic moieties are in the normal range. The Mgl-02 bond distance 

observed for the monodentate 4-nba in 18 is shorter at 2.1105(11) A as compared to 

the Mg-0 bond distances of the bridging bidentate 4-nba ligand (Table 3.9). The Mg—

N bond lengths in 18 are slightly longer than the reported [127] Mg—N bond length of 

2.1726(17) A in the mononuclear Mg-imidazole complex [Mg(H20)2(Im)2(4-nba)2] 

17. The cis 0—Mg-0 and 0—Mg--N angles in 18 range from 84.85(5) to 95.16(5)° 

with one of the angles close to the ideal value, while the trans bond angles range from 

171.51(4) to 178.13(4)° indicating a slight distortion of the {MgO4N2} octahedron. 

An analysis of the structure reveals that the dimeric Mg(II) complex 18 

exhibits two short H-bonding interactions accompanied by large DHA angles (Table 

3.10) between a coordinated water and the free oxygen atom of the monodentate 4- 

nba. Both these 0-11•0 contacts are much shorter than the sum of their van der 
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Waals radii [204] and the coordinated water functions as a singly shared H-donor and 

the free carboxylate oxygen 01 functions as a H-acceptor. One of these H-bonds, is 

intramolecular and the other intermolecular, linking a dimeric unit with the next 

resulting in the formation of a one-dimensional H-bonded network along b (Figure 

3.8). 

Figure 3.7. The crystal structure of [Mg(H 20)(N-MeIm)2(r1 1 -4-nba)(u2-re m 1 -4-nba)] 

18 showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 50% 
probability level except for the hydrogen atoms, which are shown as circles of 
arbitrary radius. Symmetry code: i — x, —y + 2, —z + 1 

Figure 3.8. Linking of a dimeric complex [Mg(H 20)(N-MeIm) 2(r1 1 -4-nba)(u2-ri l m 1 -4- 

nba)] 18 with the next unit along b by an intermolecular H-bond resulting in the 
formation of a one-dimensional network. 
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D-H•••A d(D-H) ci(H•••A) 	 <DHA 	Symmetry code 

 

	

05-H105-01 11 	0.840 	1.987 	2.809 	165.86 	[-x, -y+1, -z+1] 

	

05-H205•-01 	0.840 	1.922 	2.738 	163.41 

Table 3.9.Selected bond lengths [A] and angles [deg] for [Mg(1420)(N-MeIm)2(4-nba)2],18 

Mg(1)-0(11) 2.0395(11) Mg(1)-0(5) 2.1170(11) 
Mg(1)-0(12 1 ) 2.0715(11) Mg(1)-N(32) 2.1780(13) 
Mg(1)-0(2) 2.1105(11) Mg(1)-N(22) 2.1986(13) 
0(11)-Mg(1)-0(12) 1  94.68(4) 0(2)-Mg(1)-N(32) 89.39(5) 
0(11)-Mg(1)-0(2) 171.57(4) 0(5)-Mg(1)-N(32) 89.18(5) 
0(12) 1 -Mg(1)-0(2) 92.47(4) 0(11)-Mg(1)-N(22) 90.75(5) 
0(11)-Mg(1)-0(5) 86.54(4) 0(12) 1  -Mg(1)-N(22) 89.45(5) 
0(12) 1  -Mg(1)-0(5) 178.13(4) 0(2)-Mg(1)-N(22) 84.85(5) 
0(2)-Mg(1)-0(5) 86.43(4) 0(5)-Mg(1)-N(22) 91.97(5) 
0(11)-Mg(1)-N(32) 95.16(5) N(32)-Mg(1)-N(22) 174.04(5) 
0(12) 1  -Mg(1)-N(32) 89.29(5) 

Symmetry transformations used to generate equivalent atoms: i -x, -y+2, -z+1 

Table 3.10. Hydrogen-bonding geometry (A, °) for [Mg(H20)(N-MeIm)2(4-nba)2] 118 

3.3.2 Description of crystal structures of Ca(H) complexes( 3, 19, 20 and 21) 

[Ca(H20)4(4-nba)2] 3 crystallizes in the monoclinic space group P21/c and all 

atoms are located in general positions. The central metal is seven coordinated and 

linked to the 0 atoms of the four water ligands. The H atoms attached to 024 could 

not be located, while the H atoms of all the other coordinated water molecules were 

located in the different map. One carboxylate 0 atom from a monodentate 4-nba (p 1 ) 

and two carboxylate 0 atoms from a bidentate 4-nba ligand (11 2) complete the 

heptacoordination around Ca(II) (Figure. 3.9). Interestingly, in the related 4- 

aminobenzoate (4-aba) complex [Ca(H20)2(4-aba)2] [17(b)], the metal is eight 

coordinated with the 4-aba ligand, and is coordinated in bidentate mode with one of 

the bidentate 0 atoms functioning as a bridge to the next Ca. The Ca-0 distances for 

the bidentate 4-nba ligand at 2.4846(13) and 2.5202(12) A are nearly equal indicating 

a symmetric bidentate mode while the Ca-0 distance for the monodentate 4-nba is 

shorter at 2.3418(12) A. The observed Ca-0 (water) scatter in a small range from 

2.3162(14) to 2.4323(15) A and all Ca-0 bond distances in 3 are in good agreement 

with those observed in Ca(II) complexes [206]. Selected bond lengths and bond 

angles are collected in Table 3.11. Each molecule of 3 is linked to five other 

molecules with the aid of 0-H•0 interactions ranging from 1.880 to 2.511 A (Figure 

3.10), and all these 0••H contacts are shorter than the sum of their van der Waals 

radii [204]. The geometric parameters of these interactions are summarized in Table 

3.12. 
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Table 3.11. Selected bond distances and bond an les for Ca H 0 a 4-nba 3 
Ca(1)-0(21) 2.3162(14) Ca(1)-0(24) 2.4323(15) 
Ca(1)-0(22) 2.3257(12) Ca(1)-0(2) 2.4846(13) 
Ca(1)-0(11) 2.3418(12) Ca(1)-0(1) 2.5202(12) 
Ca(1)-0(23) 2.4130(14) 
0(21)-Ca(1)-0(22) 177.09(5) 0(22)-Ca(1)-0(2) 81.95(5) 
0(21)-Ca(1)-0(11) 92.14(5) 0(11)-Ca(1)-0(2) 136.46(5) 
0(22)-Ca(1)-0(11) 89.89(5) 0(23)-Ca(1)-0(2) 144.57(5) 
0(21)-Ca(1)-0(23) 94.80(6) 0(24)-Ca(1)-0(2) 75.86(5) 
0(11)-Ca(1)-0(23) 76.89(5) 0(21)-Ca(1)-0(1) 85.38(5) 
0(21)-Ca(1)-0(24) 81.27(7) 0(22)-Ca(1)-0(1) 92.68(4) 
0(22)-Ca(1)-0(24) 98.09(7) 0(11)-Ca(1)-0(1) 86.24(4) 
0(11)-Ca(1)-0(24) 147.64(6) 0(23)-Ca(1)-0(1) 163.13(5) 
0(23)-Ca(1)-0(24) 72.19(6) 0(24)-Ca(1)-0(1) 124.33(5) 
0(21)-Ca(1)-0(2) 95.14(5) 0(2)-Ca(1)-0(1) 51.84(4) 
0(22)-Ca(1)-0(23) 87.68(6) 

Table 3.12 - Hydrogen-bonding geometry (A) for [Ca(H20) 4(4-nba)2 ] 

D-H•••A d(D-H) d(H•A) d(D••.A) <DHA Symmetry code 
021 -H10 •••012i  0.840 1.933 2.745 162.29 [-x, y+1/2, -z+1/2] 
021-H20 -02 i  0.840 1.866 2.680 162.73 [-x, y-1/2, -z+1/2] 
022-H30 -012 ii  0.840 1.880 2.695 163.18 [-x, -y+2, -z 
022-H40 -01 11  0.840 1.882 2.700 164.04 [-x, -y+2, -z 
023-HSO -04 0.840 2.282 3.043 150.80 [x+1, -y+5/2, z+1/2 
023-H60 -013 0.840 2.511 3.104 128.47 [-x+1, y+1/2, -z+1/2] 

A careful analysis of the structure reveals that 3 is involved in H-bonding 

interactions with three of the four waters 021, 022 and 023 functioning as H-donors 

while the carboxylate and nitro oxygens function as H-acceptors. The free 

uncoordinated 0 atom of the monodentate 4-nba ligand (012) and one of the 

coordinated 0 atom of the bidentate 4-nba (01) in 3 are linked to the coordinated 

water 022 of a neighbouring Ca(II) with the aid of short H-bonds at around 1.88 A 

(Figure. 3.11). The same contacts are observed between the second Ca(II) and the first 

due to the linking of the carboxylate 0 atoms with the coordinated water 022 of the 

first Ca(II) in a head to tail fashion, leading to the formation of H-bonded dimers. The 

pseudo dimers, thus formed, are further linked along a with the aid of H-acceptor 

bonds formed by the nitro oxygens 04 and 013 in two different complex molecules 

on either side of 3 with the coordinated water 023 of 3 resulting in the formation of a 

mixed organic-inorganic zigzag H-bonded chain along a (Figure. 3.12). The H-donor 

bonds of the third water 021 further extend the network along b completing the 

supramolecular architecture of 3 (Figure. 3.13). An analysis of the ring interactions 

reveals that the structure of 3 is further stabilized by 7C-7C stacking interactions (Figure 

3.14). 
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Figure 3.9. The asymmetric unit of [Ca(H20)4(r1 1 -4-nba)(r1 2-4-nba)] 3, showing the 
atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level 
except for the H atoms, which are shown as circles of arbitrary radius. 

Figure 3.10. H-bonding situation around compound 3 showing the linking of each Ca 
complex with five other complexes via intermolecular 0-H...0 interactions. H atoms 
attached to C are not shown for clarity. 
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Figure 3.11. Linking of two adjacent molecules of 3 with the aid of 022-H40•••01, 
022-H30•••012 interactions resulting in the formation of pseudo dimers. 

Figure. 3.12. Mixed organic-inorganic zigzag H-bonded chain formed by hydrogen 
acceptors bonds of the nitro group (023-HSO...04 and 023-H60..•013) with 
coordinated water (023) 
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Figure 3.13. Three-dimensional H- bonded network in 3 showing 0-H••0 
interactions in the crystal lattice viewed along c-axis. H atoms attached to C are 
omitted for clarity 

Figure 3.14. A view of the extended supramolecular architecture of 3 stabilized by n-

n stacking interactions along c 
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[Ca(H20)3(Im)(4-nba)2]•Im A crystallizes in the monoclinic space group 

P21/c and all atoms are located in general positions (Figure 3.15). The observed bond 

distances and bond angles of the 4-nba ligand are in good agreement with those 

observed for 17. The observed values of the trans 0—Ca-0 and 0— Ca—N bond angles 

between 160.19(6) to 177.33(6)° and the cis 0—Ca-0 angles ranging from 80.78(6) to 

98.73(5)° (Table 3.13) indicate that the {CaO5N} octahedron is severely distorted. 

The coordination sphere of 19 consists of five oxygen atoms, with two from cis 

monodentate nitrobenzoate ligands and the remaining three oxygens from aquo 

ligands. The sixth position is occupied by an Im nitrogen and is coordinated to Ca at a 

longer distance of 2.4652(16) A unlike in 17 where the imidazoles are bonded to Mg 

at 2.1726(17) A. The second imidazole is free and linked to the metal complex with 

the aid of 0—H•N and N—H•0 bonds. In addition, the coordinated water molecules, 

imidazole, as well as the carboxylate oxygens of the 4-nitrobenzoate, are involved in 

H-bonding. Oxygen atom of the nitro group in 19 is not involved in any 

intermolecular interactions. A careful analysis of the structure reveals that 19 is 

involved in three varieties of intermolecular interactions namely 0—H•••0, N—H•0 

and 0—H•N bonds ranging from 1.789 to 2.535 A (Table 3.14). Each 

hexacoordinated Ca(II) complex is H-bonded to four other complexes resulting in the 

formation of a three-dimensional H-bonded network (Figure 3.16). The free imidazole 

is involved in three short H-bonding contacts and links three different complex 

molecules. The imine N atom (N5) of the free imidazole functions as a bifurcated H-

bond acceptor linking adjacent complex molecules of 19 along b with the aid of 0— 

H—N interactions leading to the formation of an extended H-bond chain of hexaco 

ordinate Ca(II) complexes linked by the free imidazole (Figure 3.17). The chains of 

complex molecules thus formed are further cross-linked by a H-donor bond formed by 

the amine N atom (N6) of the free imidazole with the free 06 atom of a coordinated 

carboxylate. In addition, the amine nitrogen (N2) of the coordinated imidazole forms 

a H-donor bond with the free oxygen (02) of a coordinated carboxylate and this N—

H•0 interaction serves to cross-link the H-bonded complex chains (Figure 3.18). In 

addition to the earlier mentioned 0-14—N interactions which link adjacent Ca 

complexes, the coordinated water ligands (09), (010) and (011) participate in several 

H bonding interactions and are linked with the carboxyl oxygens 02, 01, 05 and 06 

as well as a coordinated water. In all five short 0—H-0 interactions ranging from 

1.789 to 2.535 A are observed. One water ligand (010) functions as a bifurcated 
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donor and is linked with the coordinated carboxyl oxygen (05) at 2.326 A and with 

011 at a longer distance of 2.535 A. In addition, 09, 010 and 011 are also H-bonded 

to the carboxyl oxygens 02, 01, 06 respectively. These interactions further link the 

already formed chains, forming an intricate H-bonded network (Figure 3.19). 

Table 3.13. Selected bond lengths [A] and angles [deg] for [Ca(H20)3(Im)(4-nba)2].Im 19 

Ca(1)-0(5) 2.2952(13) Ca(1)-0(11) 2.3413(15) 

Ca(1)-0(10) 2.3373(16) Ca(1)-O(9) 2.3621(14) 
Ca(1)-0(1) 2.3380(14) Ca(1)-N(1) 2.4652(16) 
0(5)-Ca(1)-0(10) 97.84(6) 0(1)-Ca(1)-0(9) 89.90(5) 
0(5)-Ca(1)-0(1) 87.89(5) 0(11)-Ca(1)-0(9) 96.49(6) 
0(10)-Ca(1)-0(1) 92.75(5) 0(5)-Ca(1)-N(1) 98.73(5) 
0(5)-Ca(1)-0(11) 85.59(6) 0(10)-Ca(1)-N(1) 160.19(6) 
0(10)-Ca(1)-0(11) 83.19(6) 0(1)-Ca(1)-N(1) 98.63(5) 
0(1)-Ca(1)-0(11) 171.77(5) 0(11)-Ca(1)-N(1) 87.34(6) 
0(5)-Ca(1)-0(9) 177.33(6) 0(9)-Ca(1)-N(1) 83.07(6) 
0(10)-Ca(1)-0(9) 80.78(6) 

Table 3.14. Hydrogen-bonding geometry (A, °) for [Ca(H20)3(Im)(4-nba)2] . Im 19 

D-H•A d(D-H) d(H.. A) d(D•••A) <DHA Symmetry code 

011-H1113•N5i  0.791 2.092 2.875 170.03 [x-1, y, z] 

09-H9B•••02" 0.871 1.885 2.748 171.10 [ -x+1, -y, -z ] 

011-H11A•06"` 0.903 1.789 •.681 168.94 [ -x, -y, -z ] 

09-119A•N5 0.754 2.196 2.939 168.65 

N2-H2X•••02 l" 0.808 2.084 2.883 169.52 [ x, y+1, z ] 

010-H10A-01' 0.831 1.975 2.805 175.86 [ -x+1, -y, -z ] 

010-H10B•05 hi  0.773 2.326 3.033 152.53 [ -x, -y, -z ] 

010-H10B•011' 0.773 2.535 3.034 123.82 [ -x, -y, -z ] 

N6-H6X•06" 0.850 2.155 2.948 154.98 [ x+1, y+1, z ] 

An analysis of the ring interactions [9(a), 206] reveals that the Cg-Cg 

distances for the five membered and the six-membered rings are 3.8269 and 3.7543 A 

respectively. The corresponding perpendicular distances from the centre of the first 

ring to the second ring are 3.551 and 3.494 A respectively. These values are indicative 

of 7C-7E interactions. The crystal structure of Kca( 2-MeIm)3(11-F120)(12-11 2-4-nba)(112- 

ri l :r1 1 -4-nba)] n  20 consists of a central Ca(II), a monodentate 2-MeIm, two 

crystallographically independent 4-nba ligands and a bridging water ligand (Figure 

3.20 ). The central metal Ca(II) is bonded to a N-atom of 2-MeIm, four oxygen atoms 

of four different 4-nba ligands and two 0-atoms from two symmetry related water 
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Figure 3.15. The asymmetric unit of [Ca(H20)3(Im)(1 1 -4-nba)2]• Im 19 showing the 
atom-labeling scheme. Displacement ellipsoids are drawn at 50 % probability level 
except for the H atoms, which are shown as circles of arbitrary radius. 

ID my 

Figure 3.16. H-bonding situation around [Ca(H20)3(lin)(1 1 -4-nba)21•1m 19 showing 
the linking of each hexacoordinated Ca(II) complex with four others with the aid of 
0-H.-0, N-H-.0 and the free Im linking two adjacent Ca(II) complexes via 0-H•-N 
interactions. H atoms attached to C are not shown for clarity. Symmetry codes i: x-1, 
y, z; ii. -x+1, -y, -z; 111. -x, -y, -z; iv: x, y+1, z; v: x+1, y+1, z 
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Figure 3.17. Linking of hexacoordinated Ca(II) complexes by the free Im with the aid 
of 0-H•--N interactions leading to the formation of a H-bonded chain along b axis in 
19. H atoms attached to C are not shown for clarity. 

Figure 3.18. Cross-linking of H-bonded chains of hexacoordinated Ca(II) complexes 
in 19 by free as well as coordinated imidazole through N—H•••0 interactions. H atoms 
attached to C are not shown for clarity. 
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Figure 3.19. Formation of an intricate H-bonded network in 19, showing three 

varieties of H-bonding interactions namely 0-H•0, N-H••.0 and 0-H•N. H atoms 

attached to C are not shown for clarity. 

Figure 3.20. The coordination sphere of [Ca(u2-H20)(2-Melm)(112-ri l :ri l -4-nba(12-11 2- 
4-nba)b 19 showing the atom-labelling scheme. Displacement ellipsoids are drawn at 

50 % probability level except for the H atoms, which are shown as circles of arbitrary 

radius. Symmetry codes i —x+1/2, y-1/2, -z+2/3; ii —x+1/2, y+1/2, -z+2/3. 
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ligands resulting in [CaO6N] pentagonal bipyrimidal polyhedron. The geometric 

parameters of the 4-nba ligands and 2-MeIm are in the normal range. The Ca-0 bond 

distances range between 2.3100(11)-2.5654(11) A and are in agreement with reported 

values [97, 127, 133] while the 0-Ca-0 and O-Ca-N angles vary between 65.73(3)-

172.63(5) °  (Table 3.15). One of the crystallographically independent 4-nba ligand 

functions as a monatomic bridging ligand (22-11 2-4-nba) and is bonded via 01 to two 

symmetry related Ca(II) ions with Ca-0 distances of 2.4205(11) and 2.4912(11) A 
respectively. The second unique 4-nba ligand functions as a bridging bidentate ligand 

012-11 1 :11 1 -4-nba) and is bonded to two different Ca(II) ions via 011 and 012 at 

2.4205(11) and 2.4912(11) A respectively. The water ligand is bonded to two 

symmetry related Ca(II) ions at 2.5654(11) A, resulting in a [12_H20 bridge. As a result 

of the bridging modes of the 4-nba and H2O ligands each {Ca(2-MeIm)} unit is linked 

into a one dimensional polymeric chain consisting of three chains all of which 

propogate again b axis (Figure 3.21). The H-bonding situation around each 

heptacoordinated Ca(II) complex is depicted in Figure 3.22 and the geometric 

parameters of the H-bonds are listed in Table 3.16. 

Table 3.15. Selected bond lengths [A] and angles [deg] for [[Ca(2-MeIm)](p.4120)(1-12-11 2 - 
4-nba)(12-i i m l -4-nba)in 

Ca(1)-0(11) 2.3100(11) Ca(1)-N(21) 2.5024(13) 
Ca(1)-0(12)' 2.3119(11) Ca(1)-0(41)" 2.5654(11) 
Ca(1)-0(1)" 2.4205(11) Ca(1)-Ca(1)" 3.8432(3) 
Ca(1)-0(1) 2.4912(11) Ca(1)-Ca(1)' 3.8432(3) 
Ca(1)-0(41) 2.4978(11) 0(11)-Ca(1)-N(21) 99.84(5) 
0(11)-Ca(1)-0(12)' 172.63(5) 0(12)-Ca(1)-N(21) 83.69(5) 
0(11)-Ca(1)-0(1)" 87.00(4) 0(1)" -Ca(1)-N(21) 77.74(4) 
0(12)' -Ca(1)-0(1)" 100.11(4) 0(1)-Ca(1)-N(21) 146.38(4) 
0(11)-Ca(1)-0(1) 79.52(4) 0(41)-Ca(1)-N(21) 80.64(4) 
0(12)1 -Ca(1)-0(1) 93.94(4) 0(11)-Ca(1)-0(41)" 95.97(4) 
OW" -Ca(1)-0(1) 135.28(3) 0(12)`-Ca(1)-0(41)" 85.31(4) 
0(11)-Ca(1)-0(41) 85.80(4) 0(1)" -Ca(1)-0(41)" 65.73(3) 
0(12)' -Ca(1)-0(41) 88.42(4) 0(1)-Ca(1)-0(41)" 73.50(4) 
0(1)"-Ca(1)-0(41) 155.67(4) 0(41)-Ca(1)-0(41)" 138.19(3) 
0(1)-Ca(1)-0(41) 65.76(3) N(21)-Ca(1)-0(41)" 139.17(4) 

Symmetry transformations used to generate equivalent atoms: 
z+3/2 

Table 3.16. Hydrogen-bonding geometry (A, °) for 
(0,0)(11-4-nba(0,0 1)1„, 20 

i -x+1/2, y-1/2,-z+3/2; ii -x+l/2,y+1/2,- 

[Ca(ii-H20(0,0)(2-MeIm)(p.-4-nba 

D-FI-- -A d(D-H) d(H•••A) D(D-•-A) <DHA Symmetry code 
N22-H22-02"' 0.870 2.012 2.873 170 [ x-1/2, -y+3/2, z-1/2 ] 
041-H41A-013'v 0.820 2.160 2.972 171 [ -x+1, -y+1, -z+1 ] 
041-H41B-02' 0.820 2.002 2.642 170 [ -x+1/2, y-1/2, -z+3/2 
041-H41 B-01 ' 0.820 2.600 3.026 114 [ -x+1/2, y-1/2, -z+3/2 ] 
C24-H24A---011 0.940 2.411 3.347 162 
C5-H5 -03" 0.940 2.532 3.398 153 [-x+3/2, y+1/2, -z+3/2] 
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(a) 
	

(b) 

Figure 3.21. Triple stranded polymeric chains in 20 formed from two bridging 
bidentate (22-1 1 :1 1 -4-nba) and monoatomic bridging bidentate (22-1 2-4-nba) 4- 
nitrobenzoates and bridging water running along the b axis. For clarity only the 0 
atoms involved in the chain formations are shown in (a). The carboxylate rings are 
included in (b). 

012 

o 
02 i  

0 
Figure 3.22. H-bonding situation around compound 20 showing the linking of each 
Ca complex with five other complexes via intermolecular 0-H-0 and C-H•0 
interactions. Symmetry codes: i -x+1/2, y-1/2, -z+3/2, ii x-1/2, -y+3/2, z-1/2, iii -x+1, 
-y+1, -z+1, iv -x+3/2, y+1/2, -z+3/2. 
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Compound 21 crystallizes in the triclinic space group Pr and all atoms are 

located in general positions. The structure reveals that 21 is a polymer and can be 

formulated as catena-poly[ {N-methylimidazole)calcium(ID} (12-11 

nitrobenzoato) (.13-1 2 :1 1 -4-nitrobenzoato)]. The structure of [{Ca(N-Mehn)}(.12-1 1 :1 1 .  

4-nba)(1.13-12:1 1 -4-nba)] n  21 consists of a central Ca(II) ion, a terminal N-MeIm ligand 

and two crystallographically independent 4-nba ligands. In the crystal structure, each 

Ca(II) is bonded to a nitrogen atom of N-MeIm and five oxygen atoms from five 

symmetry related 4-nba ligands resulting in a distorted {CaO5N} octahedron (Figure. 

3.23 (left)). The geometric parameters of the 4-nba anions and N-MeIm are in the 

normal range and are comparable with literature values [75, 97-98, 127]. The Ca-0 

distances in 21 range from 2.2823(12) to 2.4507(11) A (Table 3.17) and are in 

agreement with literature values [97, 127]. The Ca-N bond is longer at 2.5088(14) A. 

The cis 0-Ca-0 and 0-Ca-N angles range from 73.71(4) to 100.31(4)o while the trans 

0-Ca-0 and 0-Ca-N angles range from 163.97(4) — 175.54(4) °  indicating a distorted 

octahedron. It is interesting to note that both 4-nitrobenzoates in each formula unit are 

coordinated to the central Ca(II) in different bridging modes (Figure 3.23(right)). One 

of the two 4-nba anions in each formula unit functions as a bridging bidentate ligand 

(.12-1 1 :1 1 -4-nba) (Figure 24) and is linked to two symmetry related Ca(II) ions via 05 

and 06 atoms resulting in the formation of an infinite chain along a axis with a 

Ca•••Ca separation of 5.531(1) A. The second independent ligand (.13-1 2 :1 1 -4-nba) is 

coordinated to three different Ca(II) ions with both the carboxylate oxygen atoms 01 

and 02 linked to the same infinite chain formed earlier and one of the carboxylate 

oxygen atoms (01) functioning as a monoatomic bridge between two symmetry 

related Ca(II) ions ( Figure. 3.25 and Figure. 3.26). This monoatomic bridging mode 

serves to link the two infinite chains with a shorter Ca•••Ca separation of 3.8585(7) A 

resulting in the formation of a one dimensional ladder structure [Figure. 3.27]. It is to 

be noted that Ca(II)forms a polymeric compound with 4-nba in the presence of N-

Melm unlike Mg(II) which forms a centrosymmetric diameric complex [Mg(H20)(N-

Meim)2(i 1 -4-nba)(1.12-1 1 :1 1 -4-nba)]2 18. The coordination polymer 21 and the 

previously reported monomeric compounds [Ca(H20)4(1 1 -4-nba)(12-4-nba)] 3, 

[Ca(H20)3(h11)(11 1 -4-nba)2] .Im 12 and [ {Ca(2-MeIm)} (12-H20)(22-1 2-4-nba)(11,2-1 1 :1 1 - 

4-nba)] n  constitute a group of Ca(II) complexes having Ca:4-nba in a 1:2 mole ratio 

and showing different binding modes of the 4-nba ligand. In terms of secondary 

interactions 3 shows only 041•.•0 interactions while the monomeric imidazole 
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compound is involved in three varieties of H-bonding interactions namely 0-1-1•••0, 

N-H•0 and 0-H•N. The absence of coordinated water as well as methylation of the 

nitrogen atom in N-MeIm in 21 blocks the 0-H•0, N-H•••0 and 0-H••N interactions. 

An analysis of the structure of 21 reveals that the anhydrous compound is involved in 

only C-H•0 interactions (Figure. 3.28) with the oxygen atoms of the nitro groups 

functioning as H-acceptors and the methyl group of imidazole as well as H atoms on 

the aromatic ring functioning as H-donors. The geometric parameters of these 

hydrogen bonds are listed in Table 3.18. 

Table 3.17. Selected bond lengths [A] and angles [deg] for Ca(N-MeI4(1241 1 :11 1 -4- 
nba)(113-12 :1 1 -4-nba)]. 

N(3)-Ca(1) 2.5088(14) O(5)-Ca(1) 2.3074(12) 
O(1)-Ca(1) 2.3710(11) O(6)-Ca(1) 2.2823(12) 
0(1)-Ca(1) 1  2.4507(11) Ca(1)-0(1)' 2.4507(11) 
O(2)-Ca(1) 2.3292(11) Ca(1)-Ca(1) 1  3.8585(7) 
0(6)-Ca(1)-0(5) 96.22(5) 0(2)-Ca(1)-0(1)' 93.23(4) 
0(6)-Ca(1)-0(2) 92.78(4) 0(1)-Ca(1)-0(1)' 73.71(4) 
0(5)-Ca(1)-0(2) 165.10(4) 0(6)-Ca(1)-N(3) 88.01(5) 
0(6)-Ca(1)-0(1) 90.60(4) 0(5)-Ca(1)-N(3) 84.47(5) 
0(5)-Ca(1)-0(1) 91.47(4) 0(2)-Ca(1)-N(3) 84.00(4) 
0(2)-Ca(1)-O(1) 100.31(4) O(1)-Ca(1)-N(3) 175.54(4) 
0(6)-Ca(1)-0(1)" 163.97(4) 0(1) 1  -Ca(1)-N(3) 107.39(4) 
0(5)-Ca(1)-0(1)` 81.25(4) 0(6)-Ca(1)-Ca(1) 1  128.09(4) 

Symmetry transformations used to generate equivalent atoms: i -x+1,-y+1,-z+1 

Table 3.18. Hydrogen-bonding geometry (A, 0) for 21 

D-H•••A cl(D-H) d(H•••A) d(D•••A) <DHA Symmetry codes 

C13-H13•••08 i ` 0.93 2.67 3.456(3). 142.9 [-x+1, -y, -z 

C13-H13•04 1 " 0.93 2.69 3.586(2) 160.9 [-x, -y+1, -z] 

C6-H6•••07" 0.93 2.63 3.519(2) 160.4 [-x+1, y+1, -z] 

C4-H4•03 61  0.93 2.62 3.495(2) 157.3 [-x, -y+1, -z] 

C18-H1813•07 v  0.93 2.44 3.378(3) 167.1 [x+1, y, z+1] 
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Figure 3.23. The coordination sphere of Ca(II) in [Ca(N-MeIm)(1.12-ri l  31 1 -4-nba)(1.13 - 
ri2

:I)
1 -4-nba)] 21 showing the atom-labeling scheme. Displacement ellipsoids are 

drawn at the 50% probability level except for the H atoms, which are shown as circles 

of arbitrary radius (left). The bridging bidentate (05, 06) and bridging tridentate (01, 
01, 02) binding modes of the 4-nitrobenzoate anions in 21 (right). Symmetry code: i) 
-x+1,-y+1,-z+1 ii) -x+2,-y+1,-z+1 iii) x-1,y,z . 

a 

Figure 3.24. The bridging bidentate mode of 4-nba ligand (05, 06) in 21 results in 

the formation of an infinite oxygen linked Ca(II) chain along a. Each Ca(II) is further 

linked to three more symmetry related 4-nba anions (01, 01, 02) which are not 

shown. 

C11 

C13 

C10 
C14 
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Figure 3.25. A view of the bridging bidentate coordination of 4-nba through 05 and 
06 leading to a one-dimensional polymeric Ca(II) chain complex along a with 
Ca•••Ca separation of 5.531(1) A in 21. The monoatomic bridging mode of 01 results 
in the linking of two infinite chains. In the chains each Ca(II) is bonded to five 0 and 
one N atom. For clarity only the carboxylate groups are shown. 

b 

Figure 3.26. The tridentate bridging mode of the second 4-nba ligand (01, 02) in 21 

serves to link two infinite chains. For clarity only the 0 atoms involved in the chain 

formation are shown. 
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Figure 3.27. Two infinite chains of hexacoordinated complexes are linked with the 
aid of the monoatomic bridging 01 atom resulting in the one-dimensional ladder 
structure. For clarity the linking 0 atoms are not shown and only the ladder points 
consisting of Ca(II) linked to N-MeIm are shown in 21. 

Figure 3.28. Packing diagram of compound 21 showing C-H•0 interactions. 

92 



3.3.3. Description of crystal structure of [Sr(H20)7(r1 2  -4-nball (4-nba)-21120 5 

Compound [Sr(H20)7(r1 2  -4-nba)](4-nba).2H20 5 crystallizes in the monoclinic space 

group 13 2 1 /c with all atoms located in general positions (Figure. 3.29). The structure 

consists of a nine coordinated heptaaqua(r1 2 -4-nitrobenzoato)strontium(II) complex 

cation, an uncoordinated 4-nitrobenzoate and two lattice water molecules. It is 

interesting to note that the Sr compound contains coordinated and crystal water 

molecules, a bidentate 4-nba ligand as well as an uncoordinated 4-nba anion. The 

geometric parameters of the coordinated and free 4-nba anions are comparable with 

the observed values in the earlier mentioned Mg and Ca complexes. The Sr-0 bond 

lengths vary from 2.5702 (16) to 2.7893 (15) A while the 0-Sr-0 angles scatter in a 

wide range between 47.56 (4) to 144.55 (6)° [Table 3.19]. 

An analysis of the structure reveals that the title compound is involved in 

several hydrogen bonding interactions through all possible sites and the resulting 

hydrogen bonded network is displayed in Figure. 3.30. Each molecule of (I) is linked 

to ten others with the aid of 0-H•••0 and C-H•••0 bonds, with the 0 atoms of the 

coordinated and lattice water molecules, the nitro and carboxylate functionalities 

functioning as hydrogen bond acceptors. All the H atoms attached to the water 

molecules excepting H16A and H17A and three H atoms on the aromatic rings 

function as singly shared H donors. A total of twenty 0-H•••0 interactions ranging 

from 1.85 to 2.61 A and three weak C-H•••0 contacts between 2.53 to 2.60 A are 

observed (Table 3.20). All these 0-.H contacts are less than the sum of their van der 

Waals radii [204]. As a result of hydogen bonding, the cations and anions are 

organized into alternating layers in the crystallographic ac plane with the crystal 

waters situated in the space between them. The short 017-H17B...016iv contact at 

1.98 A accompanied by a 0•-0 distance of 2.761 (4) A between 017 and a symmetry 

related crystal water 016iv (for symmetry codes see Table 3.20) constitutes a water 

dimer [202]. The water dimer thus formed is further hydrogen bonded to four 

different complex cations and an uncoordinated 4-nba anion with the aid of eight 0-

H•••0 bonds. The bifurcated acceptor nature of 016 and 017 results in a tetrahedral 

coordination around the 0 atoms of the crystal water molecules. As a result strontium 

4-nitrobenzoate complex, functions as a molecular container for encapsulating a water 

dimer. 
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gen-bond geometry (A, °) for [Sr(H20)2(r1 2  -4-nba)](4-nba).2H20 
<DHA 

Table 3.20. Hydro 
D-H-A d(D-H) 	d(H•••A) Symmetry code 
09-H9B•011' 0.82 	2.10 2.894 (2) 162 	[-x, y-1/2,-z+1/2] 
010-H10A•013" 0.82 	2.04 2.841 (2) 165 	[-x,y+1/2, -z+1/2] 
014-H14A•05 i" 0.82 	1.98 2.788 (2) 170 	[-x, y+1/2, -z+1/2] 
09-H9A•05 1  0.80 (3) 	2.03 (3) 2.815 (2) 169 (3) 	[-x, y-1/2,-z+1/2] 
011-H11A•02" 0.80 (3) 	1.95 (3) 2.707 (2) 160 (3) 	[-x,y+1/2, -z+1/2] 
011-H11B•016'" 0.82 (3) 	2.02 (3) 2.833 (3) 176 (3) 	[-x+1, y+1/2, -z+1/2] 
015-H15B•07" 0.81 (4) 	2.35 (4) 3.104 (3) 154 (3) 	[x, -y+3/2, z+1/2] 
015-H15A•017"' 0.73 (4) 	2.17 (4) 2.881 (4) 165 (3) 	[x-1, y, z] 
017-H17B•016w 0.82 (4) 	1.98 (4) 2.761 (4) 158 (3) 	[-x+1, y+1/2, -z+1/2] 
017-H17A•04' 0.78 (4) 	2.37 (4) 3.087 (3) 153(3) 	[x-1, y, z] 
017-H17A•03' 0.78 (4) 	2.57 (4) 3.264 (3) 150 (3) 	[x+1, -y+3/2, z+1/2] 
014-H14B•017 0.801 (17) 	2.06 (2) 2.831 (3) 163 (3) 
013-H13A•01 ;  0.82 (3) 	1.85 (3) 2.657 (2) 168 (3) 	[-x, y- 1/2,-z+1/2] 
013-H13B•05 th  0.81 (3) 	1.94 (3) 2.732 (2) 164 (3) 	[-x+/, y+1/2, -z+1/2] 
012-H12B•09"i 0.74 (3) 	2.18 (3) 2.899 (3) 165 (3) 	[x+1, y, z] 
012-H12A-06 0.81 (3) 	2.00 (3) 2.799 (2) 175 (3) 
016-H16B•06 0.82 (3) 	1.93 (3) 2.739 (3) 171 (3) 
016-H16A•010 1  0.76 (4) 	2.28 (4) 2.921 (3) 141 (3) 	[-x, y-1/2,-z+1/2] 
016-H16A-02 0.76 (4) 	2.61 (4) 3.229 (3) 140 (3) 
010-H10B-012w  0.806 (18) 	2.15 (2) 2.915 (3) 158 (3) 	[x-1, y, z] 
C4-H4•07" 0.93 	2.60 3.476 (3) 158 (3) 	[-x, -y+2, -z] 
C11-H11•04" 0.93 	2.53 3.396 (3) 155 	[-x, -y+2, -z] 
C6-H6•08x  0.93 	2.55 3.349 (3) 144 	[-x, -y+1, -z] 

Table 3.19. Selected bond distances and bond angles for [Sr(H20) 7(re -4-nba)](4- 
nba)-2H20 

Sr(1)-0(13) 2.5702(16) Sr(1)-0(5) 2.6724(14) 
Sr(1)-0(11) 2.5840(17) Sr(1)-0(9) 2.7274(16) 
Sr(1)-0(15) 2.603(2) Sr(1)-0(10) 2.7358(19) 
Sr(1)-0(12) 2.6387(18) Sr(1)-0(6) 2.7892(15) 
Sr(1)-0(14) 2.6648(19) 
0(13)-Sr(1)-0(14) 70.09(6) 0(13)-Sr(1)-0(10) 144.62(6) 
0(1 . 1)-Sr(1)-0(14) 74.50(6) 0(11)-Sr(1)-0(10) 69.56(6) 
0(15)-Sr(1)-0(14) 68.33(8) 0(15)-Sr(1)-0(10) 70.46(8) 
0(12)-Sr(1)-0(14) 71.77(7) 0(12)-Sr(1)-0(10) 135.08(6) 
0(13)-Sr(1)-0(5) 119.11(5) 0(14)-Sr(1)-0(10) 123.81(6) 
0(11)-Sr(1)-0(5) 80.86(5) 0(5)-Sr(1)-0(10) 72.78(5) 
0(15)-Sr(1)-0(5) 142.92(7) 0(9)-Sr(1)-0(10) 72.33(5) 
0(12)-Sr(1)-0(5) 73.12(6) 0(13)-Sr(1)-0(6) 73.16(5) 
0(14)-Sr(1)-0(5) 140.67(6) 0(11)-Sr(1)-0(6) 125.53(5) 
0(13)-Sr(1)-0(9) 73.77(6) 0(15)-Sr(1)-0(6) 139.50(6) 
0(11)-Sr(1)-0(9) 141.50(6) 0(12)-Sr(1)-0(6) 73.00(5) 
0(15)-Sr(1)-0(9) 71.40(7) 0(14)-Sr(1)-0(6) 132.91(6) 
0(12)-Sr(1)-0(9) 137.70(5) 0(5)-Sr(1)-0(6) 47.45(4) 
0(14)-Sr(1)-0(9) 125.05(6) 0(9)-Sr(1)-0(6) 68.71(5) 
0(5)-Sr(1)-0(9) 93.11(5) 0(10)-Sr(1)-0(6) 103.19(5) 
0(13)-Sr(1)-0(11) 141.73(6) 0(13)-Sr(1)-0(12) 78.64(6) 
0(13)-Sr(1)-0(15) 89.43(8) 0(11)-Sr(1)-0(12) 76.93(6) 
0(11)-Sr(1)-0(15) 90.74(7) 0(15)-Sr(1)-0(12) 140.05(8) 

Symmetry codes: (i) -x, y-1/2, -z+1/2; (ii) -x, y+1/2, -z+1/2; (iii) -x+1, y-1/2, -z+1/2; (iv) -x-I-1 
y+1/2, -z+1/2; (v) x, -y+3/2, z+1/2;(vi) x-1, y, z; (vii) x+1, -y+3/2, z+1/2; (viii) x+1, y, z; (ix) -x, 
-y+2, -z; (x) -x, -y+1, -z. 
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Figure 3.29. The asymmetric unit of [Sr(H 20)7 (r-1 2-4-nba)](4-nba)•2H20 5 showing 
the atom-labelling scheme. Displacement ellipsoids are drawn at 50 % probability 
level except for the H atoms, which are shown as circles of arbitrary radius. 

Figure 3.30: H-bonding situation around compound 5 showing the linking of each Ca 
complex with five other complexes via intermolecular 0-H...0 and C-H••.0 
interactions. 
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3.3.4. Description of crystal structure of [Ba(H20)5(p2-17 1  : 17 1 -4-nba)( n2  -4-nba)J n 7 

The Ba(II) coordination polymer 7 crystallizes in the monoclinic space group P2 1 /c 

and all atoms are located in general positions. The hydrogen atoms of all the 

coordinated water molecules excepting one H atom attached to 024, were located in 

the difference map. The observed Ba-0 bond distances vary between 2.7616 (18) to 

2.8981(18) A while the 0—Ba-0 bond angles range from 45.27(5) to 155.92(6)° 

(Table 3.21). These values are comparable with those reported for other polymeric 

Ba-carboxylates. [23(a), 15(a), 207] The central metal is nine coordinated and is 

linked to the 0 atoms (021-025) of the five water molecules (Figure 3.31). The 

observed Ba-0 (water) distances range from 2.7729(19) to 2.876(2) A. Each formula 

unit of 7 contains five coordinated water ligands and two 4-nitrobenzoate ligands one 

of which functions as a bidentate ligand (p 2-4-nba) through 011 and 012 at 

2.8161(18) and 2.8981(18) A respectively. The 01 atom of the second 4-nba is linked 

to the central metal at 2.7616(18) A while the 02 is linked to a neighbouring Ba(II) 

atom at 2.8049(18) A and thus functions as a bridging ligand (.12-9 1 31 1 -4-nba). This 

binding mode of 4-nba results in the formation of an infinite 0—Ba-0 chain along b 

axis consisting of pentaaquo Ba(II) ions with the 4-nba ligands linked to the Ba(II) on 

either side of the chain (Figure 3.32). A long Ba—Ba distance of 6.750(1) A is 

observed between adjacent Ba(II) ions in the chain accompanied by a 0—Ba-0 angle 

of 83.66(6)°. The availability of structural information of many Ba(H) coordination 

polymers of varying dimensionalities derived from several carboxylic acids permits a 

comparative study of Ba(II) coordination polymers. In these compounds the Ba•Ba 

distance across the polymeric chain varies from 4.069(2) in the three dimensional (3-

D) coordination polymer derived from 2,2'-dithiobis(benzoic acid) to 7.467 A in the 

1-D Ba(II) polymer derived from the N-substituted amino acid containing the N-(6- 

amino-3,4-dihydro-3-methy1-5-nitroso-4-oxopyrimidin-2-y1) group (Table 3.22). In 

all these compounds, the carboxylate anions function as bridging ligands. The 

coordination number of Ba(II) varies from 8 to 10 with nine coordination observed in 

several compounds. In four of the polymers the Ba•Ba separations are shorter than 

the sum of the van der Waals radii (4.28 A) indicating weak metal-metal interactions, 

while in other compounds the observed metal-metal contacts are longer. Interestingly 

the observed Ba—Ba distances of 4.5406(15) and 4.5726(14) A in [(Ba(H20) -3}2(12-2- 

nba-0,Q0-NO2)2(.12-2-nba-0,0,0')2b are much shorter than the Ba—Ba separation of 
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6.750(1) A in 1-D polymer of [Ba(H20)5(12-71 1 : ri l -4-nba)( r1 2-4-nba)] n  7 derived from 

4-nitrobenzoic acid where the nitro group is disposed trans to the carboxylate. It is to 

be noted that the polymeric complex 7 contains two unique 4-nba ligands one of 

which functions as a bidentate ligand with the other functioning as a bridging 

bidentate ligand.[63 (b)] In the Ba(II) polymer of 4-nba the oxygen atoms of the nitro 

group are not involved in coordination unlike in compound na(H20)3)2612-2-nba- 
,- 

0,00-NO2)2(u2-2-nba-0,0,0)2] n. It is interesting to note that both the oxygen atoms 

of the nitro functionalities in both the unique 4-nba ligands in [Ba(H20)5(4-nba)2],, are 

involved in C-H-0 interactions unlike in compound KBa(H20V2(1-1,2-2-nba-0,00- 

NO2)2(112-2-nba-0,0,0')2]n where one oxygen atom (08) of the tridentate (u2-2-nba-

0,0,0') ligand is involved in C-H•••0 bonding. In the Ba(II) coordination polymer 

derived from 2-aminobenzoic acid the Ba(II) exhibits a Ba-N bond but the 

coordination polymer is three dimensional. Hence it appears that the Ba•Ba distances 

in Ba-carboxylate coordination polymers are probably determined by a combination 

of several factors, which include the electronic and steric requirements of the central 

metal, the denticity, flexibility, bridging behaviour and H-bonding characteristics of 

the carboxylate ligand. 

An analysis of the crystal structure of [Ba(H20)5(124: r1'-4-nba)( r1 2-4-nba)] n 

 7 reveals that each nine coordinated Ba(II) complex in the polymeric chain is H-

bonded to several neighbouring complexes through all possible sites involving all the 

four 0 atoms of both the 4-nba ligands, and three water 0 atoms (021, 022, 025) 

functioning as H-acceptors. All the H-atoms attached to the coordinated waters 

excepting H80 and six H atoms on the aromatic rings function as H-donors. Thus each 

Ba(II) complex in 1 is linked to eleven other complexes with the aid of several 0-

H•••0 and C—H•••0 bonds. The eleven 0—H•0 interactions range from 1.920 to 2.684 

A while the six C—H•0 interactions are weaker and vary between 2.482 and 2.630 A. 
All these 0••-H contacts are shorter than the sum of their van der Waals radii [204] 

and the geometric parameters of these interactions are summarized in Table 3.23. 

Several of these interactions between the H atoms attached to 021, 022, 023, 025, 

C2, C6 and the acceptors 01, 02, 011, 025, 012, 022, 021 are within the one 

dimensional polymeric chain and are intrachain interactions. All the 0 atoms of the 

nitro groups function as H-bond acceptors and are linked to the H-atoms attached to 

C13, C15, C3, C5, 022 and 024 on a neighbouring chain. These interchain 

interactions serve to link the parallel polymeric chains resulting in a two dimensional 
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H-bonded network (Figure 3.33). The short ring interactions and distances between 

the ring centroids (Cg-Cg) in 7 were analysed by using the program Platon [205]. The 

Cg-Cg distance between the two 4-nba ligands is 3.684 A and the perpendicular 

distance from the center of the first ring to the second (interplanar distance) is 3.358 A 
accompanied by a dihedral angle of 2.68°. Although these values indicate that the 

rings do not overlap, the magnitude of the values is suggestive of interactions. 

Table 3.21- Selected bond distances and bond angles for [Ba(H2 0)5(r12-4-nba)( 12 -11 1 : 11 1- 
 4-nba)]n 7  

Ba(1)- 0(1) 2.7616(18) Ba(1)- 0(25) 2.8476(18) 
Ba(1)- 0(21) 2.7729(19) Ba(1)-0(24) 2.848(2) 
Ba(1)- 0(2) i  2.8049(18) Ba(1)-0(23) 2.858(2) 
Ba(1) -0(11) 2.8161(18) Ba(1)- 0(22) 2.876(2) 
Ba(1)- 0(12) 2.8981(18) 
0(1)-Ba(1)-0(21) 143.07(6) 0(11)-Ba(1)-0(23) 74.85(6) 
0(1)-Ba(1)-0(2) 1  83.66(6) 0(25)-Ba(1)-0(23) 68.53 (6) 
0(21)-Ba(1)-0(2) 1  68.38(6) 0(24)-Ba(1)-0(23) 60.25(8) 
0(1)-Ba(1)-0(11) 77.59(6) 0(1)-Ba(1)-0(22) 73.72(6) 
0(21)-Ba(1)-0(11) 122.16(6) 0(21)-Ba(1)-0(22) 75.57(6) 
0(2)-Ba(1)-0(11) 86.50(5) 0(2) -Ba(1)-0(22) 73.82(6) 
0(1)-Ba(1)-0(25). 145.64(6) 0(11)-Ba(1)-0(22) 146.62(6) 
0(21) -Ba(1)- 0(25) 70.60(6) 0(25)-Ba(1)-0(22) 125.56(6) 
0(2)' - Ba(1)- 0(25) 126.77(5) 0(24)-Ba(1)-0(22) 67.45(8) 
0(11)- Ba(1)- 0(25) 87.82(6) 0(23)-Ba(1)- 0(22) 114.39(6) 
0(1)- Ba(1)- 0(24) 98.48(7) 0(1)- Ba(1)-0(12) 116.19(5) 
0(21)- Ba(1)-0(24) 88.14(7) 0(21)- Ba(1)- 0(12) 76.93(5) 
0(2) -Ba(1)-0(24) 138.68(8) 0(2)- Ba(1)- 0(12) 69.55(5) 
0(11)- Ba(1)-0(24) 134.49(8) 0(11)- Ba(1)- 0(12) 45.27(5) 
0(25)- Ba(1)- 0(24) 70.05(7) 0(25)- Ba(1)- 0(12) 69.34(5) 
0(1)-Ba(1)-0(23) 	. 77.62(6) 0(24)- Ba(1)- 0(12) 139.35(7) 
0(21)- Ba(1)-0(23) 134.74(6) 0(23)- Ba(1)- 0(12) 105.41(6) 
0(2) - Ba(1)-0(23) 155.92(6) 0(22)- Ba(1)- 0(12) 140.19(6) 
Symmetry transformations used to generate equivalent atoms: i -x+1,y+1/2,-z+3i2 
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Table 3.22. Ba•••Ba distances across the chain in some Ba(II) coordination polymers 
containing bridging carboxylates 

Compound C.N. Ba•••Ba 
distance (A)* 

Dimensionality 
(D) of polymer 

Ref. 

[{Ba2(DTBB)2(F120)210.5H20b #  9, 8, 8 4.069(2) 3-D 15 

[Ba(C6H4(C00)2)in 8 4.123 3-D 208 

[Ba(libpd02(1420)2]n 9 4.1386(17) 1-D 207(a) 

[Ba9(CH3C00)14(C104)411 4  8,9,9 4.27 3D 54(a) 

[Ba(2-aba)2(H20)211 9 4.32 2-D 23(a) 

[Ba6(CH3COO)12 (H20)3.51n 8,9 4.330(2) 3-D 209 
[Ba(C7F1502S)020)4]n 9 4.335 1-D 207(c) 
[Ba4(CH3C00)8],-, 9 4.3385(4) 3-D 210 
[Ba(oda)•1-120] n  9 4.374(1) 3-D 211 

[Ba(C8HSO3)2(H20)2b 8 4.4336(3) 1-D 212 

[[Ba(PY-met)2(H20)41.3H201n 10 4.4451(2) 3-D 213 
[Ba(Hoda)2],, 
[[Ba(H20)3(2-nba) 1 1 2,2jn 

10 
9 

4.471(1) 
4.5406(15) 

3-D 
1-D 

214 
215 

4.5726(14) 

[Ba(C5H404)2(H20)41n 9 4.595(4) 2-D 207(b) 
[Ba(1,3 - BDOA)(H20)21 n  10 4.755(3) 3 - D 216 

{[Ba(C7F12N207)(H20)2]•H20},, 10 4.767(5) 3 -D 217 

[Ba(C101412N506)2(H20)61n 9  6.575(0) 1 - D 218 
[Ba(H2PMA)(H20)51n 9 6.65 2 - D 196(b) 

[Ba(H20)5(4-nba)21n 9 6.750(1) 1-D 63(b) 

[[Ba(H2IDC)2(H20)4].2H2011 10 6.765(3) 2-D 219 
[[Ba(PY-glycinato)2(H20)51.H201n 9 6.916(1) 1-D 220 
[[Ba(PY -serinato)2(H20)41.3H201,1 10 7.139(0) 1 -D 220 
[[Ba(PY -glycilglycinato)2(H20)21 n  8 7.467 2 -D 220 

Abbreviations used: C.N. = coordination number; ° three unique Ba(II) ions; DTBB = 2,2'- 
dithiobis(benzoate); (C61 -14(C00)2)] = terephthalate; Hbpdc = 2'carboxybipheny1-2- 
carboxylate; 2-aba = 2-aminobenzoate; (C7115028) = thiosalicylate; (C81 -1503) = 2- 
formylb enzoate; PY = N-(6-amino-3,4-dihydro-3 -methyl-5 -nit roso-4-o xopyrimid in-2-y1); met 
= monoanion of methionine; C5 1-1404  = mesaconate anion; (1,3-BDOA) = m-
phenylenedioxyacetate; (C 101-1 12N506) = N-4-amino- 1 ,6-di hydro- 1 -methyl-5 -n itroso-6- 
oxopyrimidin-2-y1)-(8)-glutamato; (H 4PMA) = pyromellitic acid; H 2oda: oxydiacetic acid; 
C7H2N207  =3,5-dinitrosalicylate; 4-nba = 4-nitrobenzoate; H 2IDC = 1H-imidazole-4,5- 
dicarboxylato monoanion; *For 2-D and 3-D polymers only the shortest Ba—Ba contact is 
given. 
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013 

Figure 3.31: The asymmetric unit of [Ba(H20)5(T1 2-4-nba)(42-1 1 m1-4-nba)b 7 
showing the atom-labeling scheme. Displacement ellipsoids are drawn at 50 % 
probability level except for the H atoms, which are shown as circles of arbitrary 
radius. 

Figure 3.32: A view of the polymeric chain in 7 showing the linking of 
{Ba(II)(H20)5(r1 2-4-nba)} unit by the bridging bidentate 4-nba ligands showing the 
infinite chain along b. 
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Table 3.23. Hydrogen-bonding geometry (A, 0) for [Ba(H20)5(1 2-4-nba)(112-1 1 :1 1 -4- 
nba)]„ 7  

D-H•••A 	 d(D-H) 	d(H••.A) 	D(D•••A) 	<DHA 	Symmetry code 

Intrachain Interactions 
021-H10•••01 i 	0.820 	2.070 	2.868 	164 	[-x+1, y+1/2, -z+3/2] 
021-H20...011 11 	0.820. 	2.090 	2.899 	169 	[-x, y+1/2, -z+3/2] 

022-H30...025 i i i 	0.820 	2.002 	2.731 	148 	[x+1, y, z] 
023-HSO...012 iv 	0.820 	1.920 	2.736 	174 	[-x, y-1/2, -z+3/2] 
023-H60...022 v 	0.820 	2.384 	3.075 	142 	[x-1, y, z] 
025-H90...02 ' 1 	0.820 	1.993 	2.806 	172 	[-x, y+1/2, -z+3/2] 
025-H90...01 1i 	0.820 	2.684 	3.296 	133 	[-x, y+1/2, -z+3/2] 
025-H100•••011 ii 	0.820 	1.945 	2.758 	171 	[-x, y+1/2, -z+3/2] 
C2-H2•••022 	0.930 	2.585 	3.462 	157 
C6-H6•••021 vi 	0.930 	2.630 	3.522 	161 	[x, y-1, z] 
Interchain interactions 
022-H40...014 " 1 	0.820 	2.233 	3.017 	160 	[x+1, -y+3/2, z+1/2] 
024-H70•••04 vi i 	0.820 	2.317 	3.115 	165 	[-x+1, -y+1, -z+2] 
024-H70•••03 ix 	0.820 	2.497 	3.184 	142 	[-x+1, -y+1, -z+2] 
C13-H13...04 x 	0.930 	2.482 	3.398 	169 	[x-1, -y+1/2, z-1/2] 
C15-H15•••03 	i 	0.930 	2.599 	3.385 	143 	[x-1, -y+3/2, z-1/2] 
C3-H3...014 xl 	0.930 	2.500 	3.238 	137 	[x+1, -y+3/2, z+1/2] 
C5-H5•••013 	0.930 	2.618 	3.529 	167 	[x+1, -y+1/2, z+1/2] 

Figure 3.33. Packing diagram of 7 viewed along a axis showing the intrachain and 
interchain H-bonding interactions 
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3.3.5. Description of Crystal structure of M(4-nba)(H20)2 (M=Rb .  12 and Cs 13)  

Compounds 12 and 13 are isostructural and crystallize in the monoclinic space 

group P2i/n. The crystal structure consists of a central metal cation, a 4-nitrobenzoate 

anion and two water molecules. The central metal in 12 and 13 are nonacoordinated. 

The nine coordination around Rb or Cs can be explained due to the linking of the 

central metal with four oxygen atoms from four different water ligands and five 

oxygen atoms from four symmetry related 4-nba ligands (Figure. 3.34). Each 4-nba is 

bonded to four symmetry related Rb or Cs cations through all its oxygen atoms and 

thus functions as a tetradentate µ4-bridging ligand.(Figure. 3.35). One water molecule 

functions as a monodentate terminal ligand with the other bonded to three different 

Rb or Cs atoms forming a 113 bridge. This bridging mode of water to three symmetry 

related M(I) ions results in the formation of an infinite chain extending along a 

axis(Figure 3.36). The carboxylate 0 atoms are linked in a bidentate fashion to one 

Rb while the nitro oxygens are linked to three different Rb with one of the nitro 0 

functioning as a monoatomic bridge resulting in the formation of a polymeric chain 

along a axis consisting of alternating 8 and 4 membered (Figure 3.37). The 

tetradentate bridging 4-nba anion links the two infinite chains formed by 113 bridging 

water ligand along c-axis resulting in the foimation of a two-dimensional polymeric 

structure (Figure.3.38). Rb-O distances in 12 range from 2.8765(19) A to 3.180(2) A 

(Table 3.24) and are in good agreement with that of the other reported Rb-

carboxylates compounds (Table 3.25). The three Rb-0 (H20) distances are shorter 

than those of the carboxylate oxygen and range from 3.107 (2) -3.164(2) A. Cs-0 

distances in 13 range from 3.050(3) A (for 06) to 3.342(3) A (Table 3.26). These Cs-

0 distances are in good agreement with the corresponding cesium salicylate hydrate 

[16 (b)]. 

A careful analysis of the structure reveals that both water molecules (06 and 

05) in 12 and 13 are engaged in two intermolecular H-bonding interactions each, with 

both functioning as H donors, while carboxylate oxygen atoms (02, 01) and water 

molecule 05 function as H-acceptor (Table 3.27 and 3.28). The H-bonding 

interactions around the two water molecules are depicted in Figure 3.39. Examination 

of hydrogen bonding interactions involving a pair of water molecule and the organic 

molecules shows that it results in the formation of a tape motif along a- axis (Figure 

3.40). Cations are sandwiched between the alternate layers of these motifs. Further, 

the second water molecule functions as H-donor and is H-bonded to triply bridged 
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02 	C2 	04 
C3 

C4 

05 

water molecule from neighbouring chain, connecting the neighbouring chains along 

b-axis (Figure 3.41). 

Figure 3.34. Coordination sphere around metal ion in [M(H20)2(4-nba)] (M=Rb 12 or 
Cs 12) 

M vi 
 

Figure 3.35: Coordination modes of 4-nitrobenzoate anion (1.14-4-nba) towards metal 
cations in [M(H20)2(4-nba)] (M=Rb 12 or Cs 12). Symmetry code vi —x+1/2, y+1/2, -
z+1/2, vii x+3/2, -y+1/2, z-1/2, viii —x+3/2, y+1/2, -z+1/2 
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fs1000100 fitio fitio 

Figure 3.36. The 113-bridging mode of aqua ligand results in the formation of a one-
dimensional ladder structure. In the chain only the terminal water ligands are shown. 
For clarity, the coordinated 4-nba ligands are not shown. 

Figure 3.37:The coordination of the nitro oxygen atoms 03 and 04 leading to the 
formation of polymeric chain of alternating 8 and 4 member rings extending along a 
axis. 
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Table 3.24. Bond lengths [A] and angles [degree] [Rb(4-nba)2(H20)2] 12. 

b(1)-0(6) 2.8765(19) Rb(1)-0(1) 3.162(2) 
b(1)-0(5) 2.932(2) Rb(1)-0(3) v  3.164(2) 
b(1)-0(6) i  3.106(2) Rb(1)-0(6)" 3.180(2) 
b(1)-0(4) th  3.107(2) Rb(1)-0(2) 3.147(2) 
b(1)-0(3)" 3.111(2) Rb(1)-Rb(1)" 4.1074(5) 

Rb(1)-Rb(1)' 4.3514(5) 
(6)-Rb(1)-0(5) 132.22(6) 0(2)-Rb(1)-0(6)" 111.17(5) 

0(6)-Rb(1)-0(6) i  86.74(6) 0(1)-Rb(1)-0(6) fi  85.85(5) 
0(5)-Rb(1)-0(6)' 74.44(5) 0(3)v-Rb(1)-0(6)" 61.29(6) 
0(6)-Rb(1)-0(4) th  75.18(7) 0(4)iii-Rb(1)-0(1) 70.99(6) 
0(5)-Rb(1)-0(4) th  134.84(7) 0(3)iv-Rb(1)-0(1) 148.58(6) 
0(6) l-Rb(1)-0(4)" 72.37(6) 0(2)-Rb(1)-0(1) 41.06(5) 
0(6)-Rb(1)-0(3)" 65.22(6) 0(6)-Rb(1)-0(3)" 65.55(6) 
0(5)-Rb(1)-0(3)" 69.24(6) 0(5)-Rb(1)-0(3) v  136.43(6) 
0(6) l-Rb(1)-0(3)" 83.59(6) 0(6) i-Rb(1)-0(3) v  147.75(6) 
0(4)th-Rb(1)-0(3)" 134.52(7) 0(4) th-Rb(1)-0(3) v  84.28(6) 
0(6)-Rb(1)-0(2) 141.98(6) 0(3) iv-Rb(1)-0(3) v  98.24(5) 
0(5)-Rb(1)-b(2) 82.28(6) 0(2)-Rb(1)-0(3)" 102.40(6) 
0(6)'-Rb(1)-0(2) 89.17(5) 0(1)-Rb(1)-0(3) v  61.75(6) 
0(4)th-Rb(1)-0(2) 67.59(7) 0(6)-Rb(1)-0(6)" 94.74(5) 
0(3)"-Rb(1)-0(2) 151.52(6) 0(5)-Rb(1)-0(6)" 76.48(5) 
0(6)-Rb(1)-0(1) 118.84(6) 0(6)i-Rb(1)-0(6)" 141.61(7) 
0(5)-Rb(1)-0(1) 107.41(6) 0(4) th-Rb(1)-0(6)" 144.92(6) 
0(6)i-Rb(1)-0(1) 126.61(5) 0(3)iii-Rb(1)-0(6)ii 62.81(6) 

Symmetry codes:(i) -x+1, -y, -z+1; (ii)-x+2, 
-
Y, -z+1; (iii) -x+1/2, y-1/2, -z+1/2; (iv)-x+3/2, y-1/2, 

z+1/2; (v)x+1/2, -y+1/2, z+1/2 

Table 3.25. Structural features of reported Rb-carboxylates 

Compounds Space group Rb-O distances Ref. 

Rb(anth)(H20) Pbca 2.822(2)-3.067(2) 16(b) 

RbH(Fumerate) PT 2.88 - 3.09 221 

RbH(succinate) C2/c 2.92 - 3.02 222 

[Rb2(C804H4)(H20)2in P21/c 2.847 - 3.327(4) 223 

[RbH(C4H406)] P212121 2.841(2) - 3.1221 224 

RbC2H3O4 P21/c 2.86 - 3.40 225 

Rb(C5H SO4)H20 Pr 2.871(3)-3.103(3) 226 

[Rb(C32H33010)]F120 PT 2.877 - 3.147(3) 227 

Rb diphenylacetate diphenylacetic acid PI 2.796(7)-3.152(6) 228 

RbH(dichloroacetate)2 PI 2.942(4)-3.180(6) 229 
(C4H406)]=tartrate, anth=anthranilate, C804H4 = terephthalate; C32H33010 = [2-({242-(2-{242-(2- 
hydroxyethoxy)phenoxy]ethoxy}phenoxy)ethoxy]phenoxy} methyl)-benzoato; C 5HSO4  =glutamate; 

C,H304  =Dihydroxyacetate 

105 



01A 

0'1-120 
05A 

Figure 3.38. Two dimensional polymeric chain in [{M(}120)}(11,3-1120)(114-4-nba)b. 
For clarity monocoordinated water oxygen attached to central M (M=Rb, Cs) are not 
shown. 

Figure 3.39: H-bonding in M(4-nba)(H20)2. The water molecule 06 is triply bridged 
(4-H20) with three cations. 
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Table 3.26. Bond lengths [A] and angles [deg] [Cs(H2O)2(4-nba)) 13 
Cs(1)-0(6) 3.050(3) Cs(1)-0(3)"' 3.263(3) 
Cs(1)-0(5) 3.137(3) Cs(1)-0(3) v  3.315(3) 
Cs(1)-0(2) 3.224(3) Cs(1)-0(1) 3.342(3) 
Cs(1)-0(6) 1  3.228(3) Cs(1)-0(6)" 3.253(3) 
Cs(1)-0(4)"` 3.255(3) Cs(1)-Cs(1)" 4.2664(4) 
0(6)-Cs(1)-0(5) 129.56(7) 0(2)-cs(1)-0(3) y  151.19(7) 
0(6)-Cs(1)-0(2) 143.78(7) 0(6) 1  i-Cs(1)-0(3) v  82.50(8) 
O(5)-Cs(1)-0(2) 83.64(7) 0(6)"-Cs(1)-0(3) y  63.90(8) 
0(6)-Cs(1)-0(6)' 89.45(7) 0(4) 1"-Cs(1)-0(3) y  134.69(10) 
0(5)-Cs(1)-0(6)' 72.83(7) 0(3)` v-Cs(1)-0(3) v  99.14(6) 
0(2)-Cs(1)-0(6)'..  87.60(7) 0(6)-Cs(1)-0(1) 121.59(8) 
0(6)-Cs(1)-0(6)" 94.86(7) 0(5)-Cs(1)-0(1) 106.87(8) 
0(5)-Cs(1)-0(6)" 73.40(7) 0(2)-Cs(1)-0(1) 39.46(7) 
0(2) 7Cs(1)-0(6)"  110.53(7) 0(0-Cs(1)-0(1) 124.50(7) 
0(6)"-Cs(1)-0(6)" 139.27(9) 0(6)"-Cs(1)-0(1) 86.89(7) 
0(6)-Cs(1)-0(4)"` 77.59(9) 0(4)"`-Cs(1)-0(1) 69.97(8) 
0(5)-Cs(1)-0(4)"` 136.49(9) 0(3)' -Cs(1)-0(1) 63.20(7) 
0(2):Cs(1)-0(4) 1" .  66.82(9) 0(3 y-Cs(1)-0(1)  150.76(7) 
0(6)'-Cs(1)-0(4)"' 74.65(8) 0(6)'-Cs(1)-0(3)L 4  151.53(8) 
0(6) ii-Cs(1).-0(4)"` 145.74(8) 0(6)1 -Cs(1)-0(3)" 61.92(7) 
0(6)-Cs(1)-0(3)7 66.72(8) 0(4) ui-Cs(1)-0(3) iv  84.76(8) 
0(5)-Cs(1)-0(3)`" 134.23(8) 0(6)-Cs(1)-0(3) v  63.40(8) 
0(2)-Cs(1)-0(3)`' 102.32(7) 0(5)-Cs(1)-0(3) v  67.60(8) 

Symmetry codes:(i) -x+I , -y, -z+1; (ii)-x+2, -y, -z+I ; (iii) -x+1/2, y-1/2, -z+1/2; (iv)-x+3/2, y-1/2, -
z+1/2; (v)x+1/2, -y+1/2, z+1/2 

Table 3.27. Hydrogen-bonding geometry (A, 0) forP.13(4-nba)(H10)2112 

D-H•A d(D-H) d(1-1••-A) d(D••.A) <DHA Symmetry code 

05-H105 -01 0.830 1.878 2.697 168.67 [ -x+2, -y+1, -z+1 ] 

05-H205 -02 0.830 1.914 2.722 164.30 [ -x+1, -y+1, -z+1 ] 

06-H106•••02 0.830 1.989 2.781 159.27 [ x, y-1, z ] 

06-H206 -05 0.830 1.911 2.741 177.10 [ x, y-1, z ] 

Table 3.28. Hydrogen-bonding geometry (A, 0) fors(4-nba)(1;../10411 

D-H•A  d(D-H) d(H•••A) d(D•••A) <DHA Symmetry code 

05-H105 -01 0.830 1.878 2.703 172.21 [ -x+2, -y+1, -z+1 ] 

05-H205 -02 0.830 1.944 2.732 158.36 [ -x+1, -y+1, -z+1 ] 

06-H106• 02 0.830 1.938 2.759 169.65 [x,y-1,z] 

06-H206 -05 0.830 1.923 2.742 169.17 
[x,y-1,z] 
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Figure 3.40: H-bonded network running along a axis showing a tape motif involving 
a pair of water and organic molecules (4-nba anion) and cations are sandwiched 
between a H-bonded layers of a tape motif 12 and 43 

Figure 3.41: Two neighbouring staircases are interlinked with the aid of 0-if 0 
interactions in II and 
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3.3.6. Comparative chemistry of alkaline earth and alkali 4-nba complexes 

A comparative study (Table 3.29) of the structurally characterized 4- 

nitrobenzoates of the alkaline earth is described below. All the nine alkaline earth 4- 

nitrobenzoate compounds listed in Table 3.29, which exhibit metal : 4-nba ratio 1:2 

crystallize in centrosymmetric space groups. The coordination number of the central 

metal varies from 6 to 9, with the Mg complexes showing hexacoordination. The Sr 

and Ba compounds 5 and 7 exhibit nine coordination while hexa and hepta 

coordination is observed in the Ca(II) compounds. It is interesting to note that a total 

of six different coordination modes of 4-nba (Table 3.29) are observed. The bridging 

modes of coordination of the 4-nba ligand in the Ca compounds [fCa(H20)(2- 

MeImA(u2-1) 1  -4-nb a)G12-11 2-4-nban, 20, ga(N-MeImYu2-11 1 : -4-nba)Gt3 -fl 2  - 

4-nban, 21 and [Ba(H20)5((.12-11 1 :11 1 -4-nba)(fl 2-4-nba)4-nba)1 n  7 result in the 

formation of 1-D coordination polymers. In contrast, alkali 4-nitrobenzoate 

compounds [M(H20)2(4-nba) ] (M=Rb 12 and Cs 13) contain metal : 4-nba in 1:1 

ratio, with the central metal showing nine coordination. The 4-mode of coordination 

of the 4-nba ligand in these compound results in the formation of a 2-D coordination 

polymer . The details of which have been described in the preceding sections. 

Table 3.29: Comparison of structural features in alkaline earth and alkali metal complexes 
of 4-nba 

Compound 

[Ca(H20)3 (Im)( I -4-nba)2]•Im 

[Mg(H20)(N-MeIm)2)(112-11 1 :11 1 -4- 

[CO20)(2-MeilT1)1012 -11 1  :11 `-4- 
ba)01241 2-4-nban, 

[Ca(H20)4( re-4-nba)(ri l -4-nba)] 

[Mg(1-120)6](4-nba)2 . 2H20 

[mg(H20)2(Im)2(ri l -4-nba)21 

ba) (r1 1 -4-nba)]2 

Space 	C. N. Nuclearity 
group 

Coordination 
modes of 
4-nba anion 

Types of H-
bonding 
interactions 

PT 6 Monomer Uncoordinated 0-H••0, 

Pi 6 Monomer Monodentate 0-H••.0, 
N-H••0, 
C-H.• .0 

Pi 6 Dimer Monodentate, 0-H••0, 
Bridging 
bidentate 

C-H••0 

P2 1 /n 7 Polymer Bridging 0-H•••0, 
monoatomic , N-H- -0, 
bridging C-H-• .0 
Bidentate 

P2 1 /c 7 Monomer Monodentate, 
bidentate C-H••0 

P2 1 /c 6 Monomer Monodentate 0-H• -N, 
0-1•••0, 
N-H- -0, 
C-H-• .0 
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[ra(N-MeIrn)l(112-1 1 : ri' -4-nba)(1-13 - 	Pr 
11 2 :11 1 -4-nba)l n  

6 Polymer Bridging 	C-H•••0 
bidentate, 
monoatomic 
bridging 
tridentate 

[Sr(H20)7 (11 2-4-nba)](4-nba)•2H20 	P2 i /c 9 Monomer Uncoordinated, 0-H•0, 
Bidentate 	C-H••0 

[Ba(H20)sq 112-1 1 : 11 1 -4-nba)- (11 2-4- 	P2 i /c 
nba)4-nba)] n 

9 Polymer Bridging 
bidentate, 	C-H•• 
Bidentate 

[Rb(4-nba)(H 20)2] 	 P2 ; /n 9 Polymer 114-Bridging 	0-1••0 
tetradentate, 
Bidentate 

[Cs(4-nba)(H20)2] 	 P2 1 /n 9 Polymer Bridging 	0-H-0 
bidentate, 
Bidentate 

C. N. is coordination number 

33.7. Description of crystal structure of 14. 24 and 25 

The structure of [Mn(H20)40 1 -4-nba)2].2H20 14 showing immediate 

coordination environment around the central Mn is depicted in Figure 3.42. 14 is 

isostructural with the corresponding Ni(II) and Co(II) analogues prepared by a 

different route and the cell volume of the Mn complex is in agreement with the 

reported Mn(II) complex (Table 3.30). The compound 14 crystallizes in the 

centrosymmetric triclinic space group PT. Mn(II) ion is located on a centre of 

inversion. The central metal is hexacoordinated and is bound by four water molecules 

and two monodentate 4-nba ligands. The observed bond lengths are in normal range 

and are in agreement with those reported in other related compounds. The Mn-O 

bond distances range from 2.1837(13) to 2.2067(13) A. The 0-Mn-0 angles range 

from 86.00(7) to 180.00(1) (Table 3.31). The coordinated water, crystal water and 4- 

nba in 14 are involved in two types of H-bonding interactions resulting in eleven short 

H•••0 contacts comprising of eight 0-H•••0 and three C-1-1•••0 interactions (Table 

3.32). All these 0•••H distances range from 1.760-2.635 A are less than the sum of 

their van der Waals radii [204]. 

The complex [Mn(H20)(N-Melm)20 1 -4-nba)2] i  24 crystallizes in the 

centrosymmetric triclinic space group PT and its asymmetric unit consists of half of 

the dimeric complex molecule. Each Mn(II) is hexacoordinated and bonded to an 

aqua ligand, two monodentate N-MeIm ligands and a monodentate 4-nba ligand in the 

centrosymmetric dimer. The hexacoordination around Mn (II) complex is completed 

by bridging bidentate 4-nba ligand, which occupies sixth position (Figure 3.43). 
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Table 3.30. Comparative metric parameters of [M(H20)4(4-nba)212H20 14. complexes 
M = Mn, Co, Ni 

MetricParameters 

a (in A) 

b (in A) 

c (in A) 

a (in 0) 

13 (in 0) 

y (in 0) 

V (in A3) 

[Mn(H20)4(4- 
nba)2].2F120 14 

[Mn(H20)4(4- 
nba)2].2H20 
[122] 

[Co(H20)4(4- 
nba)2]-2H20 
[78] 

[Ni(H20)4(4- 
nba)2]-2H20 
[122] 

7.3673(15) 7.3302(6) 7.227(5) 7.2279(7) 

7.4163(15) 7.3884(6) 7.341(5) 7.3401(7) 

10.642(2) 10.6470(9) 10.604(5) 10.5996(10) 

92.72(3) 92.7070(10) 85.884(5) 91.114(2) 

91.99(3) 91.985(2) 87.938(5) 92.357(2) 

119.39(3) 119.1000(10) 60.178(5) 119.1400(8) 

504.93(18) 502.18(7) 486.8(5) 490.25(8) 

Table 3.31. Bond lengths [A] and angles [deg] for [Mn(H20)4(4-nba)2].2H20 14 

Mnl - 01 
Mnl - 01' 
Mnl -05 

2.1837(13) 
2.1837(13) 
2.1840(15) 

Mnl - 05' 
Mnl - 06 
Mnl - 06' 

2.1840(15) 
2.2067(13) 
2.2067(13) 

01 - Mnl- 06 90.19(5) 01 - Mnl - O i  180.00(1) 
05 - Mnl -06' 94.00(7) 01 - Mnl - 05 1  86.06(6) 
05 - Mnl - 06' 86.00(7) 01 1 - Mnl - 05' 93.94(6) 
01 - Mnl - 06' 90.19(5) 01' - Mnl - 05 93.94(6) 
01- Mnl - 06' 89.81(5) 01 - Mnl - 05 86.06(6) 
05 - Mnl -06 86.00(7) 051 - Mnl - 05 180.00 
05 - Mnl - 06 94.00(7) 01' - Mnl - 06 89.81(5) 
06' - Mnl -06' 180.00(1) 
Symmetry transformations used to generate equivalent atoms:i -x+1, -y+1, -z+2 

Table 3.32. Hydrogen-bonding geometry (A, 0) for [Mn(H20)4(4-nba)2].2H20 14  

ID -H-A d(D-H) d(H•••A) d(D•••A) <DHA Symmetry code 

105•07' 0.884 1.846 2.723 171.89 [ -x+1, -y+1, -z+2] 

0.873 2.119 2.981 169.09 [ x+1, y, z+1] 
205•••04"' 0.873 2.635 3.339 138.4 [ x+1, y, z+1] 
106•••02 0.886 1.760 2.621 163.4 
206•07w  0.956 1.899 2.851 174.02 [ x+1, y, z ] 
107•01 1.004 1.762 2.765 176.76 
207•04' 0.843 2.206 2.826 130.37 [ x, y, z+1 ] 
207-06" 0.843 2.489 2.964 116.61 [-x+2, -y+2, -z+2] 
3C3•••Or 0.930 2.519 3.344 148.00 [ x-1, y, z] 
H6C6-03 0.931 2.623 3.453 148.80 [ x+1, y, z] 

C2H2•07 0.930 2.661 3.508 151.71 
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Figure 3.42: Structure of [Mn(H20)4(11 1 -4-nba)21•2H20 14 showing the atom-
labelling scheme. Displacement ellipsoids are drawn at 50 % probability level except 
for the H atoms, which are shown as circles of arbitrary radius. 

014 

Figure 3.43: Structure of [Mn(H 20) (N-MeIm) 2 (1,12-ri I  :r1 1 -4-nba)(9 1 -4-nba)12 24 

showing the atom-labelling scheme. Displacement ellipsoids are drawn at 50 % 
probability level except for the H atoms, which are shown as circles of arbitrary 
radius. Symmetry code i —x+1, -y+2, -z+2 
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24 is isostructural with the corresponding Mg(II) analogue [a=8.2810(6) A, 
b=11.174(8) A, c=13.9496(9) A; a=91.80(8), 13=96.811(8), y=92.253(8)] with cell 

volume very close to that of the Mg(II) analogue (1279.6 ). The Mn-02 bond distance 

observed for the monodentate 4-nba in 24 is comparatively longer than those observed 

for the bridging bidentate 4-nba ligand [Table 3.33]. The Mn-N bond lengths in 24 are 

longer than the reported Mg-N bond length in the corresponding Mg(II) analogue. 

The cis 0-Mn-0 and 0-Mn-N angles in 24 range from 84.82 (5) to 97.38(5) A, while 

the trans bond angles range from 168.73(4)-176.81(11) A indicating a distortion of the 

octahedron. 

An analysis of the structure reveals that each asymmetric unit of Mn(II) dimer 

is H-bonded to six adjacent complexes via three 0-H•0 and six C-H•0 H-bonded 

interactions (Table 3.34). All these H-bonded contacts are shorter than the sum of 

their van der Waal's radii. Two 0-H•0 and one C-H•0 H-bonded interactions are 

intra molecular, while the remaining six are intermolecular interactions. [Figure 3.44]. 

Table 3.33. Bond lengths [A] and angles [deg] for [Mn(H 20)(N-MeIm),(nri l :i 1 -4- 

nba)(11 1 -4-nba)] 2  24 

Mn(1)-0(12)i .  2.1389(11) Mn(1)-0(2) 2.2184(11) 
Mn(1)-0(11) 2.1853(11) Mn(1)-N(31) 2.2340(13) 
Mn(1)-N(21) 2.2163(13) Mn(1)-0(5) 2.2462(12) 
0(12)i -Mn(1)-0(11) 97.38(5) N(21)-1Vin(1)-N(31) 174.40(5) 
0(12)i -Mn(1)-N(21) 96.10(5) 0(2)-Mn(1)-N(31) 84.82(5) 
0(11)-Mn(1)-N(21) 88.94(5) 0(12)i -Mn(1)-0(5) 85.41(5) 
0(12)i -Mn(1)-0(2) 168.73(4) 0(11)-Mn(1)-0(5) 176.81(4) 
0(11)-Mn(1)-0(2) 92.26(4) N(21)-Mn(1)-0(5) 89.23(5) 
N(21)-Mn(1)-0(2) 89.88(5) 0(2)-Mn(1)-0(5) 85.13(4) 
0(12)i -Mn(1)-N(31) 89.43(5) N(31)-Mn(1)-0(5) 92.13(5) 
0(11)-Mn(1)-N(31) 89.45(5) 
Symmetry transformations used to generate equivalent atoms: i -x+1, -y+2, -z+2 

Table 3.34. Hydrogen-bonding geometry (A, °) for [Mn(H 20)(N-MeIm) 2 (112-i 1 : 

nba)(n -4-nba)1 2 24 
D-H••A d(D-H) d(H•••A) d(D..-A) <DHA Symmetry code 
05-H105 -01" 0.860 1.957 2.808 169.84 [-x+1, -y+1, -z+2] 
05-11205 •••01 0.860 1.898 2.745 167.84 

05-H205 -02 0.860 2.603 3.020 111.03 
C12-1112•02 0.940 2.354 3.187 147.49 
C224122•014' 0.940 2.387 3.255 153.34 [-x, 2-y, 1-z] 
C23-H23•••03v 0.940 2.592 3.332 135.97 [-x+1, -y+1, -z+1] 
C24-H24•011' 0.970 2.682 3.594 156.72 [x-1, y, z] 
C31-H31•••01" 0.941 2.359 3.144 140.61 [-x+1, -y+1, -z+2] 
C32-H32••05" 0.940 2.378 3.286 162.29 [x+1, y, z] 
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Figure 3.44. Hydrogen bonding interactions around asymmetric unit of 24. Symmetry 
codes ii -x+1, -y+1, -z+2, iii -x, -y+2, -z+1, iv x-1, y, z, v -x+1, -y+1, -z+1, vi x+1, 
y, z 

Compound 25 crystallizes in the monoclinic space group P2 1 /c and Mn(II) is 

located on a center of inversion. The structure consists of a [Mn(H20)4(BenzIm)21 2+ 

 cation, and a free 4-nba anion (Figure 3.45). The central metal is hexacoordinated and 

linked to the 0-atoms of four water molecules and two imine N-atoms of 

monodentate BenzIm ligand. The observed Mn-0 (water) distances range from 

2.1944(2)-2.208(11) A are in agreement with to those observed in other Mn 

compounds.(Table 3.35). The observed bond lengths and bond angles of the 4-nba 

anions are in the normal range and are comparable with those reported for compounds 

containing the free 4-nba anions. The cis 0-Mn-0 and 0-Mn-N angles in 25 range 

from 88.92(4)-91.08(4) °  with four angles are close to ideal values. The trans angles 0-

Mn-0 and N-Mn-N are at the ideal values of 180 °  indicating a perfect octahedron of 

[MnO4N2]. 

The crystal structure of 25 reveals that waters and BenzIm ligands are 

involved in three types of H-bonded interactions namely 0-H•••0, N-H•••0 and C-

H••0. The eight H-bonding interactions range from 1.899-2.677 A [Table 3.36]. All 

these 0•••H contacts are less than the sum of their van der Waals radii [204]. The 

oxygen atoms of the carboxylate anion (01, 02) form one intramolecular and five 

intermolecular H-bonding interactions linking three adjacent cations via 0-H••0 

interactions. A view of the crystallographic packing of 25 is displayed in Figure 3.46. 
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Figure 3.45: Structure of [Mn(H20)4(Benz1m)21(4-nba)2 25 showing the atom-

labeling scheme. Displacement ellipsoids are drawn at 50 % probability level except 
for the H atoms, which are shown as circles of arbitrary radius. Symmetry code i - 
x+1,-y+1,-z+1. 

Figure 3.46: A view along b axis of the crystallographic packing of [Mn(H20)4 

(Benzlm)2] (4-nba)2 25. H-bonds are shown in broken lines. 
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Table 3.35: Selected bond lengths [A] and angles [deg] for[Mn(H20)4(BenzIm)2] (4- 
nba)2 25 

Mn(1)-0(6)' 
Mn(1)-0(6)  
Mn(1)-0(5) 1  

2.1944(12) 
2.1944(12) 
2.2087(11) 

Mn(1)-0(5) 
Mn(1)-N(2) 
Mn(1)-N(2) 1  

2.2087(11) 
2.2147(12) 
2.2147(12) 

0(6) i  -Mn(1)-0(6)  180.000(1) 0(5) ' -Mn(1)-N(2) 90.19(4) 
0(6) ' -Mn(1) 70(5) 1  89.14(4) 0(5)-Mn(1)-N(2) 89.81(5) 
0(6)-Mn(1)-0(5)' 90.86(4) 0(6) 1  -Mn(1)-N(2)' 91.08(4) 
0(6)' -Mn(1)-0(5) 90.86(4) 0(6)-Mn(1)-N(2) 1   88.92(4) 
0(6)-Mn(1)-0(5) 89.14(4) 0(5) 1  -Mn(1)-N(2) 1  89.81(5) 
0(5) " -Mn(1)-0(5) 180.0 0(5)-Mn(1)-N(2) 1  90.19(4) 
0(6) 1  -Mn(1)-N(2) 88.92(4) N(2)-Mn(1)-N(2) ' 180.0 
0(6)-Mn(1)-N(2) 91.08(4) 
Symmetry transformations used to generate equivalent atoms: i: -x+1,-y+1,-z+1 

Table 3.36. Hydrogen-bonding geometry (A, 0) for [Mn(H20)4(BenzIm)2](4-nba)2 25 

D-H- -A d(D-H) d(f-1••A) d(D•••A) <DHA Symmetry code 

N3-H1N3•••02 ii 0.860 2.011 2.783 148.92 [x, y, z-1] 

05-H105.-02 iii 0.840 1.988 2.813 166.96 [x, -y+3/2, z-1/2] 

05-H205-.01 0.840 1.946 2.776 169.17 

06-H106-.01 iii 0.840 1.899 2.730 170.13 [x, -y+3/2, z-1/2] 

06-H106-.02 iii 0.840 2.654 3.238 127.87 [x, -y+3/2, z-1/2] 

06-H206-.02 iv 0.840 2.068 2.887 164.80 [-x+1, y+1/2, -z+3/2] 

C15-H15•-04 v 0.930 • 2.677 3.341 128.96 [z-x, y-1/2, 3/2-z] 

C14-H14•-03 vi 0.930 2.604 3.337 136.22 [z-x, 1-y, 1-z] 

3.3.8. Comparative chemistry of Mn-4nitrobenzote complexes: 

A comparative study of the structures of 14, 24 and 25 reveals that in all the 

complexes, which contain Mn and 4-nba in a 1:2 ratio, the central metal is 

hexacoordinated. However, the 4-nba anion exhibits different ligational behaviour. In 

complex 24 both monodentate and bridging bidentate modes of 4-nba are observed, 

and in 25 the 4-nba is uncoordinated while in 14 and reported imidazole complex 23 

4-nba is monodentate. All the compounds 14, 23, 24 and 25 crystallize in 

centrosymmetric space group the metal ion is differently hydrated. Thus the 

metal:H20 ratio is 1:1 in the dimeric Mn complex 24, 1:2 in the Mn-Im complex, 1:4 

in 25 and 1:6 in 14 and in all these complexes the waters are coordinated to Mn. In 

compound 14 contain both coordinated and lattice waters. All the three complexes 

exhibit intermolecular H-bonding interactions and the resulting H-bonded networks 

are quite different. 
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3.3.9. Description of crystal structure of [Co(H20)2(Ini)2(111 -4-nba)2] 26, 27 and 28 

Compound 26 crystallizes in the centrosymmetric triclinic space group PT and 

the Co(II) lies on a centre of inversion (Figure 3.47). 26 is isostructural with the 

corresponding Mg(II), Ni(II) and Mn(II) analogues (Table 3.6). The central Co(II) in 

26 is hexacoordinated and is bonded to two trans water molecules and two trans 

monodentate 4-nba anions through 0 atoms, which lie on an approximate square 

plane. Two trans Im ligands complete the octahedral coordination around Co. The 

trans 0—Co-0 and N—Co—N angles show the ideal value of 180°, while the cis 0-

Co-0 and N—Co-0 angles range from 87.0(1) to 93(1)° (Table 3.37) indicating a 

slight distortion of the (CoO4N2) octahedron. The observed intra—ligand bond lengths 

of the Im and 4-nba ligands are in the normal range and are in agreement with those 

reported in related compounds. [70, 84, 124]. The observed Co-O(H20) and Co-0(11 1 - 

4-nba) distances in 26 (Table 3.37) are in good agreement with those observed for 

Co(II) reported by Xu et al as well as to those observed for corresponding Mg and 

Ni analogue but are slightly shorter than those of the Mn(II) analogue. The Co—N 

distance of 2.097(2) A for 26 is relatively longer than the observed distances of 

2.0602(4) and 2.0944(14) A for Ni and Co complexes but slightly shorter than the 

observed distances of 2.2127(14) and 2.1726 (17) A for Mn and Mg. 

A careful analysis of the structure reveals that the coordinated water, 4- 

nitrobenzoate as well as the imidazole in 26 are involved in three types of H-bonding 

interactions namely C—H•••0, 0-14...0 and N—H• O. Each molecule of the Co(II) 

complex is linked to six other molecules with the aid of C—H.-0, 0—H-.0 and N—

H•••0 bonds. The coordinated water (05) is linked intramolecularly to the free 

carboxylate oxygen atom (02) at a very short distance of 1. 854 A and with a 

coordinated carboxylate (01) of a neighbouring molecule resulting in the formation of 

a H-bonded chain along a axis. The amine nitrogen (N3) of the coordinated imidazole 

is H-bonded to the free carboxylate oxygen (02) of a neighbouring molecule with 02 

functioning as a bifurcated acceptor. In addition, the coordinated imidazole, which 

functions as a bifurcated hydrogen donor, is linked to the oxygen atom of the nitro 

group in a neighbouring complex thus extending the network. In addition to this water 

oxygen (05) functions as acceptor and is linked to H atom attached to imidazole 

carbon (C13). The nitro oxygen (03) linked to H-atom of 4-nba carbon (C5) leading 

to the formation of H-bonded dimers. The dimer thus formed further extends the 

network through nitro oxygen (04) and amine nitrogen (N3), leading to 
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supramolecular H-bonded architecture (Figure 3.48). In all six 0••1 contacts ranging 

from 1.854 to 2.624 A (Table 3.38) are observed and all these 0.-H interactions are 

shorter than the sum of their van der Waals radii. [204]. 

Figure 3.47: The crystal structure of [Co(H 20)2(Im) 2(r1 1 -4-nba)2] 26 showing the 

atom labeling scheme. Displacement ellipsoids are drawn at the 50% probability level 
except for the hydrogen atoms, which are shown as circles of arbitrary radius. 
Symmetry code: i -x+1,-y+1,-z. 

Figure 3.48:Packing diagram of 26 showing the C-H•••0, N-H••0 and 0-H•••0 
interactions. Aromatic carbon (C5) fuctions as H-donor to nitro group resulting in 
formation of H-bonded dirner. 
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Table 3.37. Bond lengths [A] and angles [deg] for [Co(H20)2(11n)201 1 -4-nba)2] 1..6.. 
Co(1)- N(2)i 2.097(2) Co(1)- N(2) 2.097(2) 
Co(1)- 0(5)i 2.123(2) Co(1)- 0(5) 2.123(2) 
Co(1)- 0(1) 2.192(2) Co(1)- 0(1)i 2.192(2) 
N(2)i -Co(1)-0(5)i 90.6(1) N(2)-Co(1)-0(5)i 89.4(1) 
N(2)i -Co(1)-0(5) 89.4(1) N(2)-Co(1)-0(5) 90.6(1) 
N(2)i -Co(1)-0(1) 92.5(1) N(2)-Co(1)-0(1) 87.5(1) 
0(5)i -Co(1)-0(1) 87.0(1) 0(5)-Co(1)-0(1) 93.0(1) 
N(2)i -Co(1)-0(1)i 87.5(1) N(2)-Co(1)-0(1)i 92.5(1) 
0(5)i -Co(1)-0(1)i 93.0(1) 0(5)-Co(1)-0(1)i 87.0(1) 
N(2)i -Co(1)-N(2) 180.0(0) 0(5)i-Co(1)-0(5) 180.0(0) 
0(1)-Co(1)-0(1)i 180.0(0) 
Symmetry transformations used to generate equivalent atoms: i -x+1,-y+1,-z 

Table 3.38. Hydrogen-bonding geometry (A, °) for [Co(H20)2(11n)2(r1 1-4-nba)2] 

D-H•••A d(D-H) d(H••.A) d(D- A) <DHA Symmetry code 

05-H105-02 0.820 1.854 2.647 162.58 

05-H205-01 u  0.820 2.037 2.839 165.46 [x-1,y, z] 

N3-H1N3-02th  0.860 2.321 3.070 145.74 [x, y-1, z] 

N3-H1N3•04' 0.860 2.624 3.216 127.02 [-x+2, -y, -z+1] 

C5-H5C5-03' 0.930 2.590 3.512 171.38 [x-2, y+1, z-1] 

C13-H13C13-05' 0.930 2.405 3.315 165.85 [x+1, y, z] 

Compound [Co(N-MeIm)2(11 1 -4-nba)2] 27 crystallizes in the centrosymmetric 

monoclinic space group C2/c. the central Co(II) is located on a two fold axis. The 

observed Co-0 distance of 1.9769(12)A and Co-N distance of 2.0206 (14)A (Table 

3.39), are in agreement with reported values [13(c), 230-231]. The bond angles 

around Co(II) in 27 varies between 94.8-122.56(5)A, showing a distorted tetrahedral 

coordination sphere [CoN2O2]. The central metal is bound by two oxygen atoms of 

monodentate 4-nba ligands and two N-atoms of N-MeIm ligands complete the 

tetrahedral coordination [Figure 3.49]. A scrutiny of the crystal structure of 27 reveals 

that tetrahedral Co(II) compound is stabilized by weak H-bonded interactions (Table 

3.40) as well as 7E-7E interactions. Each Co(II) complex is linked to four other 

complexes with the aid of C-H"0 interactions. The carbon atoms (C12 and C14) 

functions as H-donors to uncoordinated carboxylate oxygen (02) and nitro oxygen 

(04) respectively to form 2-D H-bonded network. The observed C-H-0 bond 

distances are 2.373 and 2.561 A accompanyied by DHA bond angles of 164.5 -

175.42°. The nearly antiparallel overlapped arrangement of 4-nba rings of the 
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neighbouring molecules, with centroid to centroid distance 3.459A, indicates .11-7C 

interactions. [Figure 3.50]. This result in the formation of channels running along c-

axis (Figure 3.51). 

Figure 3.49: The crystal structure of [Co(N-Melm)2(i'-4-nba) 2] 27 with labeling and 
displacement ellipsoids drawn at the 50% probability level. Symmetry code i —x+1, y, 
-z+1/2 

Figure 3.50: A view along b axis of the crystallographic packing of 27. H-bonds are 
show as broken lines. 
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Co(1)-0(1) 	1.9769(12) 
Co(1)-0(1)i 	1.9769(12) 
0(1)-Co(1)-0(1)i 	94.84(7) 
0(1)-Co(1)-N(3) 	108.20(5) 
0(1)i -Co(1)- N(3) 	122.56(5) 

Co(1)-N(3) 
Co(1)-N(3)i 
0(1)-Co(1)-N(3)i 
0(1)i -Co(1)- N(3)i 
N(3)-Co(1)-N(3)i 

2.0206(14) 
2.0206(14) 
122.56(5) 
108.20(5) 
102.11(8) 

Table 3.39. Selected bond lengths [A] and angles [deg] for [Co(N-MeIm) 2(1 1 -4-nba) 2] 27 

Symmetry transformations used to generate equivalent atoms: i -x+1, y, -z + 1/2 

Table 3.40. Hydrogen-bonding geometry (A, 0) for [Co(N-Me1m) 2 (1 1 -4-nba) 2]. 

D-H•••A 
	

d(D-H) d(H•••A) d(D•••A) <DHA 
	

Symmetry code 

C14-H141302ii 	0.981 
	

2.373 	3.329 	165 	[x, -y, z-112] 

C12-H1204"i 	0.950 
	

2.561 	3.509 	175 	[-x+112, -y+112, -z+1] 

Figure 351: The H-bonded porous structure of 27 viewed along the c-axis. 
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Compound 28 crystallizes in the monoclinic space group C2/c with all atoms 

are located in general positions. The Co is tetracoordinated by two monodentate 4-nba 

groups and two 2-MeIm molecules. The observed bond distances of Co-0 and Co-N 

are in good agreement with those observed in 27 and are shorter than those in 

octahedral complex 26. The bond angles ranges from 96.62(8) to 130.35(9) (Table 

3.41) around Co(II) atom indicating that the [CoN202] tetrahedron is severely 

distorted. The coordination sphere of 28 consists of two oxygen atom from two 

monodentate 4-nba anions and two tertiary N-atoms of 2-MeIm (Figure 3.52). 

An analysis of the structure reveals that 28 is involved in two varieties of H-

bonding interactions namely N-H•0(3) and C-H-0(4) ranging from 1.926(6) 

2.382(4)A and 2.349-2.624(9) respectively [Table 3.42]. Each distorted tetrahedral 

Co(II) complex is H-bonded to five other complexes resulting in the formation of an 

extended network. 

Table 3.41. Selected bond lengths [A] and angles [deg] for [Co(2-MeIm)2(n -4-nba)2] 28 
Co(1)-0(2) 1.955(2) Co(1)-N(31) 2.0179(19) 
Co(1)-0(11) 1.990(2) Co(1)-N(21) 2.0374(18) 
0(2)-Co(1)-0(11) 130.35(9) 0(2)-Co(1)-N(21) 101.22(7) 
0(2)-Co(1)-N(31) 110.57(8) 0(11)-Co(1)-N(21) 105.02(8) 
0(11 )-Co(1)-N(31) 96.62(8) N(31)-Co(1)-N(21) 113.26(8) 

04 

014 

Figure 3.52: The crystal structure of [Co(2-MeIm)2(ri l -4-nba)2] 28 with labeling and 
displacement ellipsoids drawn at the 50% probability level. 
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Table 3.42. Hydrogen-bonding geometry (A, °) for [Co(2-MeIm)2(n 1 -4-nba)2] 28 

D-H•••A d(D-H) d(H•••A) d(D•..A) <DHA Symmetry code 
C34-H34B...012i 0.959(4) 2.624(9) 3.308(15) 128.52(19) [x, 1+y, z] 
N22-H22...012ii 0.859(4) 1.926(6) 2.759(9) 163.22(17) [1/2-x, 1/2+y, 3/2-z] 
N32-H32...Oli 0.859(2) 2.303(3) 3.081(4) 150.66(16) [x, 1+y, z] 
N32-H32...01 iii 0.859(2) 2.382(4) . 3.001(3) 129.30(14) [1/2-x, 3/2-y, 1-z] 
C24-H24A...02 0.961(4) 2.349(5) 3.192(5) 146.25(18) 
C34-H34E...04 iv 0.961(7) 2.533(12) 3.440(19) 157.39(20) [-x, 1-y, 1-z] 
C22-H22...013 v 0.929(6) 2.642(4) 3.167(11) 116.43(21) [1-x, 1+y, 3/2-Z] 

3.3.10. Comparative chemistry of Co(II)-4-nba complexes 

The zero dimensional 4-nitrobenzoates of Co(II) 26, 27 and 28 with Co:4-nba 

in a 1:2 mole ratio exhibits unidentate mode coordination of the 4-nba ligand. The 

central Co(II) in hydrated compound 26 is hexacoordinated unlike [Co(H20)4(4- 

nba)2]-2H20, while the anhydrous compounds 27 and 28 are tetracoordinated. 

Compounds 2 crystallizes in triclinic space group PT, while, 27 and 28 crystallizes in 

Monoclinic, C2/c. The compounds exhibits different types of H-bonding interactions. 

Compound 26 exhibits 0-H•0, C-H-0 and N-H•0 interactions while the N-MeIm 

compound 27 is involved in C-H•••0 interaction and 2-MeIm compound 28 shows N-

H•0 and C-H•••0 interactions. The absence of coordinated water as well as 

methylation of the N in N-MeIm in 27 blocks the 0-H•0 and N-H•0 interactions 

and exhibits only C-H•••0 interactions are observed. Only one of the oxygen atom of 

the each —NO2 functionality in all three complexes are H-bonded. 

3.3.11. Description of crystal structure of 31 32 and 33 

The title compound [Ni(Im)6](4-nba)2.2H20 31 - crystallizes in the 

centrosymmetric triclinic space group PT with the Ni(II) situated on an inversion 

center. In view of the special position for Ni(II) a half of the formula unit of 31 

constitutes the asymmetric unit. The structure of 31 consists of a hexacoordinated 

Ni(II) complex cation, a free uncoordinated 4-nba anion and a crystal water (Figure. 

3.53). The carbon atoms C7, C8 and C9 in one of the imidazole rings are disordered 

over two positions and were refined using a split model. It is to be noted that 4-nba 

functions as an anion for charge balance and is not bonded to Ni(II) unlike in the 

reported compound [Ni(H20)2(Im)2(4-nba-0)2] where the carboxylate anion functions 

as a monodentate (4-nba-O) ligand. The geometric parameters of the anion in 31 are 

in good agreement with the reported data for compounds containing free 

uncoordinated 4-nba. In the octahedral [Ni(Im)6] 2+  complex cation the central metal is 
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linked to six symmetry related neutral Im ligands with the nitrogen atoms of Im at the 

corners of an octahedron. The three trans N-Ni-N bond angles exhibit the ideal value 

while the cis N-Ni-N bond angles range from 88.81(5) to 91.19 °  indicating a 

distortion of the octahedron (Table 3.43). The Ni-N bond distances range from 

2.1098(12) to 2.1508(13) A and the difference A between the longest and shortest Ni-

N bonds amounts to 0.041 A. In the crystal structure of 31 the cation, anion and 

crystal water are linked by three varieties of H-bonding interactions resulting in eight 

short 0--H contacts comprising of two 0-H.• .0, three N-H••0 and three C-H-•-0 

interactions (Table 3.44). All these 0•-H distances range from 1.948 to 2.631 A. An 

analysis of the crystal structure reveals that each hexacoordinated Ni(II) complex 

cation is H-bonded to eight different 4-nba anions via N-H--0 bonds with the amine 

N atoms functioning as H donors and the carboxyalte 0 atoms 01 and 02 functioning 

as H-acceptors. Further, the cation is linked to four symmetry related water molecules 

with the aid of weak C-H•••0 interactions. The carboxylate oxygen atoms of 4-nba 

function as trifurcated (01) or bifurcated H-acceptors while the nitro oxygen 03 is 

involved in C-H••0 bonding. This results in the linking of each 4-nba anion, to four 

symmetry related cationic complexes via three NH•••0 and one C-H••0 interactions 

and to two different water molecules via 0-H•••0 interactions. The lattice water 

molecule functions both as H-donor and H-.acceptor and serves to link pairs of cations 

and anions with the aid of hydrogen bonds (Figure. 3.54). Each lattice water molecule 

is linked to two different cationic complexes via C7-H7•05 and C5-H5•05 

interactions resulting in tetracoordination around the water oxygen 05. The 

intramolecular 05-H105•-01 and intermolecular 05-H205-01 interactions at 

shorter distances 2.167 and 2.123 A respectively, connect two different 4-nba anions 

with the lattice water. The 0-H•••0 interactions are responsible for the organization of 

4-nba anions in antiparallel manner perpendicular to the crystallographic ac plane. An 

analysis of the short ring interactions and distances between the ring centroids (Cg-

Cg) of the 4-nba anions in 31 reveals that the Cg-Cg distance between the two six-

membered rings is 3.7490 A and the perpendicular distance from the center of the first 

ring to the second (interplanar distance) is 3.396 A indicating that the structure is 

further stabilized by MR stacking interactions. Finally as a result of the three varieties 

of hydrogen bonding interactions in 31 the cations and anions are organized into 

alternating layers with the lattice water molecules providing the inter layer 

interactions. 
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Ni(1)-N(5) 	2.1098(12) 
Ni(1)-N(5)' 	2.1098(12) 
Ni(1)-N(3) 	2.1393(13) 
N(5)'-Ni(1)-N(5) 	180.0 
N(5)1 -Ni(1)-N(3) 1 	89.84(5) 
N(5)-Ni(1)-N(3) 1 	90.16(5) 
N(5) 1  -Ni(1)-N(3) 
N(5)-Ni(1)-N(3) 
N(3) 1 -Ni(1)-N(3) 
N(5) 1 -Ni(1)-N(1) 
N(5)-Ni(1)-N(1) 

90.16(5) N(5)-Ni(1 )-N(1)1  89.64(5) 
89.84(5) N(3)' -Ni(1)-N(1) 1  88.81(5) 
180.0 N(3)-Ni(1)-N(1)' 91.19(5) 
89.64(5) N(1)-Ni(1)-N(1) 1  180.00(6) 
90.36(5) 

Ni(1)-N(3) 1 
 Ni(1)-N(1) 

Ni(1)-N(1)' 
N(3)' -Ni(1)-N(1) 
N(3)-Ni(1)-N(1) 
N(5)1  -Ni(1)-N(1) 1  

2.1393(13) 
2.1508(13) 
2.1508(13) 
91.19(5) 
88.81(5) 
90.36(5) 

Table 3.44. Hydrogen-bonding geometry (A, °) for [Ni(1m)6](4-nba)2.2H20 31  

D-H••A d(D-H) d(H••A) d(D••-A) <DHA Symmetry code 

N2-H1N2•••021i .  0.860 1.948 2.750 155 [x, y, z+1] 
N4-H1N4•01 1°  0.860 2.051 2.887 164 [—x+1, -y+1, 
N6-H1N6••02' 0.860 2.006 2.816 157 [-x, -y+1, 

05-H105•01 0.820 2.167 2.977 169 
05-H205•01 v  0.820 2.123 2.932 169 [—x+1, -y+2, -z] 

0.930 2.630 3.300 130 [x+1, y+1, z+1] 
C5-H5•05" .  0.931 2.631 3.310 130 [x, y+1] 
C4-H4••-03" m  0.930 2.446 3.206 139 [x+1, y, z] 

Table 3.43. Selected bond distances and bond angles (A, 0) for [Ni(1m)6](4-nba)2.2H20 
31 

Symmetry transformations used to generate equivalent atoms: i -x, -y, -z+1 

Symmetry Code: ii) x, y, z+1 ; iii) —x+1, -y+1, -z ; iv) -x, -y+1, -z ; v) —x+1, -y+2, -z ; vi) x+1, y+1, 
z+1 ; vii) x, y+1, z viii) x+1, y, z 

C2 

O E 

05 	 CS 

Figure 3.53. The asymmetric unit of [Ni(lm)6](4-nba)2.2H20 31 showing .the atom-
labeling scheme. The carbon atoms C7, C8 and C9 are disordered over two positions. 
Displacement ellipsoids are drawn at the 30% probability level except for the H 
atoms, which are shown as circles of arbitrary radius. For clarity the H atoms of the 
coordinated imidazole ligand are not shown. Symmetry code: i) -x, -y, -z+1 
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Figure 3.54. A view of the surroundings of the lattice water molecule in 31 

showing the linking of each water to two symmetry related [Ni(Im)6] 2+  cations via two 

C-H••0 and two 4-nba anions with the aid of two 0-H••0 hydrogen bonds (top). A 

view showing the H-bonding of crystal water with only 4-nba anions resulting in 

antiparallel organization of the aromatic rings of 4-nba. For clarity the cations are not 

shown (bottom). Symmetry code: iv) -x, -y+1, -z ; vi) x+1, y+1, z ; vii) x, y+1, z. 

r .• 
)41 
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32 crystallizes in the centrosymmetric triclinic space group Pi and the Ni(II) is 

located on a centre of inversion (Figure 3.55). The central metal in 32 is 

hexacoordinated and is bonded to two trans water molecules and two monodentate 4-

nba anion through 0-atoms, which lie on an approximate square plane. Two trans 2- 

MeIm ligands completes the octahedral coordination around Ni(II). The 

methylimidazole molecule is disordered in two orientations was refined using a split 

model. The trans 0-Ni-0 and N-Ni-N angle show the ideal values of 180 °, while the 

cis 0-Mg-0 and N-Mg-0 angles range from 82.19(8) to 97.79(8) °  indicating a 

distortion of the [NiO4N2] octahedron (Table 3.45). The Ni-O(H20), Ni-O(4-nba) and 

Ni-N (2-MeIm) distances of 2.1230(13), 2.0592(13) and 2.0792(2) respectively are 

slightly shorter than that of the related mononuclear compound [Ni(H20)2(Im)2(i 1 -4- 

nba)2]. A careful analysis of the crystal structure reveals that the coordinated water, 4-

nba as well as the 2-MeIm in 32 are involved in three types of H-bonding interactions 

namely 0-H-.0, N-H-•0 and C-H--0 (Figure 3.56). All the H-.0 contacts ranging 

from 1.841-2.577A (Table 3.46) are shorter than the sum of their van der Waals radii 

[204]. The nearly overlapped arrangement of parallel 4-nba ligand in neighbouring 

complex is observed in crystal structure of 32 with Cg-Cg distance of 3.838A between 

the 4-nba rings indicating si-n stacking interaction. 

Table 3.45. - Selected bond distances and bond angles for [Ni(H20) 2(2-MeIm)2(71 1 -4- 
nba)2] 32 
Ni(1)-0(1)i 2.0592(13) Ni(1)-N(2) 2.079(2) 

Ni(1)-0(1) 2.0592(13) Ni(1)-N(2)i 2.079(2) 

Ni(1)-N(2') 2.065(4) Ni(1)-0(5) 2.1230(13) 

Ni(1)-N(2 1)i 2.065(4) Ni(1)-O(5)i 2.1230(13) 

0(1)i -Ni(1)-0(1) 180.00(1) N(2)-Ni(1)-N(2)i 180.000(1) 

0(1)i -Ni(1)-N(2') 101.34(13) 0(1)i -Ni(1)-O(5) 90.04(5) 

0(1)-Ni(1)-N(2') 78.66(13) 0(1)-Ni(1)-0(5) 89.96(6) 

0(1)i -Ni(1)-N(2')i 78.66(13) N(2')-Ni(1)-0(5) 82.78(12) 

0(1)-Ni(1)-N(2')i 101.34(13) N(2')i -Ni(1)-O(5) 97.22(12) 

N(2')-Ni(1)-N(2')i 180.000(1) N(2)-Ni(1)-0(5) 96.79(8) 

0(1)i -Ni(1)-N(2) 82.19(8) N(2)i -Ni(1)-O(5) 83.21(8) 

0(1)-Ni(1)-N(2) 97.81(8) 0(1)i -Ni(1)-O(5)i 89.96(6) 

N(2')-Ni(1)-N(2) 23.80(11) 0(1)-Ni(1)-0(5)i 90.04(5) 

N(2')i -Ni(1)-N(2) 156.20(11) N(2)-Ni(1)-0(5)i 97.22(12) 

0(1)i -Ni(1)-N(2)i 97.81(8) N(2')i-Ni(1)-0(5)i 82.78(12) 

0(1)-Ni(1)-N(2)i 82.19(8) N(2)-Ni(1)-0(5)i 83.21(8) 

N(2')-Ni(1)-N(2)i 156.20(11) N(2)i -Ni(1)-O(5)i 96.79(8) 

N(2')i-Ni(1)-N(2)i 23.80(11) 0(5)-Ni(1)-0(5)i 180.00(1) 

Symmetry transformations used to generate equivalent atoms: i -x+1,-y+2,-z+1 
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Figure 3.55. Crystal structure of [Ni(H20)2(2-MeItn)2(r1 1 -4-nba)2]32, showing the 
atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level 
except for the H atoms, which are shown as circles of arbitrary radius. Symmetry 
codes i -x+1,-y+2,-z+1 

Figure 3.56. Packing diagram of 32 involving C-H•• 0 and 0-H•••0 interactions 
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Table 3.46. Hydrogen-bonding geometry (A, 0) for [Ni(H20)2(2-MeIm)2(71 1 -4-nba)2] 

D-H•••A d(D-H) d(H•••A) d(D••.A) <DHA Symmetry code 

05-H105••02i 0.84 1.841 2.666 167.21 [ -x+1, -y+2, -z+1 ] 

05-H105•01i 0.84 2.561 2.959 110.24 [ -x+1, -y+2, -z+1 ] 
05-H205•04ii 0.84 2.417 3.18 151.55 [ x, y, z-1 ] 

Hydrogen bonds with H•••A < r(A) + 2.000 Angstroms and <DHA > 110 deg. 

Compound [Ni(H20)(N-MeIm)2(i 2-4-nba)(71 1 -4-nba)] 33 crystallizes in the 

triclinic space group PT and all atoms are located in general positions. The central 

metal is six coordinated and linked to the imine N-MeIm and a terminal water. A 

monodentate 4-nba ligand and a bidentate 4-nba ligand complete the hexacoordination 

around Ni(II) (Figure 3.57),It is interesting to note that, 4-nba ligand in 33 adopts two 

different coordination modes namely monodentate and chelating unlike in the related 

compounds. The two N-MeIm are disposed trans to each other. The Ni-0 bond 

distances for the bidentate 4-nba ligand ranges from 2.1252(14) to 2.2792(14) A 
respectively, while the Ni-0 distance for monodentate 4-nba is shorter at 2.0379 (14) 

A (Table 3.47).An analysis reveals that coordinated water and N-MeIm are involved 

in two types of H-bonding interactions namely 0-H•••0 and C-H•0. The coordinated 

water is linked intramolecularly to the free carboxylate oxygen atom (012) at a short 

distance of 1.826 A as well as with a carboxylate oxygen (01) of neighbouring 

molecule resulting in the formation of H-bonded chain along a axis (Figure 3.58). The 

N-MeIm ligand is involved in five intermolecular C-H-0 interactions with distances 

ranges from 2.555-2.659 A, (Table 3.48). A view of the crystallographic packing 

showing the H-bonding network is presented in figure (Figure 3.59). In addition to 

this, 4-nba rings of the neighbouring molecules are arranged antiparallerally along b-

axis and are further stabilized by a-a stacking interaction, with a Cg-Cg distance of 

3.784 A. 
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Table 3.47. — Selected bond distances and bond angles for [Ni(H 20)(N-MeIm)2(1 2-4- 
nba)(r1 1 -4-nba)] 33 

Ni(1)-0(11) 2.0379(14) Ni(1)-0(2) 2.1252(14) 
Ni(1)-N(21) 2.0551(16) Ni(1)-0(1) 2.2792(14) 
Ni(1)-N(31) 2.0574(16) 
Ni(1)-0(41) 2.0999(14) 
0(11)-Ni(1)-N(21) 89.85(6) 0(11)-Ni(1)-0(1) 103.34(6) 
0(11)-Ni(1)-N(3-1) 91.05(6) N(21)-Ni(1)-O(1) 88.00(6) 
N(21)-Ni(1)-N(31) 176.90(6) N(31)-Ni(1)-0(1) 88.90(6) 
0(11)-Ni(1)-0(41) 93.32(6) 0(41)-Ni(1)-0(1) 163.28(6) 
N(21)-Ni(1)-0(41) 90.70(6) 0(2)-Ni(1)-0(1) 60.00(5) 
N(31)-Ni(1)-0(41) 92.22(6) N(31)-Ni(1)-0(2) 89.34(6) 
0(11)-Ni(1)-0(2) 163.33(6) 0(41)-Ni(1)-0(2) 103.32(6) 
N(21)-Ni(1)-0(2) 88.95(6) 

Figure 3.57. The asymmetric unit of [Ni(H 20)(N-MeIm) 2(1 2-4-nba)(1 1 -4-nba)] 33, 
showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% 
probability level except for the H atoms, which are shown as circles of arbitrary 
radius. 
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Figure.3.58. H-bonded chain f 	uxn between water molecule and chelating 4-nba 
oxygen (01), running along a axis in 33 

Figure 3.59. H-bonded network in 33 involving C-H•-0 and O-H••.0 interaction. 
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Table 3.48.— Hydrogen-bonding geometry (A, 0) for [Ni(H20)(N-Me1m)2(r1 2-4-nba)i_(r1 1 - 
4-nba)] 33 

D-1-1•••A d(D-H) d(H•--A) d(D•••A) <DHA Symmetry code 

041-H41A•012 0.830 1.826 2.642 167.3 
041-H41B•01 0.830 2.051 2.862 165.29 [x+1,y,z] 
C24-H24-011 0.970 2.606 3.568 171.08 [x, 1+y, 
C22-H22••-01 0.940 2.649 3.496 150.13 [x, 1+y, z] 
C23-H23•03 0.940 2.568 3.272 132.00 [-x,2-y, -z] 
C334133•014 0.940 2.659 3.268 122.98 [1-x, -y, 1-z] 
C32-H32•041 0.940 2.555 3.308 137.35 [x, -1+y, z] 
Hydrogen bonds with H•A < r(A) + 2.000 Angstroms and <DHA > 110 deg. 

3.3.12. Comparative chemistry of Ni(II)-4-nba complexes 

In addition to the compounds 31, 32 and 33 the structures of six other 4- 

nitrobenzoate compounds of Ni(II) are known. The mode of binding of 4-nba, and the 

secondary interactions in terms of H-bonding differ considerably in these compounds 

(Table 3.49) as shown below. All these hexacoordinated Ni(II) compounds crystallize 

in centrosymmetric space groups and the central Ni(II) is situated on an inversion 

center. In the 31 the metal contains a{NiN6} coordination sphere and in two 

compounds the metal exhibits a {Ni06} coordination sphere. In 32, 33 and the 

remaining compounds both 0 and N donors are present in the form of either 

{NiN4O2 } or {NiN204}. In addition to coordinating to Ni(II) in a monodentate mode 

via the carboxylate oxygen in 32 and four of the seven these Ni(II) compounds, 

reported compounds, the 4-nba moieties act as charge balancing species in all these 

Ni(II) compounds. In 33 the 4-nba ligand exhibits monodentate as well as bidentate 

mode of coordination. The differently hydrated 4-nba compounds, [Ni(H20)4(4-nba-

0)2].2H20 and [Ni(H20)6](4-nba)2.2H20 exhibit 0-1+-0 interactions, 0-H•••0 and 

C-H••0 interactions in 33 and 0-H•••0 and N-H••0 interactions in 32, while the 

mixed ligand compound [Ni(1,3-pn)2(4-nba-0)2] is involved in only N-1-1••0 

interactions. Two types of interactions namely N-H••0 and C-H••0 are observed in 

the neutral compound containing the macrocyclic cyclam ligand [Ni(cyclam)(4-nba-

0)2]. In addition to 31, two other mixed ligand Ni(II) compounds viz. 

[Ni(H20)2(en)2](4-nba)2 and [Ni(H20)2(Im)2(4-nba-0)2] are involved in three types of 

H-bonding interactions. 
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Table 3.49: comparative structural features of nickel-4-nba compounds. 

Compound Space Coordination Binding mode Types of Ref. 
Group sphere / 

colour 
of 4-nba H-bonds 

[Ni(H20)4(4-nba-0)2].2H20 PT {Ni06 } / 
green 

Monodentate 0-H•0 82 

[Ni(H20)6](4-nba)2.2H20 C2/c {Ni06 } / 
light blue 

Uncoordinated 0-11•0 50 

[Ni(1,3-pn)2(4-nba-0) 2 ] PT {NiN4 O2 } 
brown 

Monodentate N-H••0 124 

[Ni (cyclam)(4-nba-O) 2 ] P2 i /n {NiN4 O2 } 
colourless 

Monodentate N-••0 
C-H••0 

83 

[Ni(H2 0)2 (1m)2(4-nba-0) 2 ] PT {NiN2 O4 } 
green 

Monodentate 0-H•••0 
N-H••0 

84 

C-H••0 
[Ni(H20)2(en)2](4-nba)2 P2 1 /n {NiN4 O2} 

colourless 
Uncoordinated 0-H-0 

N-H••0 
82 

C-H••0 
[Ni(1m)6](4-nba)2 .2H20 PT {NiN6 } 

blue 
Uncoordinated 0-H••0 

N-H-0 
31 

C-H•0 
[Ni(1-120) 2(2-MeIm)2 (4-nba-0) 2 ] Pi {NiN2 O4 } 

green 
Monodentate  0-H-0 32 

[Ni(H20)(N-MeIm)2(4-nba-0) 2 ] PT {NiN2O4}
green 

Monodetate, 
Bidentate 

0-H•0 33 

In all the compounds Ni(II) is situated on an inversion centre. 4-nba-O = monocoordinated 4- 
nitrobenzoate; 1,3-pn = propane-1,3-di amine Im=imidazole cyclam=1,4,8,11-tetraazacyclotetradecan, 
en =ethylenediammine. 

A comparison of the structurally characterized transition metal 4- 

nitrobenzoates compounds (Mn, Co and Ni), which contain metal : 4-nba in 1:2 ratio 

reveals that the central metal exhibits hexacoordination in Mn, Ni and 

[Co(H20)2(Ini)2(4-nba)2] 26, tetracoordination is observed in Co(II)4-nba complexes 

27 and 28. The 4-nba ligand exhibits three modes of coordinations (monodentate, 

bridging and bidentate) in transitiom metal compounds. 
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3.4. 	Spectral investigation 

3.4.1. Vibrational Spectroscopy 

The metal carboxylate complexes have been characterized by the use of 

vibrational spectroscopy viz IR and Raman. The details of the sample preparation and 

instrumentation used have been given in the chapter 2. The assignments for the 

signals due to the vibrations of the carboxylate and nitro groups of the 4-nba anion are 

made based on the recent work of Lewandowski and coworkers and have been 

tabulated. 

The IR and Raman spectral data of Mg, Ca, Sr, Ba, Mn, Co and Ni complexes 

described in this work are summarized in Table 3.47 and 3.48 respectively. 

Representative infrared spectra of the synthesized alkali earth metal 4-nitrobenzoates 

are depicted in Figure 3.60. All the complexes exhibit several sharp signals in the mid 

IR region many of which are also observed in the free carboxylic acid clearly 

indicating the presence of the organic moiety in the synthesized complexes. Further, 

several of the hydrated complexes exhibit a strong and broad absorption signal in the 

3600-3000 cm -I  region, which confirms the presence of water molecules. The 

presence of water molecules has also been inferred as well as quantified based on 

isothermal weight loss studies (vide infra). The temperatures for the weight loss 

studies were chosen based on the transition temperatures observed in their DSC/DTA 

thermograms. 

The structural studies reveal that the 4-nba anion exhibits different binding 

modes in all these complexes. Further two different types of 4-nba coordination is 

observed in compounds 3, 5 and 7. Based on the infrared spectral data only, it is 

difficult to unambiguously determine the nature of binding in metal 4-nitrobenzoates. 

It is interesting to note that the infrared spectra of all compounds exhibit a strong 

signal at around 1350 cm -I . This indicates that this vibration is probably not very 

sensitive to changes around the central metal ion or presence of coligands. A 

comparison of the IR spectra of the alkali-earth 4-nitrobenzoate like [Mg(H20) 6](4- 

nba)2.2H20 1, {Ca(H20)4(4-nba)2] 3, [Sr(H20)7(4 -nba)](4 -nba).2H20 5 and 

[Ba(H20) 5 (4-nba)2] 7 (Figure 3.60) reveals that all these compounds exhibit strong 

and broad signals in the region 3500 — 3000 cm -1  with differing profiles which can be 

attributed to the different degrees of hydration of these compounds. 
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Figure 3.60. IR Spectra of: (a)[Mg(H20)6](4-nba)22H20 1; (b) [Ca(H20)4(4 nba)2]2; (c) 
[Sr(H20)7(4-nba)](4-nba) 2B20 5; (d) [Ba(H20)5(4-nba)2] 7 

The IR spectra of the compounds [Mg(H20)2(1m)2(4-nba) 21 17 and [Mg(H20)(N-

MeIm)2(4-nba)21 118, are depicted in Figure 3.61 respectively. It is interesting to 

observe that, the broad water band in [Mg(H20)6](4-nba)2.2H20 1(Figure. 3.61) is 

replaced by a sharp N-H signal from imidazole, which is superimposed on 0-H band, 

and also the finger print region is quite different from the parent compound, indicating 

the formation of a new compound. The IR spectra of the mixed ligand complexes of 

[Ca(H20)3(Im)(4-nba)21.Im 19, [Ca(H 2 0)(2-MeIm)(4-nba)2] 20, [Ca(N-MeIm)(4- 

nba)2 ] 21, and [Ca(H20)2(N-MeIm)2(4-nba)2] 22, are displayed in (Figure 3.62). The 

formation of the anhydrous compound 21 can be evidenced by the absence of strong 

and broad absorption in its IR spectrum around 3600 cm -I . The incorporation of N-

donor ligands in the Ca coordination sphere can be inferred by the additional bands in 

compounds 1g, 20 and 21. 

The IR spectra of the 4-nitrobenzaotes of Mn namely [Mn(H20)4(4- 

nba)21.2H20 14, [Mn(H20)2(Im)2(4-nba)2123, [Mn(H20)(N-MeIm)2(4-nba)2]2 24 and 

[Mn(H20)4(BenzIm) 21(4-nba) 2  25 are displayed in Figure 3.63. All these compounds 

exhibit a strong signal in the region 3500 — 3000 cm -1  indicating the presence of water 

in these compounds. The incorporation of N-donor ligands in the coordination sphere 

results in extra signals indicating formation of new compound. The IR spectra of 

[Mn(H20)2(IM) 2(4-nba)2123 and the dinuclear Mn complex [Mn(H20)(N-MeIm)2(4- 

nba)212 24 are identical with the corresponding isostructural Mg compounds. This 
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feature indicates that changes in central metal does not result in any major changes in 

the IR spectra of metal 4-nitrobenzoates. The isostructural nature of these complexes 

has been conclusively proved by X-ray powder pattern. The IR spectra of 

[Co(H20)2(Im)2(4-nba)2] 26, [Co(N-MeIm)2(4-nba)2] 27, [Co(2-MeIm)(4-nba)2] 28 

and [Co(phen)2(HCO3)4-nba]•4.5H20 29 are presented in Figure 3.64. The formation 

of the anhydrous compounds 27 and 28 can be evidenced from the IR spectra, which 

are devoid of the signals for O-H vibrations. The incorporation of coligand is further 

confirmed by the appearance of additional bands in the mid IR region. It is interesting 

to note that in case of 4-nba compounds of Ni(II), the formation of the product 

depends on pH. Differently hydrated products have been isolated. The IR spectra of 

the 4-nba complexes of Ni(II) are depicted in Figure 3.65. The spectral data can be 

explained in a similar way as described for the Mn and Co compounds. The IR 

spectrum of [Ni(H20)2(Im)2(4-nba)2] 30 is identical with that of the isostructural 

[M(H20)2(1m)2(4-nba)2] [M = Mg, Mn and Co] analogues [Figure. 3.66]. Interestingly 

the IR spectrum of [Ni(Im)6](4-nba)2.2H20 M is quite different from that of 

[Ni(H20)2(Im)2(4-nba)2] 30 [Figure 3.65]. The IR spectra of [M(H2 0)2(4-nba)2] 

(M=Rb 12 or Cs 13) are identing that indicates they are isostructural (Figure 3.67). 

The isostructural nature of these complexes has been conclusively proved by X-ray 

powder pattern (Appendix II). The IR spectra of the [Mg(H20)4(4-clba)2] 2, 

[Ca(H20)3(4-clba)2] 4, [Sr(H20)(4-clba)2] 6 and [Ba(4-clba)2] 8 are displayed in 

(Figure 3.68). The formation of anhydrous compound 8 can be evidenced by the 

absence of strong and broad absorption in its IR spectrum around 3600 cm -1 . 
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Figure 3.61. IR Spectra of: (a)[Mg(H20)6](4-nba)2'2F120 1; (b)[Mg(H20)2(Im)2(4-nba)2] 
17; (c) [Mg(H20)(N-MeIm)2(4-nba)2]2 18 
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Figure 3.62: IR spectra of (a)[Ca(H20)4(4-nba)2] 3 (b) )[Ca(H20)3(Im)(4-nba)2].1rn 19 (c) 
[Ca(N-MeIm)(4-nba)2] 21 (d)[Ca(H20)(2-MeIm)(4-nba)2] 20 
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Figure 3.63. IR spectra of (a)[Mn(H20)4(4-nba)212H20 14 (b) [Mn(H20)2(Im)2(4-nba)2] 
23 (c) [Mn(H20)(N-Melm)2(4-nba)2]222 (d) [Mn(H 20)4(Benzim) 2](4-nba)2  25 
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Figure 3.64. IR spectra of (a) [Co(H20)2(Im)2(4-hba)2] 26 (b) [Co(2-MeIm)2(4-nba)2] 28 
(c) [Co(N-Melm)2(4-nba)2] 27 (d) [Co(phen)2(HCO3) (4-nba)]•4.5H20 29 
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Figure 3.65. IR spectra of (a)[Ni(}120)4( 4-nba)21 2H20 [82]; (b) [140120)6](4- 

 nba)2.2H20 15; (c) [Ni(H20)2(1m)2(4-nba)2] 30; (d) [Ni(1m)6](4-nba)21 -2H20 31; (e) 
[Ni(1420)(N-MeIm)2( 4-nba)2] 33; (f) iNi(H20)2(2-MeIm)2(4-nba)2] 32 
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Figure 3.66: IR spectra of (a) Psli(H20)2(1m)2(4-nba)2] 30 (b)  [Mg(H20)2(Im)2(4-nba)2] 
19 (c) [Mn(H20)2(Im)2(4-nba)2] j (d) (C0(H20)2(1m)2(4-nba)2] 
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Figure 3.67. IR spectra of (a)[Rb(H20)2(4-nba)] 12; (b) )[Cs(H20)2(4-nba)] 13 
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Figure 3.68. IR spectra of : (a) [Mg(H20)4(4-clba)2] 2; (b) [Ca(H20)3(4-clba)2] 4; (c) 

[Sr(H20)(4-clba)2] 6; (d) [Ba(4-clba)2] 

Table 3.50: IR spectral data of the synthesized complexes 
Sr.No Compound IR peaks 

4-nbaH 3115(m), 3080(m), 3063(m), 2994(m), 2951(m), 
2866(m), 2994(m), 2951(s), 2866(m), 2828(m), 
2716(m), 2671(m), 2625(m), 2604(s), 1607(s), 
1541(s) vasNO2, 	1495(w), 	1427(s), 	1406(m), 
1385(w), 	1350(s) 	vsNO2, 	1294(s), 	1281(s), 
1111(m), 	1015(m), 	931(s), 	880(s), 	860(s), 
802(s), 789(m), 718(w), 712(s), 561(w), 513(w) 

[MgH20)6](4-nba)2.2H20 3736-2000(bm), 	1626(s), 	1582(vs) 	vasNO2  
1518(s) vas  COO , 	1423(s), 1348(vs) '0,140 2, 
1321(s), 1165(w), 1132(w), 1107(m), 1011(w), 
880(m), 831(s), 800(s), 727(vs), 669(m), 521(s) 

a [Mg(120)4(4-clba)2l 3769-2561(bs), 	1944(w), 	1587(s), 	1547(s) vas  
COO, 	1433(s), 	1410(s) 	vsC00, 	1298(w), 
1281(m), 1177(w), 1144(w), 1096(m), 1015(m), 
972(w), 	851(m), 	783(s), 	727(m), 	692(m), 
629(m), 567(m), 530(m), 473(s) 

2 ra(H20)4(4-nba)2] 3667(s), 	3559(s), 	3512-2570(bs), 	2442(w), 
2247(w), 2208(w), 1954(w), 1815(w), 1620(s), 
1572(s) 	vasNO2, 	1504(s) 	uasC00, 	1416(s), 
1391(s) vs 	COO, 	1344(s) u, NO2, 	1321(s), 
1281(m), 1248(m), 1169(m), 1140(w), 1107(s), 
1011(m), 982(m), 881(s), 845(s), 799(s), 727(s), 
683(m), 644(s), 515(s) 

'
I [Ca(H20)3(4-clba)2)] 3730-2580, 	centered 	at 	3293(s), 	2575(w), 

2521(w), 1909(m), 1778(w), 1687(m), 1625(m), 
1589(s), 	1538(s), 	1508(s) vas  COO, 	1438(s), 
1389(s) v, COO, 1308(m), 1280(m), 1262(m), 
1182(w), 	1138(w), 	1101(s), 	1019(s), 	962(w), 
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867(s), 851(s), 836(m), 770(s), 714(s), 685(s), 
630(s), 536(s) 467(m) 

1 [Sr(H20)7(4-nba)2].2H20 3704-2349(bs), 2262(w), 1691(m), 1587(s) u. 
NO2, 	1531(bs) 	u. 	COO, 	1433(s) 	usC00, 
1313(m) 1002, 1281(m), 1178(m), 1142(m), 
1102(s), 	1019(s), 	969(w), 	958(w), 	861(s), 
848(s), 776(vs), 715(m), 686(s), 535(s), 478(s) 

[Sr(H20)(Clba)2] 3715-2027(bs), 	1921(m), 	1692(s), 	1587(s), 
1528(s) u. COO, 	1427(s) usC00, 	1292(m), 
1281(m), 1177(w), 1142(m0, 1101(s), 1090(s), 
1018(m), 968(w), 957(w), 860(s), 847(s), 775(s), 
714(m), 689(m), 6299m), 532(s), 476(s), 

2 [Ba(H20)5(4-nba)2]. 3730-2922(bm), 2833(w), 2525(w), 	2440(w), 
2361(w), 1950(w), 1815(w), 1630(m), 1612(m), 
1566(s) vas  NO2, 1552(s), 	1537(m), 1516(m), 
1512(s) us, COO, 1504(m), 1449(w), 1402(s) 
usC00, 	1352(s) us  NO2, 	1323(s), 	1279(w), 
1248(w), 1177(w), 1136(w), 1109(m), 1013(w), 
881(m), 839(s), 806(s), 797(s), 725(s), 679(w), 
630(m), 513(s) 

[Ba(Clba)2] 3725(w), 3663(w), 3171(w), 3084(w), 3053(w), 
2976(w), 2909(w), 2768(w), 2723(w), 2660(w), 
2563(w), 2529(w), 2440(w), 2392(w), 2276(w), 
2232(w), 2010(w), 1965(w), 1946(w), 1927(m), 
1865(w), 1697(m), 1667(m), 1584(s), 1531(s), 
1522(s) us, COO, 1495(m), 1467(m), 1418(s) us 
COO, 1389(m), 1314(m), 	1298(m), 	1283(m), 
1179(w), 	1191(s), 	1033(w), 	1016(m), 983(w), 
964(w), 928(w), 861(s), 845(s), 775(s), 723(w), 
689(s), 	628(m), 	552(m), 	530(m), 	476(m), 
465(m), 418(w) 

Chi  Li(4-nba)•3H20 3121(m), 3057(m), 2870(w), 2447(w),2369(w), 
2285(w),2211(w), 1946(w), 1710(w), 1622(m), 
1582(s) 	us5/s102, 	1558(s),1518(s), 	us5C00, 
1416(s) 	usC00, 	1352(s) 	us 	NO2, 	1322(s), 
1106(w), 	1018(w), 	880(m), 	836(m), 	802(m), 
728(s), 630(w), 517(m) 

10 Na(4-nba)•3H20 3111(m), 3051(w), 2988(w), 2864(w), 2452(w), 
2286(w), 1950(w), 1819(w), 1701(w), 1622(s), 
1593(s) us5NO2, 	1524(s) us5C00, 	1406(s) us 
COO, 	1352(s) 	usis102, 	1317(m), 	1238(w), 
1107(w), 	978(w), 	876(m), 	831(s), 	802(m), 
729(s), 675(w), 625(w), 561(w), 507(m) 

11 K(4-nba).2H 20 3677-2604(bs), 	2448(w), 	2357(w), 	2208(w), 
1954(w), 	1819(w), 	1690(m), 	1618(s),1572(s) 
us5NO2, 	1553(s), 	1518(s) 	ussC00, 	1495(m), 
1391(s) 	usC00, 	1352(s) 	us 	NO2, 	1321(s), 
1103(s), 1013(m), 885(s), 864(s), 826(s), 804(s), 
727(s), 665(m), 644(w), 556(m), 513(s) 

j [Itb(H20)2(4-nba)] 3694-2924 (bs), 2893(w), 2837(w), 2587(w), 
2513(w), 2448(w), 2270(m), 2207(m), 1967(w), 
1954(w), 1938(w), 1854(w), 1820(w), 1709(m), 
1614(m), 	1572(s) 	us5NO2, 	1518(s) 	us5C00, 
1385(s) 	usC00, 	1350(s) 	0%102, 	1321(s), 
1283(m), 1252(m), 1217(m), 1161(w), 1134(w), 
1105(m), 1086(w), 1013(m), 984(w), 972(w), 
885(s), 864(s), 829(s), 804(s), 725(s), 648(m), 
569(s), 513(s) 

.11 [Cs(H20)2(4-nba)] 3682-2922 (bs), 2889(w), 2839(w), 2587(w), 
2509(w), 2446(w), 2266(m), 1965(w), 1952(w), 
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1938(w), 1854(w), 1819(w) 1765(w), 1695(m), 
1614(m), 	1574(s) 	vasii02, 	1518(s)A,,C00, 
1383(s) us  COO, 1348(s) u s  NO2, 1321(s), 
1281(m), 1252(m), 1215(m), 1159(w), 1132(w), 
1103(m), 1084(w), 1013(m), 984(w), 972(w), 
883(s), 829(s), 802(s), 725(s), 604(s), 579(s), 
514(s) 

14 [Mn (H20)4(4-nba)21.2H20 3589 (s), 3533 (s), 3227 (bs), 3109 (m), 1568 (s) 
vas/%102, 1406 (s), 1375 (s) vsC00, 1350 (s) vs  
NO2, 1321 (s), 1134 (s), 1107 (s), 1107 (m), 
1012 (m), 1012 (m) ,877 (m), 810 (s), 798 (s), 
723 (s), 623 (m), 526 (s) 

14a [Mn(4-nba)2] 3113(w),3092(w), 3061(w), 2851(w), 2448(w), 
1946(w), 1854(w), 1707(w), 1628(m), 1612(m), 
1572(s) vas/402, 	1547(s) vasCOO , 	1493(m), 
1470(w), 	1416(s) 	%COO, 	1348(s) 	usNO2, 
1321(s) , 1279(w), 1250(w), 1171(w), 1144(w), 
1107(m), 	1015(m), 984(w), 	972(w), 878(m), 
839(s), 827(s), 797(s), 723(s), 669(w), 627(w), 
588(w), 525(s), 382(m), 347(m), 341(m). 

15 [Ni(H20)6](4 -nba)2.2H20 3711 -2565 (bs), 	2444(w), 	2274(w), 	1950(w), 
1614(m), 	1580(s) 	vasNO2, 	1512(s) 	va,C00, 
1406(s), 	1379(s) 	usCOO, 	1350(s) 	usNO2, 
1321(s), 	1242(s), 	1105(s), 	1084(w), 	1009(m), 
876(s), 829(s), 800(s), 721(s), 648(s), 515(s) 

16 [Cd (H20)2(4 -11b021 3678-2548(bs), 	2455(w), 	2390(w), 	2280(w), 
2216(w), 1969(w), 1950(w), 1925(w), 1863(w), 
1819(w), 1796(w), 1641(m), 1547(bs) v as/402, 
1468(s), 	1350(s) 	vsNO2, 	1319(s), 	1281(m), 
1244(w), 1204(w), 1165(w), 1140(w), 1109(m), 
1013(m), 986(m), 878(s), 845(s), 797(s), 723(s), 
575(m), 529(m), 501(m), 407(w) 

17 [Mg(1120)2(Im)2( 4-nba)21 3375(s), 3151(s), 3078 (rn), 3049(m), 1686(w), 
1614(m), 1566 (s) vasNO2, 1537(s), 1517(s) u. 
COO, 	1493(m), 	1423 (m), 	1385(s) vsC00, 
1348(s) 	NO2,us 	1334(s), 	1321(s), 	1256(m), 
1157(w), 1103(m), 1072 (s), 1012(w), 975(w), 
943(m), 891(m), 842(m), 804(s), 758(s), 727(s), 
706(s), 662(s), 613(s), 521(s). 

la [Mg(Im)2(4-nba)2] 3282(m), 3132(s), 2955(m), 2860(m), 1639(s), 
1618(s), 	1584(s) 	vas/402, 	1516(s) 	ussC00, 
1414(s) 	usCOO, 	1346(s) 	NO2,us 	1258(w), 
1163(w), 1101(m), 1066(s), 1012(m), 977(w), 
937(m), 875(m), 827(s), 800(s), 767(s), 727(s), 
665(s), 617(s), 522(s) 

18 [Mg(H20)(N-Melm)2(4-nba)212 3441(s), 3105 (s), 3053(s), 2884(w), 2818(w), 
2444(w), 2207(w), 1944(w),1807(w), 1720(m), 
1945(s), 1614(s), 1582(s) v as  NO2, 1516(s) vas  
COO, 1487(m), 1404(s)p,C00, 1346(s) usNO2 , 
1319(s), 	 1287(s), 
1238(s),1173(w),1142(w),1107(s), 
1088(s),1015(m), 968(w), 939(s), 880(s), 827(s), 
802(s), 781(s), 758(s), 725(s), 702(s), 667(s), 
621(s), 563(s), 517(s) 

19 [Ca(H20)3(1m)(4-nba)2•1m 3640-2560(bs) 	2440(w), 	1952(w), 	1813(w), 
1626(s), 	1591(s) 	vas/%102, 	1514 	(s) 	va,C00, 
1493(m), 	1402(s) 	%COO, 	1352(s) 	nsNO2, 
1321(s), 	1280(w) 1256(s), 	1173(m), 	1142(w), 
1126(w), 1105(m), 1069(s), 1013(m), 980(w), 
934(m), 	912(m), 	878 	(m), 	878(m), 
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864(4839(s), 799(s), 758(s), 725(s), 	662(s), 
613(m), 565 (w), 513 (s) 

IA [Ca(Im)2(4-nba)2] 3384(sh), 3222(s), 3161 (sh), 3143(sh) 3114(sh), 
3063(sh), 2950(m), 2853(m), 2702(w), 1947 (w), 
1713(w), 1618(sh), 1607(sh), 1583 (s) u ssNO2, 
1522(s) u„,C00, 1489(w), 1434 (w), 1403(s), 
1347(s) 	usC00, 	1321(s) 	usNO2, 	1262(m), 
1168(w), 1149(w), 1134(w), 1106(w), 1069(s), 
1016(m), 	973(w), 	964(w), 	936(s), 	916(m), 
880(s), 872(s), 826(s), 802(s), 767(m), 753(s), 
741(s), 723(s), 706(m), 692(m), 660(s), 621(s), 
556(w), 511(s), 498(s) 

20 [Ca(H20)(2-MeIm)(4-nba)2] 3539(m), 3264(s), 3119(m), 2909(m), 2839(m), 
2502(w), 2438(w), 2205(w) 1946(w), 1922(w), 
1845(w), 1807(w), 1667(m) 1652(w), 1646(w), 
1626(s), 	1620(s), 	1593(s), 	1575(s), 	1568(s), 
1557(s), 1544(m), 1538(m), 1533(m), 1524(s), 
1521(s) 	t isC00, 	1514(s) 	us,C00, 	1496(w), 
1487(m), 1455(w), 1411(bs) usC00, 1346(bs) 
usNO2, 	1325(s), 	1283(m), 	1252(w),1169(w), 
1150(w), 11429W), 1116(w), 1103(s), 1010(w), 
997(m), 978(m), 928(w), 876(s), 854(m), 827(s), 
797(s), 787(s), 752(s), 721(s), 706(m), 681(m), 
673(m), 632(w), 624(w), 594(w), 517(s), 440(w) 

22 [Ca(1120)2(N-M1m)(4nha)2] 3705-2924(bs), 2868(w), 28289(w), 2704(w), 
2442(m), 1985(m), 1950(m), 1687(m), 1634(s), 
1580(s) ussNO2, 	1526(s) us,C00, 	1404(s) us 
NO2, 1436(s) u sNO2, 1321(s), 1283(s), 1229(m), 
1198(m), 1171(w), 1105(m), 1080(m), 1015(m), 
974(w), 926 (m), 878(s), 833(s0, 818(s), 797(s), 
760(s), 725(s), 706(m), 662(m), 633(m), 619(m), 
513(s) 

23 [Mn(H20)2(Im)2(4-nba)2] 3362(s) 	3173(s) 	3148(s) 	3078(s) 	2945(s) 
2889(m) 2841(m) 2583(w) 2509(w) 2442(w) 
2280(w) 2208(w) 1956(w) 	1859(w) 	1821(w) 
1680(m) 1614(s) 1566(s) u ssNO2  1537(s) 1518(s) 
us,C00 1491(s) 1423(s) 1377(s) u s  COO 1346(s) 
10%102 	1321(s) 	1285(m) 	1256(s) 	1229(m) 
1169(m0 	1159(m) 	1132(w) 	1105(s) 	1072(s) 
1013(s) 976(m) 943(s0 922(m) 887(s) 864(s) 
843(s) 802(s) 760(s) 725(s) 704(s) 681(s) 658(s) 
613(s) 519(s) 

23a [Mn(Im)2(4-11ha)2] 3362(s) 	3242(s) 	3146(s) 	3084(s) 	30559s) 
2972(m) 2859(m) 2756(w) 2714(w) 2690(w) 
2554(w) 2444(w) 2274(w) 22039w) 2112(w) 
1987(w) 1940(w) 1877(w) 	1854(w) 1803(w) 
1695(m) 	1616(s) 	1574(s) ua5NO2 	1518(s) pas 

COO 1495(s) 1410(s) v sC00 1344(s) usNO2 
1321(s), 	1254(s) 	1231(m) 	1168(w) 	1159(w) 
1138(m) 1105(m) 1094(m) 1069(s) 1013(m) 995 
(w) 966(w) 937(s) 918(m) 883(s) 835(s) 797(s) 
754(s) 754(s0 723(s) 654(s) 611(s) 519(s) 498(s) 
453(w) 419(w) 

24 [Mn(H20)(N-MeIm)2(4-nba)2]2 3418(s) 3159(s) 3125(s) 3103(s)3051(s) 2957(s) 
2930(s) 2849(m) 2768(w) 2610(w) 2587(w) 
2573(w) 2525(w) 2479(w) 2444(w) 2372(w) 
2270(w) 2205(w) 1942(w) 1850(w) 1807(w) 
1721(m) 1630(s) 1612(s) 1570(s) u„,NO 2  1530(s) 
1514(s) 	ussCOO 	1485(m) 	1422(s) 	1389(s) 
usCOO 1346(s) '10102  1317(s), 1288(s) 1240(s) 
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1171(m) 	1140(m) 	1105(s0 	1088(s) 	1026(m) 
1015(s) 978(w) 937(s) 880(s) 866(s) 849(w) 
824(s) 800(s) 779(s) 760(s) 723(s) 702(s) 664(s) 
621(s) 559(m) 515(s) 451(m) 

25 [M11(120)4(Benzlm)21(4-nba)z 3640-2550 (bs), 2452 w), 2301(w), 1927(w), 
1800(w), 1773(w), 1636(m), 1614(m), 1553(s) 
vasNO2, 	1520(s) 	vs,C00, 	1499(s), 	1458(s), 
1427(s), 	1396(m) 	%COO, 	1346(s), 	us  
NO2 1317(s), 1303(s), 1269(m), 1261(m), 1236 
(w), 	1192(m), 	1173(w), 	1136(w9, 	1103(m), 
1076(w), 	(1013(w), 	959(s), 	887(m), 	876(s), 
829(m), 775(m), 764(s),750(s), 718(s), 665(s), 
621(s), 543(m), 511(s), 434(s) 

/IA [Mn (Benzlm)2(4-nba)2] 3109(s) 	2984(s) 	2909(s) 	2837(s) 	2446(w) 
2205(w) 	1938(w) 	1900(w) 	1776(w) 	1632(s) 
1620(s) 1582(s) v asNO2, 1518(s) v.000 1493(s) 
1462(s) 1410(s) %COO, 1344(s) vsNO2  1317(s), 
1302(s) 	1269(s) 	1252(s) 	1198(m) 	1167(m) 
1148(m) 11059s) 1013(s) 961(s) 878(s) 835(s) 
797(s) 	766(s) 	746(s) 	725(s) 	619(s) 	569(m) 
546(m) 517(s) 426(s) 

26 [Co (Im)2(420)2(4-nba)2] 3717-2000(bs), 	1861(w), 	1823(w), 	1823(w), 
1692(w),1692(w), 	1614(m), 	1566(s) 	vasNO2, 
1537(s), 	1516(s) 	vasC00, 	1493(s), 	1425(s), 
1381(s) 	%COO, 	1348(s) 	10102, 	1321(s), 
1258(m), 1229(w), 1163(m), 1130(w), 1105(m), 
1072(s), 	1013(m), 	976(w), 	949(m), 	883(s), 
847(s), 802(s), 760(s), 725(s), 708(s), 689(s), 
660(s), 615(s), 521(s) 

27 [C,o(N-MeIm)2(4-nba)21 3136 (m), 3109 (w), 3090 (w), 3048(w), 2945 
(w), 2841 (w), 2442 (w), 1950 (w), 1813 (w), 
1715 (w), 	1626(s), 	1589(s) vas-1402, 	1541(m), 
1510(s) v.000, 	1486(m), 	1425(m), 	1408(s), 
139(s) %COO, 1342(s) v sNO2, 1319(s), 1290(m), 
1238(m), 1161(w), 1130(w), 1107(s), 	1094(s), 
1028(w), 	1011(m), 	972(w), 	953(m), 	878(s), 
831(s), 797(s), 743(s), 723(s), 713(m), 673(m), 
656(m), 	613(m), 	569(m), 	525(m), 	503(m), 
376(m) 

21 [Co(2-Melm)2(4-nba)21 3400-2810 	(bs), 	2745(w), 	2689(s), 	2648(w), 
2442(w), 2359(w), 1944(w), 1809(w), 1712(w), 
1626 (s), 	1587(s), 	1570(s), 	1560(s), 	1489(m), 
1410(s), 	1393(s) %COO, 	1369(s), 	1344(s) us  
NO2, 	1319(s), 	1288(m), 	1275(m), 	1155(s), 
1130(s), 	1105(s), 	1090(s), 	1013(s), 	978(w), 
934(w), 880(s), 856(m), 833(s), 799(s) 

29 [Co(phen)2(HCO3)(4nba)]•4.5H20 3356(bs),3063(s), 	2922(m), 	2853(m),2631(w), 
2455(w) 2382(w), 2307(w), 2183(w) 1977(w), 
1865(w), 1746(w), 1694(s), 1682(s), 1632(m), 
1574(s) 	vasNO2, 	1520(s) 	vasC00, 	1491(w), 
1456(w), 1427(s), 1373(m) %COO, 1338(s) u s  
NO2, 	1319(m), 	1223(m), 	1192(m), 	1155(w), 
1142(m), 1094(m), 1038(w), 1013(w), 920(w), 
881(w), 858(s), 818(s), 802(s), 746(m), 721(s), 
673(w), 	656(w), 	610(w), 	511(m), 
482(m),447(m) 

30 [Ni(1120)2(11n)2(4-nba)21 3362(s), 	3157(s), 	3076(s), 	3048(s), 	2948(s), 
2882(s), 2835(s), 2588(m), 2561(m), 2511(m), 
2446(m), 2262(w), 2239(w), 2210(w), 1956(m), 
1857(w), 	1823(m), 	1694(m),1614(m), 	1562(s) 
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na5NO2 , 	1557(s), 	1537(s), 	1518(s) 	nasC00, 
1495(s), 	1427(s), 	1381(s) nsC00, 	1346(s) vs  
NO2 , 	1321(s) , 	1258(m), 	1229(m), 	1165(m), 
1130(m), 1105(s), 1072(s), 1013(m), 984(m), 
976(m), 951(s), 928(m), 910(s), 883(s), 845(s), 
812(s), 802(s), 758(s), 725(s), 708(s), 689(s), 
660(s), 615(s), 521(s), 457(w),413(w) 

ate, [Ni(Im)2(4-nba)2] 3730(w), 3609(w), 3262(s), 3154(s), 3113(s), 
3080(s), 3053(s), 2976(s), 2872(m), 2731(m), 
2702(w), 2617(w), 2588(w), 2448(w), 2390(w), 
2284(w), 2212(w), 2120(w), 1950(w), 1857(w), 
1823(w), 	1709(m), 	1612(m), 	1557(s) nasNO2, 
1520(s) 	nasC00, 	1493(s), 	1425(s) 	nsC00, 
1346(s) 	vsNO2, 	1321(s), 	1287(m), 	1260(s), 
1233(w), 	1209(w), 	1173(m), 	1146(m), 	119s, 
1070s, 1015m, 989(w), 976(w), 947(m), 922(m), 
885(s), 870(s), 853(s), 	839(s), 812(s), 	800(s), 
743(s), 727(s), 660(s), 613(s), 523(s) 

31 [Ni(Im)6](4-nba)2.2H20 3532(m), 	3154(s), 	2947(s), 	2841(s), 	2708(s), 
2610(m), 2384(w), 2272(w), 2207(w), 2108(w), 
1954(w), 	1815(w), 	1614(m), 	1574(s) nasNO2, 
1539(s), 	1519(s) 	nasC00, 	1487(s), 	1440(s), 
1385(s) 	nsC00, 	1344(s) 	10102, 	1323(s), 
1281(w), 1256(m), 1256(m), 1167(w), 1144(w), 
1069(s), 	1011(w), 	976(w), 	939(s), 	883(s), 
831(s), 797(s), 779(w), 756(s), 745(s), 725(m), 
667(s), 621(s), 513(s). 

31a [Ni(1111)6](4-nba)2 3532(m), 	3154(s), 	2947(s), 	2841(s), 	2708(s), 
2610(m), 2384(w), 2272(w), 2207(w), 2108(w), 
1954(w), 	1815(w), 	1614(m), 	1574(s) nasNO2, 
1539(s), 	1519(s) 	nasC00, 	1487(s), 	1440(s), 
1385(s) 	DsC00, 	1344(s) 	vsNO2, 	1323(s), 
1281(w), 1256(m), 1256(m), 1167(w), 1144(w), 
1069(s), 	1011(w), 	976(w), 	939(s), 	883(s), 
831(s), 797(s), 779(w), 756(s), 745(s), 725(m), 
667(s), 621(s), 513(s). 

32 [Ni( -120)2(2-Me1m)2(4-nba)2] 3755(w), 	3590(s), 	3221(s), 	3111(s),3052(s), 
2515(w), 2444(w), 2320(w), 2272(w), 2076(w), 
1964(w), 1861(w), 1828(w), 1665(m), 1618(m), 
1566(s) 	nasNO2,1516(s) 	nasC00, 	1392(s) 	DS 

COO, 	1345(s) 	vsNO2, 	1320(s), 	1289(m), 
1255(w), 1212(w), 1160(m), 1135(m), 1107(s), 
1082(w), 	1045(w), 	1012(m), 	931(m), 	886(s), 
862(m), 811(s), 801(s), 746(s), 728(s), 707(s), 
678(s), 667(m), 630(m), 614(m), 561(m), 527(s), 
508(m), 419(m) 

33 [Ni(H20)(N-Me1m)2(4-nba)2] 3420(m), 3146(s), 3129(s), 3111(m), 3088(m), 
2949(m), 	2893(m), 	2841(m), 	24446(w), 
2376(w), 2347(w), 2320(w), 2268(w), 2208 (w), 
1944(w), 1846(w), 1809(w), 1763(w), 1715(w), 
1688(w), 1651(m), 1614(s), 1566(s) n n asNO2, 
1539(s), 	1520(s) 	nasC00, 	1487(s), 	1456(m), 
1418(s), 	1391(s) 	nsC00, 	1346(s) 	nsNO2, 
1317(s), 	1290(s), 	1233(s), 	1163(w), 	1140(m), 
1107(s), 1094(s), 1028(m), 1011(m), 1986(w), 
974(w), 949(s), 897(m), 876(s), 839(s), 827(s), 
812(s), 797(s), 764(s), 732(s), 706(s), 685(m), 
664(s), 619(s), 583(s), 569(s), 519(s), 446(w), 
419(w), 378(m), 355(s), 339(s), 322(m), 314(m), 
293(m) 
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Lla  [Ni(N-MeIm)2(4-nba)2] 3138(m), 3109(m), 3076(m), 3051(m), 2978(w), 
2847(w), 2783(w), 2741(w), 2565(w), 2448(w), 
2291(w), 2208(w), 2000(w), 1950(w), 1854(w), 
1817(w), 1690(w), 1643(w), 1612(m), 1562(s) 
uasNO2, 	1531(s) 	ussC00, 	1489(m), 	1423(s), 
1344(s) 	1002, 	1317(s), 	1287(m), 	1233(m), 
1167(w), 	1109(s), 	1088(s), 	1026(s), 	1013(m), 
970(w), 	947(m), 	893(m), 	878(m), 	870(m), 
839(s), 820(m), 799(s), 746(s), 729(s), 665(s), 
617(s), 523(s) 

34 [Cd (H20)2(Im)2(4-nba)2] 3667-2353(bs),2276(w), 	2205(w), 	1954(w), 
1856(w), 1819(w), 1682(w), 1612(m), 1566(vs) 
ussNO2, 	1516(s) uasC00, 	1427(s), 	1377(s) us  
COO, 	1346(vs) 	1002, 	1321(s), 	1260(m), 
1165(m), 1130(w), 1107(m), 1074(s), 1013(m), 
974(w), 947(m), 920(m), 885(s), 862(m), 843(s), 
822(s), 802(s), 764(s), 725(vs), 704(s),654(s), 
615(s), 517(s) 

1821 [Ni (H20)4(4-nba)2].2H20 3601(s), 	3549(s),3323(s), 	3225(s), 	3113(s), 
3082(s), 	3053(s), 	2994(s), 	2947(s), 	2872(s), 
2835(s), 2511(s), 2452(s), 	1952(w), 	1813(w), 
1715(w), 	1667(m), 	1614(m), 	1568(s) uasNO2, 
1516(s) 	ussC00, 	1408(s), 	1377(s) 	usC00, 
1352(s) 	usNO2, 	1321(s), 	1281(m), 	1246(w), 
1107(m), 	1015(m), 	980(m), 	957(m), 	880(s), 
822(s), 797(s), 725(s), 669(m), 567(m), 530(s), 
420(m) 

[82a1 [Ni(4-nba)2] 3113(w), 3090(w), 2924(w), 2857(w), 2452(w), 
2361(w), 2330(w) 1940(w), 1869(w), 1842(w), 
18099w0, 1715(w) 1699(w), 1682(w), 1636(m), 
1622(m), 	1564(s) 	uasNO2, 	1557(s), 	1520(s) 
uasC00, 1491(s), 1433(s), 1416(s), 1389(s) u s  
COO, 1348(s) usNO2, 1317(s), 1265(s), 1174(w), 
1146(m), 	1107(m), 	1015(m), 	972(w), 	876(s), 
837(s), 797(s), 729(s), 714(m), 627(w), 590(w), 
538(s), 455(w), 420(m), 399(s), 376(s), 349(s) 

Table 3.51. Raman Spectra 

Sr No Compound Raman peaks 
[Sr(H20)7(4-nba)2].2H20 3114(w), 3088(w), 	1597(s), 1520(w) vas  COO, I 

1419(m) 	us 	COO, 	1347(s) 	1002, 	1138(w), 
1108(m), 	868(m), 	796(w), 	628(w), 	267(w), 
154(w), 113(w) 

t--I [Ba(H20)5(4-nba)1 3131(w), 	3092(w), 	1601(s), 	1525(w) u„,C00, 
1424(m) 	usC00, 	1340(s) 	1002, 	1191(w), 
1146(w), 	1095(m), 	868(m), 	800(w), 	633(m), 
312(w), 288(w), 269(w), 256(w), 108(m), 87(m) 

I a [Cs(H20)2(4-nba)] 3103(vw), 3085(m), 3073(w), 1616(w), 1593(vs), 
1518(w) uasC00, 	1486(vw), 	1392 usCOO (s), 
1342 usNO2  (vs), 	1169(w), 	1132(w), 	1106(s), 
1013(w), 	971(vw), 	867(s), 	825(vw), 	800(w), 
710(w), 628(m), 550(w), 501(vw), 413(vw). 

13 [Rb(H20)2(4-nba)] 3186(vw), 	3103(vw), 	3083(w), 	1614(vw), 
1593(vs), 	1513(w) uasC00, 	1484(vw), 	1389(s) 
usC00, 	1339(vs) 	usNO2, 	1166(vw), 	1333(w), 
1104(s), 	972(vw), 	867(s), 	827(vw), 	800(w), 
707(w), 627(m), 551(w), 502(vw), 410(vw) 
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14 [Mn(H20)4(4-nba)2].2H20 

	

3093(m), 	1594(s), 	1515(w) 	v.000, 	1406(w), 

	

1383(m) 	vsCOO, 	1343(s) 	vsNO2, 	1171(w), 

	

1133(w), 	1109(m), 	868(w), 	797(w), 	625(w), 
258(w), 94(m) 

17 [Mg(H20)2(1111)2(4-nba)21 3180(w), 3152(w), 3093(w), 3068(w), 	1601(s), 
1539(w), 1523(w) v.000, 1492(w), 1391(m) v s  
COO, 1343(s) vsNO2, 1258(w), 1164(m), 1133(w), 
1109(m), 	1070(w), 	868(w), 	804(w), 	625(w), 
329(w), 266(w), 226(w), 205(w), 187(w), 127(w), 
108(m), 99(m) 

18 [Mg(f120)(N-MeIm)2(4-nba)2]2 3162(w), 3138(w), 3129(w), 3089(m), 3082(m), 
3067(w), 	1601(s), 	1515(w) vasC00, 	1422(m), 
1391(m) 	vsCOO, 	1343(s) 	vsNO2, 
1164(w),1140(w), 	1109(m), 	1086(w), 	1032(w), 
868(m), 812(w), 750(w), 673(w), 625(w), 407(w), 
250(w), 94(m) 

19 [Ca(1120)3(1m)(4-nba)2].1m 3164(w), 3141(w), 3115(w), 3086(w), 1621(w), 
1598(s), 1529(w) v.000, 1451(w), 1410(m) vs 
COO, 1341(s) vsNO2, 1259(w), 1185(w), 1171(w), 
1138(w), 1125(w), 	1107(m), 1070(w), 868(m), 
800(w), 629(m), 290(w), 253(w),148(m), 111(m), 
93(m). 

20 [Ca(H20)(2-MeIm)(4-nba)21 3153(w), 3133(w), 3118(w), 3104(w), 3088(w), 
3074(w), 2967(w), 2929(w), 1598(w), 1511(w) 
v.000, 1488(w), 1419(m), 1405(w), 1387(m) 
vsCOO, 1336(s) vsNO2, 928(w), 868(m), 795(w), 
680(w), 629(w), 285(w), 262(w), 162(w), 149(w), 
116(w), 94(w) 

22 1-Mn(1l20)2(1m)2(4-nba)21 3178(w), 3152(m), 3091(m), 3068(w), 	1595(s), 
1542(w), 1519(w) v.000, 1488(w), 1390(m) vs 
COO, 1344(s) vsNO2, 1253(w), 1162(m), 1139(w), 
1109(m), 	1064(w), 	866(m), 	798(w), 	630(w), 
334(w), 267(w), 190(w), 130(m), 100(m) 

24 [Mn(H20)(N-Melm)2(4-nba)212 3161(w), 3142(w), 3131(w), 3103(w), 3086(m), 
2958(w), 	2817(w), 	1597(s), 	1517(w) va,C00, 
1404(m), 1395(m) v sCOO, 1369(w), 1339(s) vs 
NO2, 	1283(w), 	1244(w), 	1166(w), 	1135(w), 
1105(m), 	1024(w), 	937(w), 	863(m), 	800(w), 
669(w), 628(m), 359(w), 257(w), 166(m), 95(mb) 

la [Mn(H20)4(Benzlm)2](4-nba)2  3089(w), 3082(w), 3074(w), 3055(w), 1625(w), 
1601(s), 	1515(w) v.000, 	1484(w), 	1430(w), 
1383(m) 	vsCOO, 	1343(s) 	vsNO2, 	1304(w), 
1258(w), 1171(w), 1148(w), 1109(m), 1008(m), 
961(w), 868(w), 797(w), 773(m), 625(m), 547(w), 
281(w), 258(w), 134(m), 102(m), 79(m) 

26 [Co(b11)2(1120)2(4-nba)21 3174(m), 3156(m), 3082(m), 3073(m), 1601(s), 
1543(w), 	1520(w) v.000, 	1492(w), 	1423(w), 
1387(s) 	vsCOO, 	1341(s) 	NO2,vs 	1254(w), 
1167(m), 	1135(w), 	1107(m), 	1066(w), 864(m), 
800(w), 629(w), 331(w), 267(w), 230(w), 185(w), 
134(m), 98(s) 

22 [Co(phen)2(HCO3)(4nba)]•4.5H20 3094(w), 3075(w), 1679(w), 1632(w), 1609(m), 
1594(m), 	1515(w) v.000, 	1461(s), 	1437(w), 
1375(m) 	vsCOO, 	1335(s) 	NO2,vs 	1312(w), 
1250(w), 1195(w), 1109(w), 1055(m), 1000(w), 
868(w), 742(m), 673(w), 633(w), 563(w), 532(w), 
485(w), 430(m), 391(w), 321(w0, 243(w), 204(w), 
102(m) 

A [Ni(H20)2(Im)2(4-nba)2] 3177(w), 3158(w), 3091(m), 3079(w), 3068(m), 
1594(s), 1539(w), 1515(w) v. COO, 1492(w), 
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1430(w), 	1391(m) 	u5C00, 	1343(s) 	u5NO2, 

	

1258(w), 	1164(m), 	1140(w), 	1109(m), 860(m), 
797(w), 625(w), 266(w), 142(m), 102(m) 

11. [Ni(Im)6](4-nba)2.2H20 3150(m), 30799m), 	1594(s), 1539(w), 1523(w) 
u.000, 	1492(w), 	1445(w), 	1383(s) 	u5C00, 
1335(s) 	10%102, 	1258(m), 	1171(m), 	1164(m), 
1109(m), 	1070(w), 	868(m), 	797(w), 	625(w), 
313(w), 297(w), 266(w), 211(w), 188(w), 110(m) 

32 [WH20)(N-MeIm)2(4-nba)2] 3174(w), 3160(w), 3146(w), 3129(w), 3087(m), 
2961(w), 	1594(s), 	1515(w) uasC00, 	1422(w), 
1399(m) 	%COO, 	1335(s) 	u5NO2, 	1289(w), 
1234(w), 1171(w), 1140(w), 1109(m), 1032(w), 
868(m), 797(w), 680(w), 625(w), 274(w) ,173(w), 
94(m) 79(m). 

aa [Ni(H20)2(2MeIm)2(4-nba)2] 3174(w), 3149(w), 3089(m), 2963(w), 2929(m), 
1592(s), 	1500(w) 	uasC00,1390(m) 	u5C00, 
1340(s) 	NO2,vs 	1280(w), 	1163(w), 	1138(w), 
1104(m), 	1012(w), 	927(w), 	861(m), 	800(m), 
683(w), 633(w), 264(w),181(w), 134(m), 111(m), 
86(m) 

34 [Cd(1120)2(1m)2(4-nba)2 3175(w), 3147(w), 3092(w), 3071(w), 	1598(s), 
1543(w), 	1520(w) uasC00, 	1492(w), 	1428(w), 
1386(m) 	u5C00, 	1341(s) 	u5NO2, 	1259(w), 
1167(w), 	1135(w), 	1107(m), 	1070(w), 919(w), 
864(m), 799(w),629(w), 313(w), 258(w), 212(w), 
189(w), 143(m), 93(m). 

3.4.2. UV-Visible spectroscopy 

The complexes synthesized in this work have been characterized by UV-

Visible spectroscopy. The experimental conditions for the UV measurements have 

been detailed in chapter 2.1. The electronic spectra of all new alkali and alkaline earth 

metals 4-nitrobenzoate have been recorded in aqueous medium and the spectra exhibit 

a strong absorption band in the UV region and this absorption band is similar to that 

of the free 4-nba ligand. The electronic spectra of these complexes absorbs strongly at 

274 nm, which can be assigned to the intramolecular charge transfer transition of the 

aromatic acid. The DRS spectra of the Mn (II), Co(II) and Ni(II) were recorded. 

Representative DRS spectra of N-donor substituted Co(II)4-nitrobenzoates and 

Ni(II)4-nitrobenzoates have been depicted in the Figure 3.69 and Figure 3.70. The 

electronic spectra of the complexes of Ni(II) and Co(II)-4-nitrobenzoates, show two 

d-d bands in their DRS spectra. All the synthesized bivalent 4-nitrobenzoate 

complexes absorb strongly around 274 nm in the UV-region. The UV-absorption can 

be attributed to intramolecular charge transfer transition of the aromatic acid. The 

compound {Co(H20)2(Iin)2(4-nba)2] 26 absorbs strongly around 262 nm. In addition 

to this signal, it exhibits band in the visible range at 433 and 655 nm. The weak 
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signals can be attributed to d-d transitions. The Uv-vis spectra of [Co(H20)2(Im)2(4- 

nba)2] and [Co(N-Melm)2(4-nba)2] is displayed in figure 5.71. 

200 	 400 	 600 
	

800 

Wave: length (nm) 
Figure 3.69. DRS spectra of [Co(H20)2(Im)2(4-nba)2] 26; (b) [Co(N-MeIm)2(4-nba)2] 29; 
[Co(2-Melm)2(4-nba)2] 28 

200 
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Figure 3.70. DRS spectra of [Ni(H20)4(4-nba)2•2H20 [ 82]; [Ni(H20)2(Im)2(4-nba)2P0 ; 
[Ni(Im)6](4-nba)2 •2 H2O 31; [Ni(H20)(N-MeIm)2(4-nba)2] 32 ; [Ni(H20)2(2-MeIm)2(4- 
nba)2] 33 
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Figure 3.71. Uv vis spectra of [Co(H20)2(1m)2(4-nba)2] 26 and [Co(N-MeIm)2(4-nba)2] 
28 

3.4.2. NMR spectroscopy 

In the present work, two complexes have been investigated by the NMR 

spectral method. The 1 H NMR spectra of both the complexes exhibit signals 

characteristic of 4-nba and Im protons and the chemical shifts of these protons are in 

the normal range, indicating the presence of both 4-nba and Im. The 13C NMR spectra 

offMg(H20)2(1m)2(4-nba)2] 17 and[Ca(H20)3(Im)(4-nba)2].Im 11 exhibit seven 

signals each, which can be assigned to the carbons of the 4-nba and Im. The 1 H NMR 

and 13C NMR spectral data for 17 and 12 is presented in Table 3.52. The 1 H NMR 

spectrum of 17 in DMSO-d6 exhibits two doublets at 8=8.19 (J=9Hz) and 8=8.13 

(J=9Hz) ppm, which can be assigned to the equivalent protons on the aromatic 

carbons (C4, C6) and (C3, C7) respectively. The signal at 8=7.69 (s, 2H) and 8=7.04 

(s, 2H), can be assigned to imidazole proton on the carbon which is flanked by two 

nitrogen and olefenic protons of imidazole. These assignments are in accordance with 

the expected chemical shifts of Im. The 1H NMR spectrum of [Ca(H20)3(1m)(4- 

nba)2].1m can be explained similarly (Fig 3.72). The two doublets at 8= 8.05 (J = 9 

Hz) and 8 = 7.78 (J = 9 Hz) and singlets at 8= 7.57 (1H) and 8 = 6.93 (211) ppm in 

DMS0-4 can be assigned to the absorptions of protons on aromatic carbons (C2, C4, 

C11, C13) and (C1, C5, C10, C14) and imidazole carbons (C15, C20) and (C16, C17, 

C18, C19) respectively. 13C spectrum exhibits seven different signals each in both the 

complexes which are assignable to the seven different carbons on 4-nba anions and 
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Im (Table 3.52). The NMR spectra (both 1H and 13C) of the [Mg(H20)2(Im)2(4-nba)2] 

17 complex are displayed in Figure 3.73. The assignments of the signals are also 

indicated in the spectra. These spectra clearly indicate the presence of the imidazole in 

the complex. 

Figure 3.72: 1HNMR and 13C Spectrum of [Ca(H20)3(1m)(4-nba)211m 19 in DMSO-
d6 and D20 respectively. 
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Table 3.52: 1 H NMR and 13C NMR spectral data for 17 and 19 

Compound Name 1 11 NMR (8 in ppm) 
in DMSO-d6  

I3C NMR(8 in ppm) in D20 

[Mg(H20)2(Im)2(4-nba)2] 8.19 (d, 211, J=9Hz), 169.5(C1), 	148.9(C5), 	144.1(C2), 	135.8 

17 8.13 (d, 2H, J=9Hz), (C10), 	130.8(C4, 	C6), 	123.3(C3,C7), 
7.69 (s,1H),7.04(s, 
2H) 

122.06 (C8, C9). 

[Ca(H20)3(Im)(4-nba)2]•Im 8.05 (d, 2H, J=9Hz), 173.4(C7,C8), 148.7 (C3,C12), 142.5 

12 7.78 (d, 2H, J=9Hz), (C6,C9), 136(C15,C20), 129.5 
7.57(s,11-1), 	6.93(s, (C4,C2,C11,C13),123.3(C1,C5,C10,C14), 
21-1) 121.7(C16, C17,C18,C19). 

1;m) 	1:15 	.14) 	1 is 	1 io 	120 17V 	 •WIO 	105 	 120 p$ 

Figure 3.73: 1 FINMR. and 13C Spectrum of [Mg(H20)2(Im)2(4-nba)2] 	in DMSO- 
d6 and D20 respectively. 
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3.4.4. ESR spectroscopy 

The ESR spectra were recorded on a Varian X-band instrument at IIT, Kanpur 

and DPPH is used as reference. The room temperature ESR spectra of polycrystalline 

[Mn(H20)4(4-nba)2].2H 20 14 and Mn(H20)2(Im)2(4-nba)2] 23, are displayed in 

Figure 3.74. Mn (II) is a d5  system and in the hexacoordinate complexes 

[Mn(H20)4(4-nba)21.2H20 14 and Mn(H20)2(Im)2(4-nba)2] 23, is of high spin nature 

with an observed magnetic moment of 5.64 B. M. The ground state is an orbital 

singlet 6s5/2  which to first order should not interact with the crystalline electric field. 

However to higher order the combined action of an electric field gadient and the 

spin-spin interaction does split the energy levels [232]. The magnitude of this zero 

field splitting is expressed by the axial field splitting parameter D for the case of an 

axial distortion. The spin Hamiltonian is given by 

5C# = g • 13 H • S + D(S,2  – 1/3 S(S+1) + A•S 

Where H is the magnetic field vector, g is the g factor, is the Bohr magneton, A is 

Mn hyperfine coupling constant, S is the electronic spin vector, I is the nuclear spin 

vector, S=5/2 and S z  is the diagonal spin operation. Neglecting the nuclear hyperfine 

splittings, five transitions corresponding to AMs= ±1 would be expected in an oriented 

single crystal since M s  can have values ±5/2, ± 3/2 and ± 1/2. The transitions are 

± 5/2 	± 3/2 
	

hv = 	+ 2D (2Cos2 0 – 1) 

+3/2 4-- — --> ± 1/2 
	

hv = 	+ 2D (3Cos2 0 – 1) 

+ 1/2 4-- 	- 1/2 
	

hv = 

Where 0 is the angle between the applied magnetic field and the direction of the axial 

distortion. In a polycrystalline sample, only the + 1/2 — - 1/2 transition is 

observed since the angular dependence of the ± 5/2 — ± 3/2 and ± 3/2 4-- — 

± 1/2 transitions broadens these peaks beyond resolution. For Mn(11) each of these 

signals is split into a sextet by the nuclear hyperfine interaction of 'Mil (1=5/2); 

abundance 100%). In the 4-nba compounds of Mn, the ESR spectra of polycrystalline 

samples of 14 and 23, exhibit a broad isotropic signal centered at g 2.00. The 

broadness of the spectra is due to spin exchange interactions and dipolar interactions. 

For both compounds no hyperfine spectrum was observed. Our efforts to prepare 

magnetically dilute [Mn(H20)2(hn)2(4-nba)2] by doping the Mn compound in the 

corresponding isostructural diamagnetic Mg (II) substance were not successful. As 

the ESR signal is broad due to spin spin interactions of the Mn(II) ions (dipolar- 
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(b) 

broadning), the hyperfine coupling constant 'A' could not be evaluted. In view of 

solubility restrictions, the solution spectra of 14 and 23 is not recorded. 

In
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Figure 3.74: Room temperature ESR spectra of polycrystalline a) [Mn(H20)4(4- 

nba)2.2H201 14; (b) [Mn(H20) 2 (Im)2(4-nba) 2] 23 
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3.5. X-ray powder diffraction 

The experimental details of the X-ray pattern diffraction experiments are 

described in chapter 2.1. The complexes prepared in this work are crystalline solids. 

Although the crystalline nature is evident based on the lustrous and shining 

appearance of products the X-ray powder characteristics can be used to confirm the 

crystallinity. The X-ray powder pattern of all compounds show several sharp 

reflections indicating their crystalline nature. A comparison of the experimental 

powder pattern of the bulk sample with that of the calculated pattern from single L ►lstal 

data has been done (Appendix II). From these diffractogram, the phase purity of the 

structurally characterized compounds can be inferred. The isostructural compounds 

[M(H20)2(Im)2(4-nba)2] (M=Mg 17, Mn 23, Co 26, Ni 30, and Cd II) exhibit 

identical powder pattern [Figure 3.75]. This technique has also been used to confirm 

the identical nature of the metal 4-nitrobenzoate compound formed by different 

synthetic methodologies as well as amorphous (or crystalline) nature of dehydrated 

products (Appenix II). The isostructural compounds [M(H20) 4(4-nba)2].2H20 (M= 

Mn 14, Co [78] and Ni [82]) exhibit identical pattern. Interestingly the differently 

hydrated Ni(II) compounds [Ni(H20) 4(4-nba)2].2H20 [82] and [Ni(H20)6](4- 

nba)2.2H20 15 exhibit different powder pattern. The interplanar spacings of the most 

prominent peaks of these complexes are listed in Table 3.53. 

Table 3.53. X-ray powder pattern  data 
Sr 
No 

Compound D values in A 

[Ca(H20)4(4-nba)2] 13.0276(24.4), 7.9358(22.8), 7.4339(18.7), 6.4988(38.4), 
6.2683(15.1), 4.8415916.9), 4.7443(18.2), 4.6716(22.3), 
4.5618(34.5), 4.3133(61.3), 4.0521(23.9), 3.9844(43.9), 
3.7029(18.2), 3.60379(26.2), 3.4593(19.0), 3.2660(100), 

-
 

3.2175(14.3), 3.0981(16.6), 3.0589(10.1), 3.0040(15.6), 
2.9672(13.0), 2.8734(22.1), 2.8472(13.2), 2.7963(14.3), 
2.7645(14.8), 2.7267(13.8), 2.6607(13.5), 2.6009(10.4), 
2.5676(9.3), 2.4510(9.9), 2.4295(11.2), 2.3775(22.1), 
2.3374(13.4), 2.3278(17.7), 2.3134(12.2), 2.2528(9.6), 
2.1998(11.2), 2.1721(14.5), 2.1535(14.8) 

kf)I [Sr(H20)7(4-nba)2]•2H20 15.8720(100.0), 11.4692(21.8), 10.6582(19.7), 
9.1761(26.2), 7.9358(49.1), 6.7257(34.8), 6.4790(45.2), 
6.0193(19.2), 5.7738(38.9), 5.5477(68.3), 5.2857(30.4), 
4.9081(25.4), 4.7762(32.7), 4.4758(23.1), 4.3572(34.3), 
4.2959(95.5), 4.2032(25.7), 4.0908(17.4), 3.9696(14.3), 
3.7350(26.0), 3.5156(16.9), 3.3994(25.2), 3.3571(64.1), 
3.2611(21.5), 3.2127(63.3), 3.1612(16.4), 3.04805(23.4), 
3.0460(20.8), 2.9875(27.8), 2.8810(31.4), 2.8472(29.6), 
2.7891(28.6), 2.7610(22.3), 2.7132(22.3), 2.6801(18.7), 
2.6383(15.3), 2.5887(23.9, 2.5617(17.7), 2.5323(21.5), 
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2.4784(25.2), 2.4483(15.3), 2.4268(20.2), 2.3801(37.9), 
2.3425(20.5), 2.3278(18.7), 2.2803(15.6), 2.2664(21.5), 
2.2326(14.3), 2.2106(32.2), 2.1933(23.4), 2.1701(16.9) 

7 [Ba(H20)5(4-nba)2] n  14.3981400.0), 7.1191(56.6), 5.9254(52.4), 
5.5391(88.0), 5.3848(82.0), 5.0286(26.0), 4.8457(50.4), 
4.3255(53.0), 4.1656(35.6), 4.1255(27.5), 4.0023(26.0), 
3.8105(22.1), 3.7903(22.6), 3.4671(33.8), 3.3593(28.3), 
3.2242(47.5), 3.1677(40.8), 3.1266(48.3), 3.0911(28.8), 
2.9892(38.2), 2.8978(31.7), 2.8524(37.9), 2.7624(36.6), 
2.7486(36.9), 2.6301(30.1), 2.5219(31.4), 2.4943(25.7), 
2.3684(31.7), 2.3584(33.2), 2.2766(26.5), 2.2224(21.0), 
2.2028(23.1), 2.1584(24.9) 

8 [Ba(Clba)2] 8.9269(42.3), 6.1337(43.1), 5.8952(37.9), 5.3599(33.2), 
5.1774(34.8), 4.8475(88.3), 4.6672(65.9), 4.5674(30.1), 
4.4072(24.7), 4.1031(31.2), 4.0] 85(30.0), 3.9087(39.2), 
3.8049(50.6), 3.6315(95.0), 3.5654(43.6), 3.5246(84.6), 
3.4569(29.3), 3.2541(33.2); 3.1274(92.4), 3.0485(31.9), 
2.9981(93.5), 2.9257(33.5), 2.8985(35.0), 2.7947(38.2), 
2.6213(27.5), 2.5905(26.0), 2.5253(26.2), 2.4911(26.5), 
2.4580(33.5), 2.4125(26.7), 2.3489(100.0), 2.2405(24.9), 
2.1629(28.3) 

12 [Rb(4-nba) (H20)2] 12.0675(86.2), 6.7929(15.8), 6.0557(29.9), 5.2873(9.6), 
5.0134(8.3), 4.5339(78.4), 4.3761(66.7), 4.0917(21.5), 
3.9623(13.0), 3.9341(14.3), 3.8153(29.9), 3.7619(22.8), 
3.5394(16.9), 3.4766(14.3), 3.4161(23.1), 3.3788(62.8), 
3.2180(8.3), 3.1710(10.9), 3.130(29.6), 3.0380(46.0), 
2.9717(100.0), 2.8852(46.2), 2.8402(30.1), 2.7754(31.1), 
2.7476(23.1), 2.6387(21.8), 2.6230(19.2), 2.5561(10.1), 
2.5211(15.8), 2.5040(17.9), 2.4595(7.3), 2.4087(18.4), 
2.3602(13.8), 2.3379(34.0), 2.2621(24.9), 2.2022(20.8), 
2.1829(14.3), 2.1640(14.3) 

13 [Cs(4-nba),j120)2] 12.2697(100.0), 6.9009(22.6), 6.2132(26.2), 
6.0884(31.7), 5.3388(18.4), 5.0959(19.0), 4.6210(70.6), 
4.5136(46.2), 4.4294(28.6), 4.4202(29.6), 4.1302(36.1), 
4.0369(20.8), 3.9405(37.6), 3.9261(37.4), 3.7943(23.1), 
3.6713(20.0), 3.5798(17.4), 3.5213(24.7), 3.4372(48.3), 
3.2562(19.2), 3.1114(24.4), 3.0805(38.4), 3.0460(39.7), 
3.0165(44.4), 2.9631(31.4), 3.9117(32.7), 2.8509(19.0), 
2.8106(24.4), 2.7856(29.6), 2.6999(16.6), 2.6801(16.9), 
2.6478(22.8), 2.5587(19.7), 2.5381(17.9), 2.4784(17.7), 
2.3877(23.4), 2.3474(17.9), 2.3230(17.1), 2.2920(24.7), 
2.2573(21.0). 

14 [Mn(H20)4(4-nba)2].2H20 6.4724(57.5), 6.2770(53.7), 5.6557(100), 5.4856(56.2), 
5.4447(56), 5.3548(53.2), 4.2267(51.5), 3.4308(56.7), 
3.4189(60.1), 3.2259(60.6), 3.1475(79.5), 3.0170(53.3), 
2.7289(45.9), 2.6614(44.7), 2.4545(50.3), 2.3487948.3), 
2.2959(55.2), 2.2839946.7), 2.2022(50.0) 

14a Mn(4-nba)2] 11.9508(100.0), 8.8761(62.4), 7.9737(47.9), 
6.6432(45.9), 6.2710(50.5), 5.9386(44), 5.7399(44.4), 
5.5225(55.5), 5.1889(71.9), 4.9769(43.2), 4.8936(43), 
4.6159(47.4), 3.9517949.4), 3.7130(56.4), 3.6398(41.7), 
3.5738(40.2), 3.4611(44.7), 3.4172(56.2), 3.3031(41.0), 
3.1427(42.5), 3.0248(39.3), 2.9561(43.4), 2.8439(40), 
2.7155(39.5), 2.5942(42.2) 
6.8028(17.1), 5.5128(26.7), 5.4008(65.2), 4.4811(43.1), 
4.2581(21.5), 4.0797(15.3), 4.0178(10.6), 3.6006(12.7), 
3.5590(7.8), 3.4842(7.0), 3.4019(11.7), 3.3441(100), 

15 [1\11(H20)6}(4-nba)2.2H 20 
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3.1542(14.5), 3.0311(10.9), 3.0060(9.9), 2.9691(16.9), 
2.9411(14.3), 2.8866(14.8), 2.7697(12.2), 2.7249(10.9), 
2.6915(9.3), 2.5366(9.1), 2.4577(6.0), 2.4149(6.0), 
2.3762(6.2), 2.2955(6.2), 2.2471(7.5), 2.1586(18.2) 

17 [Mg (H20)2(1m)2(4-nba)2] 8.0614(37.4), 7.7654(31.7), 6.3461(29.3), 6.2897(28.6), 
6.0736(22.3), 5.6382(25.4), 5.0856(72.2)4.6834(22.1), 
4.5246(22.2), 4.4034(23.1), 4.2545(52.2), 4.1155(81.5), 
3.9855(26.2), 3.8497(52.7), 3.5454(21.3), 3.4217(44.1), 
3.3218(100), 3.2618(16.6), 3.0171(15.8), 2.9557(14.3), 
2.8778(14.3), 2.8404(25.4), 2.7546(14.8), 2.7137(13), 
2.6839(13.8), 2.6483(15.1), 2.5801(13), 2.4650(14.3), 
2.4379(46.5), 2.3779(15.8), 2.3553(16.9), 2.3380(14.8), 
2.3185(16.1), 2.2971(22.8), 2.2307(9.9). 

17a [Mg(Im)2(4-nba)2] 14.7679(37.9) 	14.0776(47.6), 12.6427(48), 
10.7709(32.2), 9.6839(100), 9.2190(41.5),7.9679(34), 
7.5150(33.2), 6.5202(40.8), 6.2696(40.5), 6.0377(48), 
5.9034(33), 5.7128(33.5), 5.5056(36.9), 5.2347(37.4), 
4.8530(61), 4.5919(77.9), 4.4858(42.6), 4.4027(35.3), 
4.2037(80), 4.0992(47.5), 4.0072(33.8), 3.8561(38.2), 
3.6780945.7), 3.5743(36.6), 3.4652(51.9), 3.3944(33), 
3.2663(59.5), 3.2131(37.4), 3.1662(53.2), 3.0765(23.6), 
3.025(27.8), 2.9878(25.7), 2.9315(23.6), 2.9081(21.5), 
2.8624(19.5), 2.7930(22.3), 2.6803(17.7), 2.6673(18.2), 
2.4270(15.3), 2.3701(16.4), 2.2992(18.7), 2.2805(18.7), 
2.2552(19.7), 2.1807(17.7), 2.1577 (17.9). 

18 [Mg(H20)(N-MeIm)2(4-nba)2] 2_ 14.0671(68.5), 13.9317(70.4), 11.3620(44.9), 
11.1008(44.0), 8.9430(70.7), 8.2795(100.0), 
7.5674(59.4), 6.9353(53.3), 6.2770(49.8), 5.7000(43.9), 
5.5694(65.5), 5.2679(61.6), 5.1112(86.9), 4.6338(53.8), 
4.5265(59.1), 4.4374(45.6), 4.2389(56.5), 4.1086(46.2), 
4.0353(40.7), 3.8407(88.4), 3.7576(49.8), 3.6418(39.5), 
3.6463(39.8), 3.5801(70.2), 3.4588(56.2), 3.993(32.4), 
3.3685(34.9), 3.3158(32.2), 3.2506(45.6), 3.1408(43.4), 
2.9284(37.6), 2.8668(23.5), 2.7870(22.4), 2.7589(21.4), 

• 
2.6756(49.1), 2.6428(21.6), 2.4989(22.1), 2.4565(19.1), 
2.4080(19.6), 2.2149(24.6) 

19 [Ca(H20)3(1m)(4 -nba)211m 16.3109(21.0), 6.2976(23.4), 9.6178(34.5), 
8.1053(16.89), 7.2949(16.6), 7.1231(16.6), 6.6325(15.3), 
6.2976(23.4), 6.0291(16.6), 5.8145(16.9), 5.4008(35.8), 
4.9952(49.3), 4.7503(25.2), 4.60868(14.8), 4.2496(16.9), 
4.1914(21.3), 4.1031(14.8), 3.94469(13.2), 3.7583(21.3), 
3.6500(23.6), 3.4792(83.6), 3.4024(91.7), 3.2787(100), 
3.2298(19.5), 3.1501(10.6), 3.0743(11.7), 3.0064(23.4), 
2.9335(18.5), 2.9062(17.4), 2.8346(13.2),"2.8199(14.8), 
2.7912(10.1), 2.7561(10.9), 2.7151(10.4), 2.6182(9.6), 
2.5874(10.9), 2.4883(12.2), 2.4310(9.1),2.3688(10.1), 
2.3244(10.6), 2.3028(12.2), 2.2473(9.1) 2.1860(9.3) 

19a [Ca(Im)2(4-11ba)2] 14.1248(50.1),7.2949(71.4),7.0519(48.3),4.6268(91.6),4. 
4718(24.7), 4.0489(34.0), 3.7781(60.2), 3.7258(46.2), 
3.6376(48.3), 3.5713(47.0), 3.4848(100.2), 3.4132(20.8), 
3.3497(30.1), 3.1229(37.9), 3.0485(29.9), 2.8680(24.1), 
2.7876(14.8), 2.7423(27.3), 2.5195(12.5), 2.4744(13.8), 
2.4444(19.0), 2.3439(16.9), 2.3099(14.3), 2.25639(17.1), 
2.2338(15.8), 2.2032(11.7). 

20 [Ca(H20)(2-MeIm)(4-nba)2] 15.5214(33.8), 12.8686(67.5), 11.1070(77.1), 
9.2565(70.4), 6.6414(29.6), 6.4201(81.3), 6.0023(34.8), 
5.6211(52.7), 5.4904(32.2), 51328(63.3), 4.8744(42.6), 
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4.7338(26.2), 4.5814(38.9), 4.3395( 38.7), 4.3220(38.4), 
4.2702(37.4), 4.1949(29.9), 3.8556(30.1), 3.7677(62.8), 
3.6219(44.4), 3.4760(26.5), 3.4101(35.8), 3.3729(28.3), 
3.3059(88.5), 3.2758(100), 3.2032(74.8), 3.1429933.8), 
3.0981(26.5), 3.0675(26.5), 2.9712(35.0), 2.9273(41.8), 
2.8435(22.1), 2.8034(26.7), 2.7267(21.5), 2.6639(18.7), 
2.5587(21.0), 2.5236(15.8), 2.4032(15.6), 2.3450(22.1), 
2.2687(22.8), 2.550(19.7), 2.2370(18.7), 2.2019(17.4), 
2.1617(22.0). 

22 [Ca(4nba)2(N-M 1 n1) - (1420)2] 15.0313(60.2), 12.0988(27.5), 10.9101(27.3), 
7.5017(24.4), 7.1713(30.1), 6.2976(23.6), 6.0121(31.9), 
5.8145(35), 5.4145(80.5), 5.2282(53), 4.9952(26.5), 
4.7503(28.3), 4.4811(22:30, 4.2923(29.90), 4.1589(22.8), 
4.1031(23.4), 4.1110(22.6), 3.9374(22.6), 3.7518(40.2), 
3.6812(20.5), 3.6562(23.1), 3.5537(35.6), 3.4569(100.2), 
3.3918(52.7), 3.3240(49.6), 3.2395(41), 3.2059(30.6), 
3.1319(20.0), 3.0743(45.7), 3.0399(26.7), 3.0022(22.8), 
2.9654(22.1), 2.9062(18.7), 2.7253(16.4), 2.7051(20), 
2.6885(17.7), 2.5783(13.5), 2.5486(14.8), 2.4257(15.8), 
2.3638(15.3), 2.3147(13.8),2.2632(12.5), 2.2294(12.7), 
2.1988(18.4), 2.1692(14.5), 2.1505(14.5). 

23 [Mn(H20)2(1m)2(4-nba)2] 12.4561(60.5),7.8936(66.2), 11.829(58.4), 6.2604(64.6), 
5.7205(53.7), 6.1160(52.2), 5.5271(51.1), 5.1523(92.2), 
4.2245(63.6), 4.1589(57.6), 4.0185(68.5), 3.9302(53.0), 
3.8526(57.6), 3.7452(61.5), 3.5420(48.3), 3.4024(56.2), 
3.3291(100.0), 3.2443(60.5), 3.1592(52.2), 3.0315(48.8), 
2.8870(48.3), 2.8055(51.7), 2.7526(49.3), 2.7118(49.3), 
2.6244(47.8), 2.4662(50.4), 2.4364(50.4), 2.3841(50.9), 
2.3790(50.9), 2.3004(58.4)  

23a [Mn(Im)2(4-nba)2] 13.2241(82.6), 8.7362(96.8), 8.3234(68.5), 7.445(85.2), 
7.3413(86.2), 6.6498(100), 6.4870(78.1), 6.2573(82.0), 
5.5391(68.8), 5.3577(66.2), 4.7592(67.2), 4.5463(73.3), 
4.3876(63.9), 4.1255(83.9), 3.9874(73.0), 3.8446(74.8), 
3.7442(67.8), 3.7247(65.9), 3.6738(69.3), 3.6428(71.1), 
3.5644(61.0), 3.4504(87.5), 3.4177(81.5), 3.3079(63.9), 
3.2194(68.5), 3.0469(71.7), 3.0477(71.1) 

24 [Mn(H20)(N-Melm)2 13.7732(88.5), 11.3925(59.7), 11.1517(58.7), 
(4-nba)2] 8.9340(72.4), 8.3023(100), 7.5335(68.5), 6.9408(66.5), 

6.5746(53.0), 6.2639(70.6), 5.8495(53.0), 5.6928(59.5), 
5.6474(61.8), 5.5012(53.5), 5.2826(72.7), 5.1298(76.1), 
4.8941(52.2), 4.6692(58.9), 4.4829(63.9), 4.2682(58.7), 
4.1046(58.2), 4.0049(59.5), 3.8402(93.5), 3.7596(57.1), 
3.6698(53.7), 3.5548(69.8), 3.4971(57.4), 3.4035(58.7), 
3.3664(54.5), 3.2747(68.8), 3.1148(58.4), 2.9541(56.9), 
2.8915(50.6), 2.8389(53.2), 2.7672(49.1), 2.6631(51.4), 
2.6376(53.2), 2.4694(52.7), 2.4236(50.4), 2.2387(53.0) 

25 [Mn(H20)4(BenzIm)2] 6.2683(42.8), 6.1059(39.5), 5.7271(100)4.9885(43.1), 
(4-nba)2 4.6614(38.7), 4.5041(39.5), 4.4478(38.9), 4.2032(51.7), 

4.1144(40.8), 3.5042(60.5), 3.4318972.4), 3.4676(70.6), 
3.2958(41.5), 3.0040(43.1), 2.8963(40.0), 2.7403(35.0), 
2.6999(35.0), 2.4867(34.8), 2.3086(36.9), 2.2991(37.1), 
2.2780(40.2) 

26 [Co(4-nba)2(1m)2(H20)21 12.7473(78.1), 11.4381(71.79), 9.9603(69.5), 
9.4592(69.4), 9.1316(68), 8.8528(68.7), 8.4407(68.5), 
7.8687(76.1), 7.6010(78.5), 7.3510(68.7), 7.0996(67.5), 
6.9469(67.5), 6.7066(67.8), 6.3137(78.5), 6.2061(71.4), 
6.0263(69.7), 5.7870(70.7), 5.5768(68.8), 5.3814(69.50, 
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5.1354(91.8), 4.9195(68), 4.4897(67.2), 4.4351(67.2), 
4.3307(66.7), 4.2740(70.7), 4.2370(71.7), 4.1532(70.9), 
4.1241(71.4), 4.0336(79.8), 3.8745(72.4), 3.7418(75.8), 
3.7043(67.2), 3.6636(66.8), 3.5874(66.8), 3.4861(69.5), 
3.4296(81), 3.3788(70), 3.2927(100), 3.2530(72.2), 
3.1632(71.7), 3.0406(67.7), 2.9919(70.7), 2.9105(68.2), 
2.8797(68.3), 2.8551(69.2), 2.8070(69.4), 2.7556(69), 
2.7183(69), 2.6749(67.8), 2.6238(68.8), 2.4131(71.9), 
2.3792(72.6), 2.3500(71.2), 2.3092(7] .4), 2.2902(73.2), 
2.2666(73.9). 

27 [Co(N-Melm)2(4-nba)2i 7.444 (11.87), 11.7(75.6), 14.87(60.4), 15.886(69.0). 
16.696(57.9), 17.777 (72.5), 18.452 (57.6), 20.140(55.3), 
21.423(59.6), 21.828(89.9), 22.368 (58.7), 23.58(58.4), 
25.61 (100), 26.892 (56.7), 28.039 (58.01), 29.525 
(53.8), 30.673(57.3), 32.631(51.3), 37.965(58.4), 
41.54(54.4), 44.041(57.0) 

28 [Co(2-Me1m)2(4-nh02] 7.319(100), 7.983(5.7), 11.833(17.2), 13.094(57.0), 
13.359(17.5), 13.625(18.0), 14.687(4.8), 14.952(17.5), 
15.948(57.9), 16.944(12.9), 17.475(10.3), 18.404(11.5), 
19.267(41.5), 20.661(35.8), 20.794(17.5), 21.126(6.0), 
21.524(8.0), 21.922(7.2), 23.98(16.0),24.644(5.2), 
25.042(37.0), 25.506(20.),26.237(41.3), 26.768(21.2), 
27.896(10.6), 28.693(9.7), 29.025(6.6), 29.622 (6.0), 
32.144 (6.0), 33.273(2.6906), 35.928(8.3), 36.996(6.3), 
42.964 (5.7) 

29 [Co(phen)2 (HCO3)(4-nba )] .4.5H20 11.9129(100.0), 104893(60.2), 8.2981(74.8), 
7.7241(71.9), 7.5240(59.4), 6.3982(72.6), 6.1166(58.7), 
5.7424(55.4), 5.5145(61.8), 5.2564(63.5), 5.0044(53.4), 
4.8873(54.3), 4.7913(51.5), 4.5672(54.2), 4.5460(53.5), 
4.3635(56.4), 4.2996(56.5), 4.1246(67.5), 3.9371(52.8), 
3.8148(64.3), 3.7518(51.8), 3.7187(52.7), 3.6770(53.2), 
3.6363(53.2), 3.5922(58.6), 3.5448(54.5), 3.4864(57.2), 
3.4024(89.6), 3.3677(61.9), 3.3113(53), 3.2462(54.7), 
3.1237(53.3), 3.0440(52), 2.9509(56), 2.8445(51.6), 
2.6633(51.6), 2.5947(53.2), 2.4601(54), 2.4076(55.2), 
2.3906(54.5), 2.2785(57.5). 

30 [Ni(H20)2(Iin)2(4-nba)2i 12.3038(34.5), 7.7748(43.6), 7.5259(33.2), 6.1677(28.6), 
5.8936(18.4), 5.6581(21.0), 5.0896(77.1), 4.4803(19.0), 
4.3793(15.6), 4.2154(35.8), 4.1024(31.4), 4.0103(49.8), 
3.8798(27.3), 3.7511(31.2), 3.4564(17.4), 3.4073(15.8), 
3.3596(27.8), 3.2634(100.0), 3.2294(38.9), 3.1542(29.3), 
2.9650(14.0), 2.9097(11.7), 2.8564(13.8), 2.8051(18.2), 
2.7317(11.9), 2.6981(10.9), 2.6654(7.8), 2.6367(8.80, 
2.5902(15.8), 2.4577(9.1), 2.4123(11.7), 2.3941(16.4), 
2.3787(16.6), 2.2791(21.5), 2.2471(15.1), 2.1965(8.0), 
2.1503(11.2) 

30a [Ni(1m)2(4-nba)2] 12.0298(20.0), 10.8540(34.5), 7.0285(30.0), 
6.8028(23.4), 6.4705(21.8), 6.2789(24.1), 5.8626(81.3), 
5.4145(31.7), 4.8920(64.1), 4.3801(28.8), 4.3009(26.0), 
4.1268(22.6), 3.7518(20.3), 3.6376(33.5), 3.5246(100.0), 
3.4186(23.4), 3.3759(24.7), 3.2590(22.8), 2.9735(14.0), 
2.8643(13.5), 2.6657(11.9), 2.5634(9.3), 2.3714(14.3), 
2.3028(11.9) 

31 [Ni(1m)6](4-nba)2.2H20 13.2380(27.0), 7.9231(48.3), 7.6096(35.0), 7.3455(33.00, 
6.8690(100.0), 6.6118(27.3), 6.2604(28.8), 5.9951(22.8), 
5.7515(50.2), 5.6445(33.0), 5.2027(21.3), 4.9146(32.5), 
4.6068(21.5), 4.4160(95), 4.2328(40.8), 4.1505(4] .3), 
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y. 

4.0953(21.5), 3.8735(30.1), 3.7982(22.3), 3.6500(57.6), 
3.5952(23.4), 3.4186(21.3), 3.2492(77.5), 3.1824(52.7), 
3.0527(20.0), 2.9940(17.4), 2.9454(17.9), 2.8794(15.6), 
2.8530(19.5), 2.7389(18.4), 2.6951(14.5), 2.6275(23.4), 
2.5935(14.0), 2.5574(11.4), 2.4284(12.2), 2.3918(12.2), 
2.3052(15.3), 2.2747(22.8), 2.2473(16.4), 2.2097(15.6), 
2.1505(11.4) 

31a [Ni(Im)6](4-nba)2 13.1417(57.4), 8.1943(32.5), 7.8014(54.5), 7.2907(40.8), 
6.8876(55.8), 6.5674(100.0), 6.2758(39.7), 5.7802(27.3), 
5.3308(58.7), 4.9933(34.8), 4.5952(30.9), 4.3168(57.9), 
4.1983(32.2), 4.0629(44.1), 3.9507(44.7), 3.8793(36.3), 
3.7903(80.0), 3.6738(24.1), 3.6489(25.2), 3.5586(33.0), 
3.4895(29.9), 3.4069(40.5), 3.3489(35.8), 3.2532(24.4), 
3.0692(22.8), 2.8978(23.6), 2.7315(19.2), 2.6814(19.7), 
2.5569(19.0), 2.4767(17.9), 2.3410(15.3), 2.3000(15.8), 
2.2180(17.9) 

32 [Ni(H20)2(2Me1m)2(4-nba)21 10.7435(16.4), 7.8936(32.7), 7.4752(11.4), 6.4903(100.), 
6.2976(63.3), 5.3197(13.2), 5.1523(16.1), 4.9717(35.0), 
4.1110(22.3), 3.9665(36.3), 3.6438(37.4), 3.5832(21.5), 
3.4459(15.1), 3.3971(95.8), 3.2541(9.3), 3.2012(7.8), 
3.1592(8.8), 3.0830(12.5), 3.0273(12.5), 2.8985(9.8), 
2.8019(9.6), 2.7665(16.6), 2.7051(17.0), 2.6787(9.3), 
2.6058(17.9), 2.5052(8.3), 2.4800(6.8), 2.4257(8.6), 
2.4047(9.1), 2.3244(14.0), 2.2933(8.0), 2.2405(8.3), 
2.2184(7.3), 2.1733(8.0) 

32a [Ni(2-MeIm)2(4-nba)21 13..8465(25.7), 11.8942(84.6), 10.7435(16.4), 
8.5304(22.8), 7.9231(19.7), 6.9138(29.3), 6.4313(100), 
6.2976(90.1), 5.8952(45.2), 5.5706(22.3), 5.2282(38.4), 
4.9835(22.3), 4.8697(19.2), 4.4531(59.7), 4.0336(29.3), 
3.9665(22.3), 3.8049(16.9), 3.6438(41.80, 3.5892(29.3), 
3.4904(38.9), 3.4078(57.4), 3.3087(16.4), 3.1501(15.6), 
3.0787(19.5), 2.7051(12.2), 2.6058(9.3), 2.5340(9.9), 
2.3244(14.0), 2.2933(13.2) 
13..8465(25.7), 11.8942(84.6), 10.7435(16.4), 
8.5304(22.8), 7.9231(19.7), 6.9138(29.3), 6.4313(100), 
6.2976(90.1), 5.8952(45.2), 5.5706(22.3), 5.2282(38.4), 
4.9835(22.3), 4.8697(19.2), 4.4531(59.7), 4.0336(29.3), 
3.9665(22.3), 3.8049(16.9), 3.6438(41.80, 3.5892(29.3), 
3.4904(38.9), 3.4078(57.4), 3.3087(16.4), 3.1501(15.6), 
3.0787(19.5), 2.7051(12.2), 2.6058(9.3), 2.5340(9.9), 
2.3244(14.0), 2.2933(13.2) 

33 [Ni(H20)(N-MeIm)2(4-nba)2i 11.8718(85.7), 7.9430(43.1), 7.2615(20.8), 6.4443(50.4), 
6.2176(39.2), 5.9061(43.1), 5.6246(38.4), 5.2239(34.5), 
4.8771(79.2), 4.7468(23.60, 4.5350(27.3), 4.3504(42.6), 
4.2384(17.1), 4.0387(24.9), 3.9714(3 1 .2), 3.8922(100.0), 
3.8229(21.5), 3.7172(30.6), 3.4773(30.1), 3.3741(20.8), 
3.3223(19.0), 3.2091(37.4), 3.1440(25.2), 3.0947(13.2), 
3.0556(17.1), 3.0343(16.9), 2.9681(39.7), 2.8857(19.0), 
2.8407(12.7), 2.7515(11.4), 2.7073(12.2), 2.6518(23.9), 
2.5864(11.7), 2.5100(9.6), 2.4275(10.1), 2.4038(9.3), 
2.3530(9.1), 2.3309(9.9), 2.2879(13.0), 2.2465(15.1), 
2.2089(15.8), 2.1790(17.1) 

33a [Ni(N-MeIm)2(4-nba)21 11.3198(21.8), 10.1739(49.3), 8.2315(23.1), 
7.7775(21.3), 6.8028(39.5), 5.9951(25.4), 5.5128(36.3), 

' 5.2282(94.2), 5.0665(35.0), 4.8808(16.9), 4.5576(17.4), 
4.3357(22.6), 4.0953(28.6), 3.9738(100.0), 3.8805(14.3), 
3.6749(26.2), 3.5773(34.3), 3.4024(37.1), 3.3445(24.4), 
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Ta 40 

L_A  AAA. jet 	(d) 

ALLAAptitleAuke,./‘  
20 

3.2492(15.1), 3.0527(10.4), 2.9695(17.1), 2.7219(16.1), 
2.6182(8.8), 2.5398(15.1), 2.4231(13.0), 2.3415(10.4), 
2.2361(9.3), 2.1860(10.6) 

34 [Cd(H20)2(Im)2(4-nba)2] 12.5978(54), 7.7748(51.7), 7.3686(34), 6.2958(42.6), 
6.0968(24.4), 5.7656(30.6), 5.4689(15.3), 5.2399(84.6), 
4.8136(10.9), 4.4615921.0), 4.3001(39.2), 4.0635(20.0), 
3.9658(37.9), 3.9009(9.3), 3.5298(19.7), 3.4073(36.6), 
3.3596(100), 3.2439(26.7), 3.1542(27.8), 3.1135(9.11), 
3.0480(12.2), 2.9019(20.0), 2.8196(23.1), 2.7802(16.4), 
2.7249(17.1), 2.6622(6.0), 2.6148(14.8), 2.5512(8.0), 
2.4881(15.1), 2.4523(25.2), 2.4123(15.6), 2.3686(13.8), 
2.3437(8.6), 2.3193(23.9), 2.3026(14.5), 2.2538(8.8), 
2.2403(10.4), 2.1752(12.5) 

MA [Cd(Im)2(4-nba)2] 13.4681(66.7), 12.2195(65.7), 9.4340(45.2), 
8.8418(77.1), 8.3197(42.1), 7.8561(35.6),7.5748(48.8), 
7.3640(58.9), 6.6060(90.6), 6.4064(67.5), 6.0936(42.8), 
5.7942(21.0), 5.5375(23.1), 5.2634(42.3), 4.9571(23.6), 
4.6952(18.7), 4.5260(34.3), 4.3598(27.8), 4.3071(33.8), 
4.1647(56.3), 3.9866(35.3), 3.7896(38.2), 3.7500(31.4), 
3.6669(35.6), 3.5288(18.4), 3.4010(80.5), 3.36911(100), 
3.2973(26.5), 3.2094(29.9), 3.1083(23.1), 3.0388(30.1), 
2.9523(21.0), 2.9012(19.5), 2.8189(27.5), 2.7516(18.2), 
2.6393(21.3), 2.5390(17.9), 2.4904(17.4), 2.4491(19.5), 

• 2.4197(20.8), 2.3432(21.3), 2.3213(21.0), 2.2603(19.5) 

Figure 3.75: X-ray powder pattern of isostructural (a) [Mg(H20)2(Im)2(4-nba)2] 17; 
(b) [Mn(H20)2(Im)2(4-nba)2] 23; (c)  [C0(H20)2(Im)2(4-nba)21 26; (d) 

[Ni( -120)2(Im)2(4-nba)2] 30; (e) [Cd(H20)2(Im)2(4-nba)2] 34 
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3.6. Thermal investigations 

The nature of the decomposition processes of the new metal carboxylates 

synthesized in this work have been investigated by TG-DTA/DSC techniques as well 

as isothermal mass loss studies. The chapter 2.1 gives the details of the experimental 

conditions for TG-DTA/DSC measurements. The synthesized complexes in this work 

exhibit different thermal stability. The thermal data for Mg, Ca, Sr, Ba, Mn, Co, Ni 

and Cd complexes are summarized in Table 3.54 

Table 3.54. Thermal decomposition data of metal complexes 

Sr 
N 
0 

Compound TG in % DTA (°C) DSC (°C) Residue (%) 

e41 [Mg(H20)4(4-ClbO2] 18.37 (17.69) 115(endo) 
147(endo) 
230(exo) 
574(exo) 

9.55 (9.89) 
MgO 

eft [Ca(H20)3(4-Clba)21 13.02 
(13.37) 

114(endo) 
540(exo) 
573(exo) 

10.0 ( 9.91) 
CaO 

M
!  [Ca(H20)4(4-nba)2] 17.15 ---- 113(endo) 

266(exo) 
427(exo) 
483(exo) 
553(exo) 

12.89 (12.60) 
CaO 

V
:4 [Sr(H20)7(4-nba)21•2H20 20.36% 

25.73% 
74(endo) 
128(endo) 
256(exo) 
412(exo) 

--- 

l--1 [Ba(H20)5(4-11b02] 16.78 (16.10) 82(endo) 
403(exo) 
498(exo) 

37.95 (35.27) 
BaCO3 

OD  I [Ba(4-clba) 2] --- 422 (exo) 
511(exo) 

46.0 (44.99) 
BaCO3 

CINI  [Li(H20)3(4-nba)] 22.23 (23.80) --- 75(endo) 
393(exo) 
651(exo) 
693(exo) 

---- 

10 [Na(H20)3(4-nba)] 18.17 (22.41) --- 76(endo) 
386(exo) 

11 [K(1-120)2(4-nba)] 15.24 --- 90 (endo) 
109 (endo) 
280 (endo) 
360 (exo) 
429 (exo) 
606 (exo) 

12 [Rb(H20)2(4-nba)] 13.07 (12.51) 88(endo) 
102(endo) 
251(endo) 
354(exo) 

35.43 
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481(exo) 

13 [Cs(H20)2 (4-nba)] (10.74) 76 (endo) 40.63 
110 (endo) 
298 (endo) 
342 (exo) 
495(exo) 

14 [Mn (H20)4(4nba)2].2H2 0  17.92(18.19 93(endo) -- 
z 5H20) 138(endo) 
3.56(3.64 371(exo) 
H2O) 400 (exo) 

15 [Ni (H20)6](4-nba)2.2H20 14.42 96(endo) 86.8(endo) 13.0I(Bunsen 
4.04 140(endo) 134.6(endo) burner)-13.95 z 
5.72 188(endo) 167.1(endo) NiO 

238(endo) 416.9(exo) 
383(exo) 

17 (Mg (H20)2(Im)2(4-nba)2] 7.16 (6.82) 123(endo) 
179(endo) 

113(endo) 
220(endo) 

8.40 (7.56 ) 
z MgO 

229(endo) 282(endo) 
342(exo) 365(exo) 
403(exo) 397(exo) 
576(exo) 423(exo) 
652(exo) 574(exo) 

18 [Mg(1120)(N-Melm)2(4-nba)212 4.66(3.35) 133(endo) 
218(endo) 

124(endo) 
227(endo) 

7.40 (7.4) 
z MgO 

348 (exo) 365(exo) 
412 (exo) 425(exo) 
528 (exo) 567(exo) 
554(exo) 

19 [Ca (1120)3(Itn)(4 -nba)21.1m 9.18(9.61) 72(endo) 
209(endo) 

10.41 (9.98) 
z CaO 

397(exo) 
528(exo) 
707(exo) 

20 [Ca (H20)(2-MeIm)(4-nba)2] 5.64(>H20) 167(endo) 165(endo) 12.03(11.82) 
(3.82) 390(exo) 415(exo) CaO 

463(exo) 577(exo) 
569(exo) 727(endo) 
739(exo) 746(exo) 

22 [Ca(H20)2(N-MeIm)(4-nba)21 4.14 (6.27) 101(endo) 
188(endo) 

11.21 (9.77) 
z Ca0 

213(endo) 
269(endo) 
395(exo) 
416 (exo) 
571(exo) 

23 [Mn(H20)2(Im)2(4-nba)2] 6.64 112(endo) 108(endo) 13.83 
(6.44 z 215(endo) 211(endo) (14.11) z 
21120) 299(exo) 329(exo) Mn203 

409(exo) 409(exo) 
24 [Mn(H2O)(N-Melm)2(4-nba)2l2 4.11(3.16 z 104(endo) 14.37 

H2O) 227(endo) (13.86) z 
327(exo) 
424(exo) 

Mn203)bixbyite, 
syn 

25 [Mn(H20)4(Benzlm)2](4-nba)2 10.58(10.36 108(endo) 104(endo) 11.19 
g--: 41120) 246(endo) 144(exo) (11.35) 7 

329(exo) 
382(exo) 

241(endo) 
337(exo) 

Mn203 
bixbyite, syn 
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398(exo) 
g_6_ [Co(H20)20102(4-nba)2] 7.64 (6.41) -- 102(endo) 

209(endo) 
228(endo) 
300(exo) 
383(exo) 

27 [Co(N-Melin)2(4-nba)2] ---- 272(endo) 279(endo) 14.99 (14.45) 
308(exo) 425(exo) z Co3O4 
375(exo) 586(exo) 

28 [Co(2-Mehn)2(4-nba)2] --- 263(endo) 14.19 (14.45) 
300(exo) 7--  Co304 
377(exo) 

29 [Co(phen)2(HCO3)(4- 
nba)].4.5H20 

11.46 (11.12) 111(endo) 
208(endo) 

11.23% 

268(exo) 
424(exo) 

30 [Ni (H20)2(Im)2(4-nba)2] 6.50 138(endo) 141(endo) 12.84 (13.26) 
(6.4 :---- 2H20) 281(endo) 282(endo) :---- Ni0 

325(exo) 339(exo) 
365(exo) 384(exo) 
389(exo) 426(exo) 

31 [Ni(Im)6](4-nba)2.2H20 4.47 95(endo) 8.36 (8.918 ) 
(4.3 z 2H20) 217(endo) •;--,-  Ni0 

375(exo) 
396(exo) 

32 ENKH20)2(2-Melm)2(4-nba)2] 6.08 140(endo) 12.43(12.63) ,,---  
(6.09 z 289(exo) NiO 
2H20) 309(exo) 

383(exo) 
33 [Ni(H20)(N-MeIm)2(4-nba)2] 3.26 123(endo) 13.00(13.014) 

(3.144 z 267(endo) ,-----; Ni0 
H2O) 313(exo) 

359(exo) 
370(exo) 

34 [Cd(H20)2(In1)2(4-nba)2] 5.70 102(endo) 102(endo) 20.90(20.83) 
243(endo) 243(endo) CdO 
326(exo) 3410(exo) 
395(exo) 425(exo) 
467(exo) 

3. 6.1 [Ca(H20)4(4-nba)2] 2, [Sr(1120)7(4-nba)21.2H20 5 and [Ba(H20)5(4-nba)2l 7  

The DTA thermogram of [Ca(H20)4(4-nba)2] 3 exhibits three signals at 113°C 

(endo), 266°C(exo) and 427°C(exo), 483°C(exo) and 553°C(exo). The first two 

signals corresponds to removal of three moles of water and a phase change 

respectively while last three exothermic signals corresponding to the decomposition 

of the organic ligand resulting in the formation of CaO. Based on TG-DTA studies, 

isothermal wcight loss studies were performed in a temperature-controlled oven at 

various steps in the temperature range 100-260°C. Initially, it was observed that 

heating the compound at 100°C on a water bath resulted in mass loss corresponds to 

164 



is very similar to that of 3 and the presence of water can be evidenced by the strong 

0-H signal. However, the profile of this signal is different as compared to 3. No 

further mass loss was observed, on heating (-15 min) the complex 3 at several 

temperatures till 240°C. When 3 was heated at 250°C, a mass loss of 16.4% 

equivalent to the removal of four moles of water was observed, resulting in the 

formation of the anhydrous compound [Ca(4-nba) 2] clearly indicating that the last 

water molecule is held tightly and its removal requires higher temperature. 

The DSC thermogram of [Sr(H20)7(4-nba)21•2H20 5 exhibits two endothermic and 

two exothermic signals at 74 °C, 128°C, 256°C and 412°C, respectively. The 

endothermic events can be attributed to loss of seven and two moles of water 

molecules respectively accompanied by mass losses of 20.51 % (calcd =21.67 %) and 

5.47 % (calcd = 6.16 %) respectively. The exothermic signal at 256 °C can be assigned 

to a phase change as TG graph is parallel to the temperature axis. The exothermic 

event at 412°C can be attributed to the decomposition of 4-nitrobenzoate. 

The compound [Ba(H20)5 (4-nba)2] exhibits a single endothermic peak at 

73 °C, in its DSC thermogram followed by exothermic peaks at 389 °C and 493 °C. A 

mass loss amounting to 16.78 % is in agreement to that expected for the release of 

five molecules (16.10%) at 73 °C. The two exothermic events at 389 °C and 493 °C can 

be attributed to the decomposition of organic moiety. Unlike the 4-nba compounds 

(Mg and Ca) which decompose to give the corresponding metal oxide MO (M=Mg or 

Ca) the Sr and Ba 4-nitrobenzoates decompose to form MCO 3  (M=Sr or Ba) as the 

final product. 

3.6.2. [Mn(H20)4(4-nba)212H20 14 

The DTA thermogram of [Mn(H20)4(4-nba)21.2H20 14 exhibits two 

endothermic and exothermic events each with peaks at 93 °C, 138°C, 371 °C and 

400°C. The endo peaks at 93 °C and 138°C correspond to the loss of five and one mole 

of water respectively. Based on the TG-DTA data, isothermal weight loss studies 

were performed in a temperature controlled oven at various temperatures ranging 

from 100°C-180°C. A mass loss of 17.92% is observed when the compound is heated 

at 100°C on a water bath, which can be assigned to the removal of five moles of 

water. This feature is agreement with the expected value of 18.19 %. The thermogram 

remains parallel to temperature X-axis from 145-350 °C. When complex 14 was 

heated around 180 °C, a mass loss of 21.87% (21.83%) equivalent to the removal of 

165 



2 

cc V spot 	WD Egf,  
00kV!' ■ 4  161x 	SC 41 0 20 

heated around 180°C, a mass loss of 21.87% (21.83%) equivalent to the removal of 

six molecules of water was observed, resulting in the formation of the anhydrous 

compound [Mn(4-nba)2]. The infrared spectrum of the sample of 14 recorded after 

heating at 180°C clearly indicates the formation of anhydrous compound. The 

pyrolysis of 14 in a Bunsen burner or in a furnace at 410 °C resulted in the formation 

of a crystalline brown residue amounting to 15.96 %. Based on the fmal weight of the 

residue, metal content analysis and X-ray powder pattern, the residue has been 

confirmed as Mn203. Figure 3.76 depicts the X-ray powder pattern and SEM 

micrograph of the decomposition product of 14 

Figure 3.76. X-ray powder pattern and SEM micrograph of the decomposition product of 
[Mn(H20)4(4-nba)2121120 14 

3.6.3. [Ni(H20)41(4-nba)2.2H20 15 

The compound [Ni(H20)6](4-nba)2.2H20 was heated in a thermobalance up to 

800 °C in flowing air at 4 K/min. The thermogram (Figure 3.77) for complex 15, 

shows that the complex decomposes via five steps. On heating, compound starts 

decomposing with considerable mass loss in TG curve. The mass loss is accompanied 

by four endothermic events at 96, 140, 188 and 238 °C that can be accounted for the 

loss of water molecule in four different steps in the range of 74-110, 129-151, 172-

197 and 222- 238°C. The first transition at 96 °C can be attributed to the loss of four 

moles of water (observed 14.42%; calcd 13.84%). Further mass loss at 140 °C 

(19.43% (calcd 20.21%) corresponds to the removal of fifth and sixth water 

molecules. The event at 188 °C is accompanied by a mass loss of 25.15 % which is 
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less than expected loss of 27.22% for last two water molecules and more than the 

value for seven waters (23.58%). The last event at 238 °C with mass loss amounting to 

26.44 % is in agreement to that expected for the release of eight molecules. The only 

exothermic event at 383 °C can be attributed to the decomposition of the organic 

moiety as well as oxidation resulting in the formation of the metal oxide. 

200 	 400 	 600 	 800 

Tempetature ("C) 

Figure 3.77. TG-DTA curves for [Ni(H20)6](4-nba)21.2 H2O 15; (Heating rate 4 
IC/min; air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 

The temperatures for the weight loss studies were chosen based on the transition 

temperatures observed in the DTA thermogram. Heating the complex 15 at 100°C 

results in a weight loss of 14.5%, which can account for the loss of four moles of 

water and further heating at 170 °C results in the loss of two more moles of water. The 

IR spectrum of the calcined product (Figure 3.78) at this stage still exhibits the water 

band but the profile of the spectrum is different indicating changes in the structure. 

Efforts to fully dehydrate the complex were not fruitful. The last two water molecules 

are strongly held and removal of these results in the breakdown of the structure. On 

heating the compound in a Bunsen burner the green colour residue left amounts to 

13.0 %, corresponding to the formation of NiO. The residue was characterized by 

elemental analysis, X-ray powder pattern and ESEM—EDAX studies (Figure 3.79) 
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Figure 3.78. IR spectra of (a) [Ni(H20)6]0-nbah.2H20 15 (b) 15 calcined at 170°C 
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Figure 3.79. X-ray powder pattern and SEM micrograph of the decomposition 
product of [Ni(H20)6](4-nba)2].2H20 15 

3. 6.4. [Mg(H20)2(Im)2(4-nba)2J 17 

TGA of complex 17 in flowing air exhibits several thermal events, which 

cannot be fully resolved (Figure 3.80). The TG curve reveals a mass loss of 7.16% 

(onset 107°C) accompanied by a DTA peak at 123 °C which can be attributed to loss 

of two water molecules. This assignment gets credence based on isothermal weight 

loss studies where it is observed that, complex 17 is thermally stable till 100°C, since 

no mass loss is observed when the complex is heated on a water bath. However, when 

17 is heated at — 140°C, a mass loss of 7.4% is observed, which corresponds to the 

loss of two moles of water. Further the dehydrated complex exhibits a characteristics 
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IR spectrum indicating the presence of both 4-nba as well as Im. The band due to —

OH vibration is not observed. By equilibrating the anhydrous complex 17a over water 

vapour, the original complex 17 was obtained in near quantitative yield as evidenced 

by the characteristic IR spectrum of the starting material. It is to be noted that this 

phenomenon of de- and rehydration has been observed for hydrated 4-amino as well 

as 4-nitrobenzoate complexes in our work. On continued heating, mass further 

decreases till 680°C, after this temperature no mass loss is noted in the TG curves. TG 

thermogram of the anhydrous complex on heating in the range 165-680°C exhibits 

signals at 179(endo), 229(endo), 342(exo), 403(exo), 576(exo) and 652 °C(exo). The 

white residue left after decomposition process is identified as MgO. The infrared 

spectrum of the residue does not show any signals till 600 cm -1  indicating the loss of 

organic moieties. 

200 	 400 	 600 
	

800 

Temperature ( °C) 
Figure 3.80. TG-DTA curves for [Mg(H20)2(Im)2(4-nba)2 17 (Heating rate 4 Klmin; 
air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 

3. 6.5. [Mg(H20)(N-MeIm)2(4-nba)2J2 18 

Complex [Mg(H20)(N-MeIm)2(4-nba)212 18 does not exhibit any loss in 

weight when heated on a water bath unlike, its isostructural Mn analogue 

[Mn(H20)(N-MeIm)2(4-nba) 212, which starts decomposing below 100 °C. When 

heated at a slightly higher temperature of 130 °C the observed mass loss of 7.3% is 

more than twice the expected value (3.35%) for emission of only water. All efforts to 

prepare the anhydrous compound were not successful. Pyrolysis of 18 in a Bunsen 

flame or alternatively in a furnace at 800°C resulted in the formation of a white 

residue, which was identified as the binary metal oxide based on the mass loss as well 
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as metal analysis. The complete loss of organic part could also be evidenced from the 

IR spectrum which does not show any bands for the organic ligands. The TG-DTA 

study of 18 (Figure. 3.81) further reinforces these observations. Thus the TG-DTA 

thermogram exhibits an endothermic event with a DTA peak at 132 °C, which can be 

attributed to the emission of coordinated water. However the observed mass loss of 

4.66% is slightly more than the expected value of 3.35% indicating that the removal 

of water results in further mass loss which is also evidenced by a rapid drop in the TG 

curve. The TG curve exhibits a second endothermic event at 218 °C, which can be 

attributed to the possible removal of the neutral N-MeIm ligand. The remaining 

events at 348, 412, 528 and 554 °C are exothermic indicating the decomposition of the 

complex, resulting in the formation of a white residue. Since the emitted fragments 

were not studied by mass spectra, no definite conclusions can be drawn on the exact 

nature of the decomposition process. Above 600 °C the TG curve is parallel to the X-

axis and the observed residue of 7.4 % is in good agreement with the expected value 

of 7.4% for the formation of MgO. 

Figure 3.81. TG-DTA curves for [Mg(H2O)(NMeIm)2(4-nba)2 ] (Heating rate 4 
Khnin; air atmosphere; given are the peak temperatures (T n) in °c, the % mass loss) 

3.6.6. [Ca(H20)3(1m)(4-nbahjIm 19 

TG-DTA curves for compound 19 complex are displayed in Figure 3.82. 

Examination of the TG curve reveals that the decomposition process proceeds via five 

steps. The mass loss of 9.18% accompanied by a DTA peak at 72 °C can be ascribed to 
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the loss of three moles of water (9.61% calcd) in first step resulting in the formation 

of anhydrous product. The mass loss of 26.70% (calcd 26.70) in the second step 

(DTA peak at 209°C) can be attributed for the elimination imidazole. After this event 

the TG curve shows a rapid drop accompanied by exothermic signals at 397, 528 and 

707°C indicating an exothermic decomposition of the organic moieties in 19. The 

observed mass loss of 81.29% at around 600°C corresponds to the formation of 

CaCO3. The TG curve is parallel to the x-axis at around 710°C. The observed residue 

(10.41 %) corresponds to the formation of CaO, which was characterized as in earlier 

experiements. The probable thermal decomposition process can be written as follows. 

[Ca(H20)3(1m)(4-nba)2pm 	31bq  [Ca(Itn)2(4-nba)2] 
•	 

CaO 	 CaCO3 	[Ca(4-nba)2] 

Figure 3.82. TG-DTA curves for [Ca(H20)3(Im)(4-nba)2 Pm 19 (Heating rate 4 
14./min; air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 

3.6.7. [Ca(H20)(2-Melm)(4-nba)21 20 

20 is studied by TG-DTA and isothermal mass loss studies (Figure 3.83). TG 

curve of complex 20 shows the first mass loss of 5.34% in the region 165-180 °C. This 

value corresponds to more than the expected value (3.82%) for loss of a mole of 
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water. The isothermal weight loss studies at this temperature range show a loss of 

13% which is much more than that expected for a mole of water and much less than 

loss due to either 2-MeIm or combination of two neutral ligands in the complex. This 

indicates that the removal of water facilitates the loss of the N-donor ligand which is 

also evidenced by a steep drop in the TG curve. On further heating the compound till 

621°C, the material left corresponds to 21.20% (21.18% expected for CaCO3) weight 

of the starting material and can be attributed to the decomposition of complex to give 

CaCO3. TG curve above 755 °C remains parallel to the temperature axis and weight of 

the residue remaining 12.03% (expected=11.87) corresponds to the formation of CaO 

by elimination of CO2. The observed mass loss (9.17%) is in good agreement with 

that of the expected (9.3%) for the loss of a mole of CO2. The DTA thermogram of 20 

exhibits five peaks at 167 (endo), 390(exo), 463(exo), 569(exo) and 739 °C (exo). The 

decomposition of the complex begins at 145 °C and the first peak at 167 °C can be 

attributed to loss of neutral ligand and observed loss is much more than expected for a 

mole H2O alone. The exothermic peak at 739°C in the DTA thermogram can be 

ascribed to the decomposition of CaCO3 to form CaO by elimination of CO2. 

400 	 600 
	

800 

Temperature °C 

Figure 3.83. TG-DTA curves for [Ca(H20)(2-MeIm)(4-nba)2] 20 (Heating rate 4 
KJmin; air atmosphere; given are the peak temperatures (T n) in °c, the % mass loss). 

3.6.8. TG-DTA description for [Mn(1120)2(Im)2(4-nba)2] 23 

The TG-DTA curves of 23 are depicted in Figure 3.84. Compound 23 starts 

decomposing at 90°C (onset) which is accompanied by a endothermic peak at 112°C. 
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The mass loss in the TG curve at this temperature is 6.64 % which corresponds to the 

removal of two moles of water and is in good agreement with that of the expected 

value of 6.44%. On further heating, the sample up to 190 °C, the mass loss in the TG 

curve remains constant. Beyond this, TG curve shows a complex behavior with 

weight losses in the temperature region 190-300 and 300-440 °C resulting in the 

decomposition of the complex to produce a brown residue of Mn203. For this 

decomposition process, the DTA curve consist of an endothermic signal at 215 °C and 

two exothermic signals at 299°C and 409°C which can be ascribed for the 

decomposition of imidazole along with carboxylate anions resulting in the formation 

of residue. The X-ray powder pattern of the residue obtained in TG-DTA, confirmed 

the formation of the Mn203. Metal analysis of the residue obtained on pyrolysis of the 

complex 23, adds credence to the formation of Mn203, 

Figure 3.84. TG-DTA curves for [Mn(H20)2(Im)2(4-nba)2J2 23 (Heating rate 4 
K/min; air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 

3.6.8. [Mn(H20)(N-Melm)2(4-nba)212 24 

The dimeric Mn compound 24 is isostructural with the corresponding Mg 

analogue. However both compounds exhibit different thermal behavior. The Mn 

compound 24 exhibits a weight loss when heated on a water bath. TG curve of 

complex 24 exhibits four weight losses in the temperature region 80-125, 160-255, 
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255-350 and 350-476°C. The first mass loss of 4.11% (DTA peak at 104 °C) 

corresponds to the loss of a mole of water. When heated at 100 °C on a water bath the 

observed mass loss of 3.9% is in agreement with the expected value (3.16%) for 

emission of only water resulting in formation of a pale yellow material. The infrared 

spectrum of the heat treated sample is devoid of strong signals in the O-H region. The 

isothermal mass loss study and the infrared spectrum of calcined sample confirm the 

formation of an anhydrous compound 24. As mentioned earlier efforts to prepare the 

anhydrous compound of 18 were not successful. The TG-DTA thermogram of 24 is 

displayed in Figure 3.85. TG-DTA thermogram exhibits two endothermic events with 

a DTA peak at 104°C, which can be attributed to the emission of coordinated water 

and a second endothermic event at 227 °C, which can be attributed to the possible 

removal of the neutral N-MeIm ligand. The exothermic events at 327 and 424 °C can 

be assigned to the probable decomposition of the complex, resulting in the formation 

of a brown residue. Above 500 °C the TG curve is parallel to the X-axis and the 

observed residue of 14.37 % is in agreement with the expected value of 13.86% for 

the formation of Mn203. Infrared spectrum of the residue at 500 °C does not show any 

bands due to organic moiety. The residue is confirmed to be Mn203 (Bixbyite, syn) by 

X-ray powder pattern studies. 

200 	 400 

Temperature °C 

Figure 3.85. TG-DTA curves for [Mn(H20)(N-MeIm)2(4-nba)2]224. (Heating rate 4 
K./min; air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 
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3.6.9. [Mn(H20)4(BenzIm)21(4-nba)2 25 

The thermal profiles of 25 are shown in Figure 3.86. In the TG curve the mass 

loss begins at around 83 °C and an inclined slope up to 118 °C indicates the elimination 

of four moles of coordinated water. A mass loss of 10.58% in the TG thermogram in 

the range 83-230 °C (Tp=108°C) is comparable with the calculated value of 10.36%, 

and can be assigned for a dehydration process resulting in the formation anhydrous 

product 25. The endothermic peak in DTA at 108 °C can thus explain the dehydration 

step. The endothermic TG step between 230 and 300 °C (T=246°C) can be attributed 

to the elimination of neutral BenzIm ligand followed by mass loss due to 

decomposition of carboxylate ligand accompanied by two exothermic peaks in the 

range 300-350°C (Tp  = 329°C) and 350-480°C (Tp  =382°C) resulting in the formation 

of a brown crystalline residue amounting to 11.19%. The TG curve remains parallel 

to the temperature axis till 800°C. The X-ray powder pattern of the brown residue 

obtained after decomposition indicates the formation of Mn20 3  (Bixbyite, syn). 

[Mn(H20)4(BeriZim)2(4-riba)2]  114°C 0,„.[Mn(Ber1Z1.121)2(4-11b8)2] 800°C Mt1203♦
4H20 

Figure 3.86. TG-DTA curves for [Mn(H20)4(Benzim)2(4-nba)2125 (Heating rate 4 
Kimin; air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 
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3.6.10. 	[Co(N-MeIm)2(4-nba)2J 27 	[Co(2-MeIm)2(4-nba)21 28 and 

[Co(phen)2(HCO3(4-nba)]•4.5H20 29 

TG-DTA profiles of 27 and 28 complexes are similar to each others and are 

displayed in the Figure.3.87 and Figure 3.88. DTA thermogram of 27 shows a 

endothermic signal at 272°C and two exothermic signals at 308 and 375 °C, while 28 

exhibits similar signals at slightly lower temperatures (263(endo), 300(exo) and 

377°C(exo). The first two signals (endo and exo) in these complexes can be attributed 

to emission of methylimidazole. However, mass loss in case of 27 is about 37.05%, 

which is more than the expected loss for the emissions of methyl imidazole (33.14%) 

while in case of 28 observed loss is of 26.53% which is quite low for the loss of a N-

donor ligand. On raising the temperature, the TG curve exhibits a drop in mass 

showing maximum weight loss at around 425 °C. On further heating mass remains 

constant till 600°C. The decomposition product left at this temperature is found to be 

magnetic in nature. The X-ray powder pattern of the residue obtained at 600 °C, 

matches with the reported data for the spinel oxide Co304 (Figure 3.89). 
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Figure 3.87. TG-DTA curves for [Co(N-Melm)2(4-nba)2] 27(heating rate 4 K/min; 
air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 

176 



% Residue...14.19 

263 

300 
Endo 

377 

200 	 400 

Temperature °C 

600 

scc 	',poi hidqn 	DO WO-  FT 	 :"0-0 
'0 OfV hh 30r 	',! 	10 0 0 

Wr r3V1 

Figure 3.88. TG-DTA curves for [Co(2-MeIm)2(4-nba)2 ] 28 (Heating rate 4 IC/min; 
air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 

Figure 3.89. X-ray powder pattern and SEM micrograph of the decomposition 
product of of residue of [Co(N-MeIm)2(4-nba)2 ] 

TG-DTA curves of complex 29 are depicted in Figure 3.90. Complex 29 start 

decomposing at 100°C which is accompanied by an endothermic peak at 111 °C. The 

mass loss in the thermogravimetric curve at this temperature is 11.46 % which 

corresponds to the removal of water and is in good agreement with that of the 

expected value of 11.12%. The mass loss in the TG curve remains constant till about 

200°C. On further heating, the TG curve shows a complex behavior with weight 

losses in the temperature region 200-490 °C resulting in the decomposition of the 

complex to produce spinel oxide Co304. The DTA curve consists of an endothermic 

peak at 208°C and two exothermic peaks at 268 °C and 424°C which can be ascribed 
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for the decomposition of 1, 10 phenanthroline along with 4-nba anion resulting in the 

formation of residue. X-ray powder pattern of the residue obtained in TG-DTA, 

confirmed the formation of the Co304. 

11.46% 

111 
208 

268 
Endo 

Residue=11.2 

424 

200 	 400 	 600 

Temperature °C 
Figure 3.90. TG-DTA curves for [Co(phen)2(14CO3)(4-nba)] .4.5H20 29 (Heating rate 4 
K/min; air atmosphere; given are the peak temperatures (T n) in °c, the % mass loss) 

3.6.11. [Ni(H20)2(Im)2(4-nba)2,1 30 

DTA-TG curves for 30 are represented in Figure 3.91. Decomposition process 

of the compound 30 begins at 107°C. The DTA curve exhibits two endothermic 

emissions in the DTA at 138 and 281 °C, followed by three exothermic events at 325, 

365 and 389 °C. A mass loss of 6.5% was observed for the first endothermic event, 

which can be attributed to complete elimination of water molecules (calcd 6.4%), 

resulting in the formation of anhydrous compound. A similar behavior has been 

observed for the isostructural Mg, Mn and Co analogues. It is to be noted that the 

complex 30 is more stable than the corresponding isostructural Mn and Mg analogues 

which starts decomposing at lower temperature as (Table 3.54). A mass loss of 

87.16% is observed producing green colour residue amounting 12.84% (13.26% 

calcd). On heating the compound at 150 °C in an oven, a mass loss of 6.41% is 

observed. The infrared spectrum of the heat treated sample is devoid of band due to -

OH vibration at around 3500 cm -1 . X-ray powder pattern as well as residue obtained 

after heating the compound in a furnace at 800 °C matches with the reported data for 

NiO. The decomposition process for this can be represented as follows. 

[Ni(H20)2(Im)2(4-nba)2] H2O 	[Ni(lin)2(4-nba)2]  800°C 	Ni0 

107-200T 
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Figure 3.91. TG-DTA curves for [Ni(H20)2(Im)2(4-nba)2] 30 (Heating rate 4 Kimin; 
air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 

3.6.12. [Ni(Im)61(4 -nba)2.2 H2O 31 

The TG-DTA thermogram of 31 (Figure 3.92) exhibits two endothermic 

events at 95 and 217°C followed by two closely related exothermic processes at 375 

and 396 °C respectively. The first endothermic process accompanied by a mass loss of 

4.43 % is in very good agreement for the expected (4.3%) loss of two lattice water 

molecules. The formation of the anhydrous compound [Ni(1m)6](4-nba)2 can also be 

evidenced from the IR spectrum of the anhydrous compound obtained by heating M 

at 100°C. Further the X-ray powder pattern of the anhydrous compound is different 

from 31, indicating the formation of a new phase (Figure 3.93). The second 

endothermic signal can probably be assigned for the removal of imidazole. The TG 

curve shows a steep drop after about 210°C indicating that the removal of imidazole 

results in further decomposition as evidenced by the two exothermic events at 375 and 

396°C. The profile of the DTA curve indicates this process is a complex one 

involving the decomposition of 4-nba leading to the formation of oxide phase. The 

observed residue of 8.36 % is in good agreement for the formation of NiO. In the 

absence of mass spectral data of the emitted fragments no definite conclusions can be 

made, on the exact nature of the decomposition processes at these high temperatures. 

The formation of NiO as the final residue was further confirmed based on isothermal 

weight loss studies by heating compound 31 at 800°C in a furnace. The decomposition 

can be represented as shown below. 

[Ni (Im)6](4-nba)2.21120 100°c  [Ni(Im)6](4-nba)2  800°C`  NiO 
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Figure 3.92. TG-DTA curves for [Ni(Im)6](4-nba)2.2(H20)2 31(Heating rate 4 K./min; 
air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 
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Figure 3.93. X-ray powder pattern of (a) [Ni(lm)6](4-nba)2 .2H20 M; (b)[Ni(Im)6](4- 
nba)2 
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3.6.13. INi(H20)2(2-MeIm)2(4-nba)21 32 

The TG-DTA thermogram of compound 32 is presented in Figure 3.94. The 

complex is stable thermally at 100 °C. The first TG transition in the range 120-175 °C, 

(endothermic peak at 140 °C) can be assigned to the loss of two moles of water. The 

observed mass loss of 6.08 % (calcd 6.09%) is in accordance with the expected loss 

for the elimination of the two water molecules. Compound 32 which exhibits only 

endothermic event corresponds to the loss of two moles of water molecules. The 

dehydrated complex obtained on heating at around 220 °C could not be rehydrated. At 

higher temperature (260 - 466 °C) the TG curve shows continuous mass loss. The 

DTA curve exhibits signals at 289, 309 and 383 °C. On further heating till 800 °C, no 

further mass loss is obtained. The residue left behind (12.43%) is verified as NiO 

(Bunsenite, syn) based on X-ray powder pattern. Based on the above, the thermal 

decomposition decomposition can be represented as below. 

[Ni(H20)2(2-Melrn)2(4-nba)2] 120-175°c  [Ni(2-Meim)2(4-nba)2] 800°c  NiO 

200 
	

400 
	

600 

Temperature °C 

Figure 3.94. TG-DTA curves for [Ni(H20)2(2-MeIm)2(4-nba)2] 32 (Heating rate 4 
Kimin; air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 
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3.6.15. [1■11(1120)(N-Melm)2(4-nba),z, 33 

TG-DTA thermograrns of 33 are depicted in fig 3.95. The TG curve reveals 

the first mass loss at around 123 °C which can be attributed to the release of a mole of 

water. An endothermic signal is observed at 122 °C in the DTA thermogram 

accompanied by a mass drop of 3.26% which is in good concurrence with that of 

calculated mass loss 3.14% for release of a mole of water. On further heating the TG 

curve falls sharply in the range between 250 and 400 °C with an endothermic signal at 

267 °C and three exothermic signals at 313, 359 and 370 °C respectively. Above 400 

°C the TG curve runs parallel to the temperature axis. The green substance left 

(13.0%) after these thermal events in TG-DTA process is identified as NiO on the 

basis of metal analysis and residue obtained on incineration at elevated temperature. 

Heating the sample in an oven at 120 °C resulted in the formation of the anhydrous 

compound. The decomposition process can be represented as follows. 

[Ni(H20)(N-MeIm)2(4-nba)21 123°c  [Ni(N-Melm)2(4-nba)2]  80V  NiO 

Figure 3.95. TG-DTA curves for [Ni(H20)(N-Melm)2(4-nba)2] 33 (Heating rate 4 
1C/min; air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 
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3.6.15. [Cd(H20)2(Im)2(4-nba)2] 34 

DTA-TG curves for 34 are represented in Figure 3.96. Two endothermic 

events are observed in the DTA at 102 and 243 °C respectively, followed by three 

exothermic events at 326, 395 and 467 °C. A mass loss of 5.70% observed with the 

first endothermic event, can be attributed to complete elimination of water molecules 

(calcd 5.84%), resulting in the formation of anhydrous compound. The corresponding 

Mg, Mn and Co analogues exhibit similar behavior. A complete mass loss of 79.10% 

is observed and a residue of 20.90% (20.83% calcd) was observed as the final 

product. Based on DTA events the compound was heated 100°C on a water bath. On 

heating at this temperature a mass loss of 5.87% is observed. The infrared spectrum of 

the heat treated sample does not show a band for the -OH vibration. The X-ray 

powder pattern of the residue obtained after heating at 800 °C matches with the 

reported data for CdO (Figure 3.97). The decomposition steps for this can be 

represented as follows. 

[Cd(H20)2(Im)2(4-nba)2] 1 owq,  [Cd(Im)2(4-nba)2] 800° 	CdO 
-2H20 

200 1) 	
I 	 • 

400 	 0(10 
• 

Temperature °C 

Figure 3.96. TG-DTA curves for [Cd(H20)2(Im)2(4-nba)2] 34 (Heating rate 4 K/min; 
air atmosphere; given are the peak temperatures (T p) in °c, the % mass loss) 
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Figure 3.97. X-ray powder pattern of TG-DTA residue of [Cd(H20)2(Im)2(4-nba)2] 34 

3.6.16 [Mg(H20)4(4-clba)21 2 [Ca(H20)3(4-clba)21 4 iSr(H20)(4-clba)2l 6 and 

([Ba(4-clba)2J 8 

Examination of the TG-DSC curves reveal that the decomposition process of 

[Mg(H20)4(4-clba)2 2 proceeds via four steps (Figure 3.98). The observed mass loss 

of 18.37 % accompanied by two endothermic signals at 115 °C, 147°C and 230°C can 

be ascribed to the loss of four moles of water (calcd =17.69 %) resulting in the 

formation of anhydrous product [Mg(4-clba)2]. The TG curve shows a rapid drop 

accompanied by exothermic signal at 574 °C, indicating an exothermic decomposition 

of the organic moieties in 2. The observed mass loss of 90.45 % around 600 °C 

corresponds to the formation of MgO. Observed residue (9.55 %) corresponds to the 

formation of MgO (calcd = 9.89 %) which was characterized as in earlier 

experiments. 

4 200 	 00  600 

Temperature ( °C) 

Figure 3.98. TG-DSC curves for [Mg(H20)4(4-clba)2] 2 (Heating rate 10 K/min; air 
atmosphere) 
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The TG curve of compound 4 shows the first mass loss of 13.02 % 

accompanied by a peak at 114 °C which can be attributed to the loss of three moles of 

water (calcd 13.37 % ) resulting in the formation of an anhydrous product. Rapid drop 

in the TG curve after this point accompanied by two exothermic signals at 540 °C and 

573 °C indicate decomposition of 4-chlorobenzoates resulting in the formation of 

residue. Metal analysis of the residue obtained on pyrolysis of the compound 4 on . 

Bunsen burner, confirmed the formation of CaO. 

The DSC thermogram of 6 exhibits two endothermic and two exothermic 

signals at 147 °C, 346 °C, 522 °C and 574 °C respectively. The first endothermic peak 

at 147°C accompanied to a mass loss of 5.19 % corresponds to the loss of a mole of 

water. The TG curve shows a change in mass accompanied by exothermic peaks at 

522°C indicating decomposition of organic moieties in 6. The pyrolysis of 6 in 

furnace at high temperature results in the formation of SrO at around 900 °C. 

Compound 8 shows a single step decomposition process in its TG thermogram 

accompanied by two exothermic signals at 422 °C and 511 °C and corresponds to 

decomposition of carboxylate. The residue (observed 46.0 % ; calcd44.99 %)) left 

after the decomposition process is identified as BaCO 3 , based on the metal analysis 

and by heating the 8 on Bunsen burner. 

3.7. 	Reversible hydration studies 

Some of the metal 4-nba compounds described in this work can be dehydrated 

at and the dehydrated compound can be rehydrated by equilibrating over water 

vapour. The results of these studies are presented in Table 3.55. These carboxylate 

complexes can find useful applications in materials for selective absorption behavior. 

This aspect has been studied by IR spectra, isothermal mass loss studies and X-ray 

powder diffraction and the results are presented below. It is to be noted that this 

phenomenon of de- and rehydration has been observed for hydrated 4- 

aminobenzoate complexes in earlier work from our laboratory. A representative 

example of a 4-nba complex viz. [Mn(H20)4(4-nba)212H 20 14 which undergoes de-

and rehydration is discussed. The IR spectrum of 14 (Figure 3.99), exhibits a broad 

band around 3600-3000 cm-1 . These bands correspond to the antisymmetric and 

symmetric stretching vibrations of water, clearly indicating the presence of water. 

Based on the DTA peaks, the compound 14 was heated at 180°C in an controlled 

oven. A mass loss of 21.83 % was observed corresponding to loss of six water 
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molecules resulting in the formation of the anhydrous compound. The IR spectrum of 

a sample of 14 heated at 180 °C shows all the IR bands excepting those due to water. 

The absence of the broad —OH bands in the heat-treated sample can be attributed to 

the formation of the corresponding anhydrous complex [Mn(4-nba)2] (Figure 

3.99(b)). Further, the IR vibrations of the carboxylate group are quite closer in the 

calcined complex and the bands are split indicating that the carboxylate is probably 

bidentate in this complex. The resultant anhydrous complex [Mn(4-nba)2] was 

equilibrated over water vapour in a desiccator for a day. This resulted in the isolation 

of starting material namely 14 in quantitative yield. The IR spectrum of the final 

product is identical to that of the starting material (Figure 3.99 (c)). This indicates that 

the complex can be rehydrated. In a similar way the de and rehydration of 

[Mn(H20)4(4-nba)212H20 14 was investigated using X-ray powder diffraction. 

 

(a) 

(b) 

 

 

 

(c)  

  

4000 	3000 	2000 	1000 

Wavenumber (cm-') 

Figure 3.99: IR spectra of (a) Prestine [Mn(H20)4(4-nba)2].2H20 14; (b) Dehydrated 
[Mn(H20)4(4-nba)2]-2H20 ; (c) On hydration [Mn(4-nba)2] 

X-ray powder pattern of the heat treated sample of Mn(II) complex ie water 

free sample shows different profile as compared to pristine compound. The anhydrous 

Mn(II) complex shows sharp signals in its X-ray powder pattern, indicating crystalline 

nature of the anhydrous compound. The X-ray powder patterns of the pristine 

complex, dehydrated and rehydrated complexes are presented in Figure 3.100. 
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Figure 3.100: XRD powder patterns of (a) pristine [Mn(H 20)4(4-nba)21•2H20 14 (b) 
anhydrous [Mn (4-nba)2] (c) rehydrated [Mn(H20)4(4-nba)2]-2H20 

Table 3.55: Isothermal mass loss studies and Reversible hydration studies 

Compound Dehydrated product Temperature 
°C 

Isothermal mass loss 
Theo Calcd 

[Mg(H20)2(1m)2(4-nba)2] 17 [Mg(Im)2(4-nba)2] 140 7.175 7.16 
[Ca(H20)4(4-nba) 2] 3 [Ca(4-nba)2] 1240 16.4 16.2 
[Ca(H20)3(Im)(4-nba)2].1m 19 [Ca(Im)2(4-nba)2] 100 9.02 9.63 
[Co(H20)2(1m)2(4-nba)2] 26 [Co(Im)2(4-nba)2] 120 6.41 6.39 
[Ni(1120)2(1m)2(4-nba)2] 30 [Ni(Im)2(4-nba)2] 200 6.273 6.40 
[Mn(H20)4(4-nba)2  .2H20 14 Mn(4-nba)2i 180 21.87 21.83 
[Mn(1120)2(Im)2(4-nba)2123 [Mn(Im)2(4-nba)2] 

[Mn(N-Melm)2(4-nba)2] 
140 7.17 6.40 

[Mn(H20)(N-Melm)2(4-nba)2] 224 100 3.9 3.16 

[Mn(H20)4(BenzIm)21(4-nba)225 [Mn(Benzlm)2(4-nba)2] 114 9.6 10.36 
[Cd(1420)2(11n)2(4-nba)2] 34 [Cd(Im)2(4-nba)2] 100 5.87 5.84 

Similarly IR and X-ray powder pattern have been used to confirm the 

dehydrated and rehydrated compound as well as formation of new compound for 

other complexes tabulated in Table 3.55 (Appendix II). 
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3.8. 	Conclusions 

A few of the important conclusions of the present work are given below 

1. The aqueous reaction of metal carbonate with 4-nbaH or metal chloride / metal 

hydroxide with carboxylic acid leads to the formation of hydrated metal 

carboxylates. 

2. The aqueous reaction of alkaline earth carbonates / metal chloride with 4- 

ClbaH leads to the formation of hydrated Mg, Ca and Sr 4-Chlorobenzoate 

and an anhydrous Ba(II)4-chlorobenzoate. 

3. Some of the transition metal 4-nba complexes with N-donor ligands can be 

obtained by single pot reaction at room temperature. 

4. Solid phase reactions of hydrated Mg and Mn 4-nitrobenzoate complexes with 

Im as well as N-MeIm result in the formation of new complexes which are 

isostructural. 

5. The reaction of hydrated Ca(II) 4 -nitrobenzoate with N -MeIm leads to the 

formation of N-MeIm substituted polymeric Ca(II) complex KCa(N-

MeIm)}(113 -112 : i l -4-nba)(1.t2-11 1 : i l -4-nba)21n• 

6. The coordination of the nitro oxygens in the isostructural compounds 

[Rb(H2O))(.t3-H20)(114 -4-nba)],, (M=Rb or Cs), result in the formation of two 

dimensional coordination polymer. 

7. The structure of [Sr(H 20)7 (11 2-4-nba)}(4-nba)]•2H20 7 functions as a 

molecular container for encapsulating a cyclic dimer. 

8. The Ni(II) 4-nitrobenzoate complexes, [Ni(H20)4(4-nba)2].2H20 and 

[Ni(H20)6J(4-nba)2.2H20 are related by a pH dependent equilibrium. 

9. The isostructural nature of the diamagnetic complexes of Mg(II) or Cd (II) 

containing Im coligands with the corresponding compounds of paramagnetic 

transition metals like Mn, Co and Ni indicates the possibilities for the 

preparation of novel doped magnetic materials / mixed metal carboxylates. 

Similarly, Mg(II) containing N-MeIm coligand is isostructural with 

corresponding Mn(II) analogue. 

10.The alkaline — earth metal (Mg and Ca) carboxylate complexes can be 

thermally decomposed in air to yield the corresponding oxide. 

11. The preferred decomposition product of Sr and Ba 4-nitrobenzoates are SrCO 3 

 and BaCO3  respectively at 800 °C. 
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12. The transition metal carboxylates Mn and Ni can be thermally decomposed 

to yield Bixbyite. syn Mn203, and green Ni0 respectively, while N-Melm and 

2-MeIm substituted Co(I1) tetrahedral complexes gave spinel CO304 in 

aerobic condition. 

13. Several of the compounds such as [Mn(H20)4(Benzlm)2](4-nba)2, 

[Ni(H20)2(1m)2(4-nba)2], [Ca(H20)3(1m)(4-nba)2].1m etc can be dehydrated 

and the anhydrous compound thus formed can be rehydrated. 

14. The structurally characterized compounds demonstrate the rich and variable 

structural chemistry of metal 4-nitrobenzoates. 

The study of metal-carboxylates is gaining importance in view of the 

emerging interest in metal-organic supramolecular assemblies. The synthesis, 

characterization and reactivity studies of metal-carboxylate systems will be useful in 

terms of the structural diversity of the complexes and their material properties like 

reversible hydration and metal oxide formation. The isostructural nature of the 

diamagnetic compounds [M(H20)2(Im)2(4-nba)2] (M=Mg or Cd) with the 

corresponding paramagnetic transition metal complexes indicates the possibilities for 

the preparation of novel doped magnetic materials. 
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Appendix I 
Table 1.Technical details of data acquisition and selected refinement results for 1 , 
17 and 18 

Compound [Mg(H20)6](4-nba)2. 
2H20 1 

[MAH20)2(1102(4- 
nba)2] 17 

[Mg(H20)(N-Melm)2(4- 
nba)212 18 

Formula Ca4H24MgN201 6 
C20H20MgN6010 

C44H44Mg2N12018 

Temperature [K] 293(2) 293(2) 293(2) 
Wavelength [pm] 71.073 71.073 71.073 
Space group Triclinic, Pi Triclinic, Pi Triclinic, PT 
a [A] 6.018(2) 5.533(5) 8.3235(6) 
b [A] 7.410(2) 8.122(5) 11.1564(8) 
c [A] 12.352(2) 12.775(5) 13.9034(11) 
a  [0] 98.58(2) 74.803(5) 92.893(9) 
p [1 96.81(2) 87.389(5) 97.061(9) 
7 [0] 91.74(2) 87.431(5) 90.075(9) 
Volume [A3] 540.2(2) 553.1(6) 1279.61(16) 
Z 1 1 1 

1-1,  [mm'] 0.17 0.154 0.132 
F(000) 262 274 560 
Crystal size [mm3 ] 0.5 x 0.4 x 0.4 
Molecular weight 500.66 528.73 1077.44 
[g/mol] 
Density (calcd.) [g 
cm 3 ] 
hkl Range 

1.539 

0/8, -10/10, -17/17 

1.587 

-7/6, -10/10, -16/13 

1.398 

-10/10, -14/14, -18/18 

20 range (°) 3 - 60 2.60 -28.34 4.82 - 56.10 
Reflections 
collected 

3456 3704 14594 

Reflections unique 3176 2636 5953 
Data (Fo>4a(Fo)) 2242 2636 5953 
Rint, 0.0220 0.0127 0.0308 

Ap [e/A3] 0.41 / -0.36 0.318 / -0.381 0.326 / -0.232 
Parameters 152 209 346 
R1 [Fo>4a(Fo)]a 0.0471 0.0446 0.0449 
WR2 for all unique 
data 

0.1445 0.1209 0.1309 

Goodness of fit 1.029 1.010 1.034 
aR1 =E I IFol -IFcI I/EIFol aR1 =E I I Fo I - I Fc I /E 	oi 



Table 2..Technical details of data acquisition and selected refinement results for 3, 
19,20 and 21. 

Compound [Ca(H 20)4(4- 
nba)2] 3 

[Ca(H20)3(Im) 

(4-nba) 2 ] - 1m19 

[Ca(H 20)(2- 
Me1m)(4-nba) 2 ] 20 

[Ca(N-MeIm)(4-nba) 2] 

21 

Formula C141116CaN2012 C20H22CaN6011 C181-116CaN409 sH14CaN408 
Temperature 293(2) 273(2) K 220(2)K 293(2) K 
[K] 
Wavelength 71.073 71.073 71.073 71.073 

[pm] 
Space group Monoclinic, 

P2 1/c  
Monoclinic, 
P2iic 

Monoclinic, P2 1 ,,, Triclinic PT 

a [A] 
b [A] 
c [A] 

a n 
13  n 

[0] 
Volume [A3 ] 
z 

[mm' ] 
F(000) 
Crystal size 
[min3] 
Molecular 
weight [g/mol] 
Density 
(calcd.)[g cm-3 ] 
hid Range 

20 range 
Reflections 
collected 
Reflections 
unique 
Data 
(Fo>46(Fo)) 
Rint. 
Min./Max 
transmission 
\p [e/A3 ] 
Parameters 
R1 
[Fo>46(Fo)] ° 

 WR2 for all 
unique data 
Goodness of fit 

13.4766(8) 7.6011(5) 15.5486(13) 5.5313(5) 
9.9758(6) 9.9690(6) 7.0358(4) 12.7904(12) 
14.3936(9) 32.407(2) 18.4282(15) 14.9226(15) 
90 90 90 113.0760(10) 
104.9820(10)° 95.4200(10) 98.789(10) 95.423(2) 
90 90 90 97.642(2) 
1869.3(2) 2444.7(3) 1992(3) 950.11(16) 
4 4 2 2 
0.404 0.329 0.377 0.388 
920 1168 468 
0.40 x 0.40 x 0.42 x 0.36 x 0.4 x 0.3 x 0.2 0.38 x 0.28 x 0.20 
0.40 0.21 
444.24 562.52 472.43 454.41 

1.579 1.528 1.572 1.588 

-16/16, 	-12/12, -9/9, 	-12/12, -20/20, -8/9, -24/24 -6/6, -15/15, -18/18 
-17/ 17 39/39 
1.56 to 26.01 2.14 - 26.04 2.65 to 28.09 1.5 to 26 
18934 24780 18549 9475 

3681 4822 4768 3696 

3681 4822 4768 3696 

0.0252 0.0304 0.0334 0.0205 
0.83/0.85 0.8743 / 0.9342 0.8665/0.9264 0.9264 /0.8665 

0.355 / -0.281 0.308 / -0.187 0.337 / -0.386 0.338/-0.235 
263 379 291 285 
0.0351 0.0414 0.0399 0.0392 

0.0978 0.1042 0.1123 0.0929 

1.064 1.049 1.055 1.057 

aR1 =E I IFol 	1/E1FoI 	aR1=E I IF01 -lFcl 1/ElFol 



Table 3. Crystal data and structure refinement for [Sr(H20)7(4-nba)14-nba•2H20 5 

Empirical formula 
	

C14 H26 Sri N2 0 17 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 
Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 
Reflections collected 

Independent reflections 

Completeness to theta = 25.93° 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F 2  

Final R indices [I>2sigma(I)] 

R indices (all data) 

Extinction coefficient 

Largest cliff. peak and hole 

581.99 g mol 

293(2) K 

0.71073 A 

monoclinic 

P21/c 

a= 6.7364(7) A 
b= 11.1705(12) A 
c = 31.738(3) A 

95.568(2)° 

2377.0(4) A 3  

4 

1.626 Mg/m 3  

2.351 mm-1  

1192 

0.42 x 0.36 x 0.12 mm3 

 1.93 to 25.93 °. 

-7<=h<=8, -13<=k<=13, -39<=1<=30 
11962 

4604 [R(int) = 0.0261] 

99.2 % 

Full-matrix least-squares on F 2 

 4604 / 0 / 370 

1.014 

R1 = 0.0286, wR2 = 0.0628 

R1 = 0.0402, wR2 = 0.0668 

0.0111(11) 

0.315 and -0.333 e.A-3 



Table 4. Crystal data and structure refinement for [Ba(H20)5(4-nba)2] 7  
Empirical formula 
	

C14 H18  Ba t  N2 0 13 

Formula weight 	 559.64 g 

Temperature 	 293(2) K 

Wavelength 	 0.71073 A 

Crystal system 	 monoclinic 

Space group 	 P2(1)/c 

Unit cell dimensions 	 a = 6.6217(4) A 
b= 10.7141(6) A 
c = 29.1006(16) A 
f3 = 102.77(1)° 

Volume 	 2013.52 ( )A 3  

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 26.06° 

Refinement method 

Data / restraints / parameters . 

Goodness-of-fit on F2  

Final R indices [I>2sigma(I)] 

R indices (all data) 

Extinction coefficient 

Largest diff peak and hole 

4 

1.846 Mg/m3  

2.043 mm-1 

 1104 

0.41 x 0.40 x 0.40 mm 3  

1.43 to 26.06°. 

-8<=h<=7, -13<=k<=12, -30<=l<=35 

11119 

3637 [R(int) = 0.0163] 

99.9 % 

Full-matrix least-squares on F 2  

3956 / 0 / 272 . 

1.082 

R1 = 0.0238, wR2 = 0.0265 

R1 = 0.0534, wR2 = 0.0548 

0.0040(2) 

0.569 and -0.436 e.A.-3 



Compound [Rb(H20) 2 (4-nba)] [Cs(H20 )2(4-nba)] 
12 	 13 

Formula 
Temperature [K] 

Wavelength [pm] 
Space group 
a [A] 
b [A] 
c [A] 
a  [0]  

R 

[0] 
Volume [A3] 

[infil- 1 ] 
F(000) 

Molecular weight 
[g/mol] 

Density (calcd.) [g 
cm 3] 
hid Range 
20 range 
Reflections collected 
Reflections unique 
Data (Fo>2a (Fo)) 
Rint. 
Min./Max 
transmission 
Ap [e/A3] 
Parameters 
R1 [Fo>2a (Fo)j a 

 WR2 for all unique 
data 

Goodness of fit 

C7H8RbN06 	C7118CsNO6 
220(2) K 	 220(2) K 
71.073 
	

71.073 
Monoclinic, P21/n 
	

Monoclinic, P2 1 /n 
5.9358(5) 6.0757(4) 
7.0183(5) 7.1135(4) 
23.9845(17) 24.2696(17) 
90 90 
95.490(9) 94.045(8) 
90 90 
994.59(13) 1046.31(12) 
4 4 
4.987 3.548 

568 640 

287.61 335.05 

1.921 2.127 

-7/7, -9/9, -31/31 -8/8, -9/9, -31/31 
6.06 — 56.08 5.96-56.12 
9220 9763 
2384 2515 
2384 2515 
0.0754 0.0445 

0.406/-0.631 0.938/-1.079 
137 137 
0.0308 0.0308 

0.0785 0.0802 

1.043 1.040 

aR1 =E IFol -1Fci 

Table 5. Technical details of data acquisition and selected refinement results for 12 
and 13 



Table 6.Technical details of data acquisition and selected refinement results for 14, 24 
and 25 

Compound [Mn(1-120)4 (4- 
nba)2].21-120 14 

[Mn(}120)(N- 
 Melm)2(4-nba) 2] 24 

[NI 11 (112 0)4(Benzlm)2](4- 
nba) 2] 25 

Formula C14H20Mn1N2014 C441144Mn2N1201 8 C281-128IVIDN601 2 
Temperature 293(2) 220(2) 293(2) 
[K] 
Wavelength 71.073 71.073 71.073 
[pm] 
Space group Triclinic, PI Triclinic, PT Monoclinic, P2 11  
a [A] 7.3673(15) 8.2810(6) 17.054(2) 
b [A] 7.4163(15) 11.1748(8) 7.1515(9) 
c [A] 10.642(2) 13.9496(9) 12.2251(10) 

a n 92.72(3) 91.801(8) 90 .00 

n 91.99(3) 96.811(8) 91.138(12) 

[ 0] 
119.39(3) 92.253(8) 90.00 

Volume [A3 ] 504.93(18) 1279.93(15) 1490.7(3) 
1 1 2 

11  [mm-l ] 0.730 0.578 0.519 
F(000) 255.0 586 718 
Molecular 
weight [g/mol] 

495.26 1138.79 695.50 

Density (calcd.) 1.629 1.477 1.550 
[g cm-1] 
hid Range -9/9, -9/9, -13/14 -10/10, 	-14/14, 	- 	-22/22, -4/9, 0/16 

18/18 
20 range 6.32-55.96 °  4.78 -56.10 °  4.78 -56.00°  
Reflections 
collected 

5159 12950 5855 

Reflections 
unique 

2353 5969 3603 

Data (Fo>26 2353 5969 3603 
(Fo)) 
Rint. 0.0294 0.0345 0.0239 
Min./Max 
transmission 
Ap [e/A3] 0.330 / -0.351 0.309 / -0.463 0.290 / -0.242 
Parameters 143 346 215 
R1 [Fo>26 0.0317 0.0357 0.0308 
(Fo)] a  
WR2 for all 
unique data 

0.0857 0.0987 0.0862 

Goodness of fit 1.048 1.024 1.012 

aR1 =E I IFol -IFcf I/EIF 



Table 7.Technical details of data acquisition and selected refinement results for 26, 27 
and 28. 

Compound [Co(H20)2(1m)2(4- 
nba)2 ] 26 

[C0(2-MeIm)2](4- 
nba)2 ] 27 

[Co(N-
Meim)21(4-nba)2] 
28 

Formula C201-120CoN6010 C22H20CoN608 C22H2oCoN608 
Temperature [K] RT 293(2) K 170(2) K 
Wavelength [pm] 71.073 71.073 71.073 
Space group Triclinic P-I Monoclinic, C2/c Monoclinic, C2/c 
a [A] 5.654 	(1) 26.04(2) 26.584(1) 
b [A] 8.048 	(2) 7.4001(4) 6.587(1) 
c [A] 12.760 (2) 27.568(2) 14.780(1) 
a  [0] 75.65 (2) 90 90 

R n 87.88 (2) 111.871(9) 115.737(7) 
y  [0] 86.83 (2) 90 90 
Volume [A3 ] 561.5 (2) 4930(4) 2331.7(2) 
Z 1 8 4 
fl [min4 ] 0.84 0.755 0.798 
F(000) 289 2280 1140 
Molecular weight 563.35 555.37 555.37 
[g/mol] 
Density (calcd.) [g 
cm-3 ] 
hid Range 

1.666 

0/7, -10/10, -16/16 

1.497 

-31/28, -8/8, -33/33 

1.582 

-34/21, 	-8/8, 
19/19 . 

20 range 3-54 2.88 - 25.92 6.12-59.94 
Reflections 
collected 

2731 16296 7222 

Reflections unique 2474 4660 2768 
Data (Fo>2a (Fo)) 2474 4660 2768 
Rint. 0.0434 0.0613 0.0339 
Min./Max 
transmission 

0.8519 / 0.9310 

Ap [e/A3] 0.27/-0.32 0.232/-0.307.  0.315/-0.358 
Parameters 169 336 170 
R1 [Fo>2a (Fo)]a 0.0344 0.0371 0.0314 
WR2 for all unique 
data 

0.0879 0.0993 0.0817 

Goodness of fit 1.014 1.005 1.027 

aR1 =E I IFot -IFcH/EIF 



Table 8. Technical details of data acquisition and selected refinement results for Ni: 31 
, 32 and 33. 

Compound [Ni(1111)6](4.  
nba)2 .2H20 31 

[Ni(H20)(N- 
Mehn)2(4-nba)21 
32 

Ni(H20)2(2- 
Melm)2j(4-nba)2] 33 

Formula C32H36NiaNi 010 c22H22N6Ni 09 C22H24N6NI010 
Temperature [K] 293(2) 220(2) 293(2) _ 

Wavelength [pm] 71.073 71.073 71.073 
Space group Triclinic, PT Triclinic, PT Triclinic, PT 
a [A] 8.0081(6) 6.5061(5) 7.1636(15) 
b [A] 9.2029(6) 8.0947(6) 8.6165(19) 
c [A] 13.5542(9) 23.6271(19) 11.355(2) 
a [0]  95.6820(10) 83.572(9) 101.510(13) 

Q [°] 
101.3200(10) 88.072(9) 102.070(12) 

y [0] 103.8570(10) 78.258(9) 108.070(11) 
Volume [A3] 939.72(11) 1210.55(16) 624.7(2) 

1 2 1 
[mm'] 0.592 0.867 0.845 

F(000) 434 592 306 

Crystal size 0.3 x 0.25 x 0.2 0.40 x 0.35 x 0.30 
Molecular weight 835.46 573.17 591.18 
[g/mol] 
Density (calcd.) [g 1.476 1.572 1.571 
hkl Range -9/9, -11/11, -16/16 -8 / 8, -10 / 10, -29 0 /10, -12 / 11, -15 / 

/31 
20 range 3.10-52.06° 5.20-56.10 
Reflections collected 9803 10820 3896 
Reflections unique 3684 5791 3626 
Data (Fo>26 (Fo)) 3684 5791 3626 
Rint. 0.0212 0.0529 0.0170 
Min./Max transmission 
Ap [e/A3] 0.333 /-0.316 0.572 / -1.110 0.447 / -0.503 
Parameters 260 346 234 

RI [Fo>26 (Fo)] a  0.0373 0.0422 0.0330 
WR2 for all unique data 0.0972 0.1178 0.0922 
Goodness of fit 1.057 1.032 1.058 

nItl-E I IFol 
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Figure 3: X-ray powder pattern of [Ba(H20)5(4-nba)2]. 7 :(a)Experimental; 
(b)Theroretical 
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Figure 4: X-ray powder pattern of [Mn(H20)4(4-nba)2•2H20 14 :(a)Experimental; 
(b)Theroretical; 
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Figure 5: X-ray powder pattern of [Mn(H20) 4(Benzhn)2](4-nba)2 25 (a)Experimental; 
(b)Theroretical 

20 

Figure 6: X-ray powder pattern of [Ni(Im)6](4-nba)2.2H20 31 :(a)Experimental; 
(b)Theroretical; 
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Figure 7: X-ray powder pattern of [Co(H 20)2(Im)2(4-nba)2]2 26 (a)Theroretical; 
(b)Experimental 
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Figure 8: X-ray powder pattern of [Ni(H20)(N-Melm)2(4-nba)2] 33 (a)Experimental; 
(b)Theroretical 
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Figure 9: X-ray powder pattern of [Cs(H20)2(4-nba)2] 13 (a)Theroretical; 
(b)Experimental 

Figure 10: X-ray powder pattern of :(a) [Mg(H20)6](4-nba) 2 -2H20 1; (b) 
[Ca(H20)4(4-nba)2] 3 (c) [Sr(H20)7(4-nba)1(4-nba)•2H20 5 and [Ba(H20)5(4-nba)2] 



Figure 11:X-ray powder pattern of :[Mg(H 20)6](4-nba)22H20 1(b) 
[Mg(H20)2(Im)2(4-nba)2] 17 (c) [Mg(}120)(N-MeIM)2(4-nba)2] 18 
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Figure 12 : X-ray powder patterns of (a)[Ca(H20)4(4-nba)2] 3; (b)[Ca(H20)3(Im)(4- 
nba)2].Irn 19; (0[Ca(H20)(2-MelM)(4-nba)2] 20,  (d)[Ca(H20)2(N-MeIM)2(4-nba)2] 
22 
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Figure 13: X-ray powder patterns of (a)[Mn(H20)4(4-nba)212H20 14 (b) 
[Mn(H20)2(Im)2(4-nba)2] 23 (c) [Mn(H20)(N-MeIM)(4-nba)212 24 (d) 

[Mn(H20)4(Benzim)2](4-nba)2 25 

20 
Figure 14: X-ray powder patterns of (0[C0(1120)2(1m)2(4-nba)2] 26 (b)(Co(N-
MeIM)2(4-nba)2i 28 (e) [Co(2-Melm)2(4-nba)2] 27 (b) [Co(phen)2(HCO3)(4-nba)]•4.5 
H2O 29 
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Figure 15: X-ray powder patterns of (a) [Ni(H20)4(4-nba)2•2}{20 (b)Ni(H20)61(4- 
nba)2.21120 (c) [Ni(H20)2(Im)2(4-nba)2] 30; (d) [Ni(Im)6](4-nba)2.2H20 31; (e) 
Ni(1120)2(2-Melm)2(4-nba)2] 32; (f) [Ni(1120)(N-Melm)2(4-nba)2] 33 
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Figure 16: X-ray powder pattern of isostructural (a) [Co(H20)4(4-nba)2]•2H20; (b) 

[Mn(H20)4(4-nba)212H20 14 (c) [Ni(H20)4(4-nba)212F120 
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Figure 17: X-ray powder pattern of isostructural (a) [Rb(H20)2(4-nba)] 12; (b) 
[Cs(H20)2(4-nba)] 13 
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Figure 18: X-ray powder pattern of ( a) [Ca(H20)3(1m)(4-nba)21.hn 19 (b)Dehydrated 

[Ca(H20)3(1111)(4-nba)21.1m, c)Rehydrated [Ca(Im)2(4-nba)2] 
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Figure 19: X- ray powder pattern of:( a) [Mn(H20)2(1m)2(4-nba)2] 23; (b)Dehydrated 
[Mn(H20)2(Im)2(4-nba)2]; (c) Rehydrated [Mn(Im)2(4-nba)2] 
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Figure 20: X-ray powder pattern of: (a) [Mn(H20)4(Benzlm)2(4-nba)2] 25; 
(b)Dehydrated [Mn(H20)4(BenzIm)2(4-nba)2]; (c) Rehydrated [Mn(BenzIm)4(4-nb021 
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Figure 21; X-ray powder pattern of: (a) Pristine [Ni( 1120)2(1m)2(4-nba)2] 30 (b) On 
dehydration of pristine [Ni(H20)2(1m)2(4-nba)2] (c)On hydration [Ni(Im)2(4-nba)2] 
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Figure 22: IR spectra of (a)[Ca(H20)3(Im)(4-nba)2].Im 19 (b)Dehydrated 
[Ca(H20)3(Im) (4-nba)2].Im (c) Rehydrated [Ca(Im)2(4- nba)2] 
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Figure 23: IR spectra of (a)[Ca(H20)4(4-nba)2] 3; (b)Dehydrated [Ca(H20)4(4-nb02] 

(c) Rehydrated [Ca(4- nba)2] 
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Figure 24: IR spectra of: (a) Pristine [Mn(H20)4(4-nba)2]•2H20 14 (b) Dehydrated 
[Mn(H20)4(4-nba)2]•2H20 ; (c) On hydration [Mn(4-nba)2] 
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Figure 25: IR spectra of: (a) Pristine [Mn(H20)2(Im)2(4-nba)2]2 23 (b) Dehydrated 
[Mn(H20)2(Im)2(4-nba)2]; (c) On hydration [Mn(4-nba)2(Im)2] 
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Figure 26: IR spectra of:( a) [Mn(H20)4(BenzIm)2}(4-nba)2 25 (b)Dehydrated 
[Mn(H20)4(BenzIm)2](4-nba)2; ( c)Rehydrated [Mn(BenzIm)4(4-nba)2] 
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Figure 27: IR spectra of: (a) Pristine [Co(H20)2(Im)2(4-nba)2] 26 (b) Dehydrated 
[Co(1120)2(Im)2(4-nba)2]; (c) On hydration [Co(Im)2( 4-nba)2] 
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Figure 28: IR spectra of: (a) Prestine [Ni(H20)2(Im)2(4-nba)2] 30; (b) Dehydrated 
[N( -120)2i(lm)2(4-nba)2]; (c) On hydration [Ni(hn)2(4-nba)2] 
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The reaction of [Ni(H20)6]C12 with the sodium salt of 4-nitrobenzoic acid (4-nbaH) in the presence of imidazole results 
in the formation of the title compound hexalcis(imidazole)nickel(11) bis(4-nitrobenzoate) dihydrate (1). Compound (1) is 
dehydrated to hexalds(imidazole)nickel(11) bis(4-nitrobenzoate) (2) by heating at 100°C. Both compounds are characterized 
by elemental analysis, infrared spectra, X-ray powder pattern and thermal studies. The title compound 
[Ni(Im)6](4-nba)2.2H20 (1) crystallizes in the centrosymmetric triclinic space group Pi with the Ni(II) situated on an 
inversion center. The structure of (1) consists of a distorted octahedral hexalcis(imidazole)nickel(11) cation, a free 
uncoordinated 4-nba anion and a lattice water with half of the molecule accounting for the asymmetric unit. In the complex 
cation the central metal is bonded to six neutral terminal Im ligands. The distortion of the (NiN6) octahedron in (1) is 
discussed in terms of the difference between the longest and shortest Ni-N bonds. A comparative study of several 
[NiOn06]2+  compounds in different structural environments is described. In the crystal structure, the cation, anion and lattice 
water are linked by three types of H-bonding interactions comprising two 0-H•0, three N-H•0 and three C-11-0 
interactions. Each hexacoordinated Ni(I1) complex cation is linked to eight symmetry related 4-nba anions and four different 
lattice water molecules via N-14-0 and C-H•0 interactions, while each 4-nba anion is H-bonded to four complex cations 
and two symmetry related lattice water molecules. Pairs of [Ni(1m) 6]2+  cations and 4-nba anions are linked to lattice water 
molecules via 0-H-0 and C-14-0 interactions. As a result of the hydrogen bonding interactions, the cations and anions are 
organized into alternating layers. 

Keywords: Coordination chemistry, Hydrogen bonding interactions; Crystal structure, Imidazoles, Nitrobenzoates, Nickel 

11°C Code: Int. C1. 8: C07F15/04 

Compounds containing imidazole and carboxylate are 
of considerable interest in view of their biological and 
medicinal applications )-3 . Imidazole (Im) can function 
as a neutral monodentate, bridging bidentate or in 
certain cases as an anionic imidazolate ligand 4. The 
octahedral [M(Im)6]2+  unit (M=bivalent metal) has 
been structurally characterized for several metals 54. 
The availability of Im in very pure form, its solubility 
in a variety of solvents, its ability to function as a 
ligand for metals, the importance of metal-imidazole 
compounds in biological applications etc. are some 
reasons for the study of metal-imidazole compounds. 
An extensive chemistry of metal-carboxylates has 
been developed demonstrating the versatile ligational 
behavior of the carboxylate anion towards metal 
ions9-11 . The study of metal-carboxylates and mixed 
ligand metal carboxylates continues to attract the 
attention of several research groups. A few years ago 
we initiated a study of metal carboxylates 12-13  and as 

part of this research we are currently investigating the 
synthesis, reactivity characteristics, and structural 
aspects of nitrobenzoate compounds of transition and 
s-block metalS 1422 . 

We report herein the synthesis and characterization 
of a new Ni(II) compound, namely, hexakis 
(imidazole) nickel(II) bis(4-nitrobenzoate) dihydrate 
(1), with a distorted {NiN6} octahedron. 

Materials and Methods 
All the chemicals were of reagent grade and were 

used as received. The starting materials and reaction 
products are air stable and hence were prepared under 
normal laboratory conditions. MIR spectra of both 
compounds were recorded in a KBr matrix on a 
Shimadzu (IR Prestige-21) FT-IR spectrometer while 
far IR spectrum of (1) was measured on a Bruker 
IFS-66 infrared spectrometer in a pressed 
polyethylene disc. TG-DTA measurements were 
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performed in Al203 crucibles on a STA-409CD 
simultaneous thermal analyzer from Netzsch in 
flowing air. A heating rate of 4 K min' was employed 
for the measurements. The insoluble 4-nbaH obtained 
on acid treatment of the complexes was weighed as 
described earlier°  and metal analysis was carried out 
titrimetrically following a standard procedure. 
Isothermal weight loss studies were performed in an 
electric furnace fitted with a temperature controller. 
Single crystal X-ray diffraction study was performed 
at the National Single Crystal X-ray facility at School 
of Chemistry, University of Hyderabad. 

Preparation of hexakis(imidazole)nickel(H) bis(4-nitro-
benzoate) dehydrate (1) 

Sodium salt of 4-nitrobenzoic acid (4-nbaH) was 
generated in situ by dissolving 4-nbaH (1.67 g, 
10 mmol) in an aqueous solution of sodium 
bicarbonate (0.84 g, 10 mmol) in water (40 ml). This 
solution was then added to [Ni(H 20)6]C12  (1.190 g, 
5 mmol) in water (60 ml) to obtain a clear green 
solution. To this green reaction mixture, imidazole 
(2.04 g, 30 mmol) dissolved in water (30 ml) was 
added, resulting in the immediate formation of a blue 
solution. The reaction mixture was filtered and left 
aside for crystallization. After 3-4 days the blue 
crystalline blocks that separated, were filtered and air 
dried. (Yield 80 %). Anal.: Calc. for C32H36NiaNiOlo 
(1): Ni, 7.03; NiO, 8.94, 4-nbaH, 40.06; C, 46.01; H, 
4.34; N, 23.47. Found: Ni, 7.11; NiO, 8.88; 4-nbaH 
40.4; C 45.69; 1-1 4.30; N, 23.59 %. IR data (cm"'): 
3532 us(OH), 3154 us(NH), 2947, 2841, 2708, 2610, 
2384, 2272, 2207, 2108, 1954, 1815, 1614 u s(OH), 
1574 uss(C00), 1539, 1519 u,,,(NO2), 1487, 1440, 
1385 us(C00), 1344 us(NO2), 1323, 1281, 1256, 
1256, 1167, 1144, 1069, 1011, 976, 939, 883, 831, 
797, 779, 756, 745, 725, 667, 621, 513, 410, 315, 259 
u(Ni-N), 214, 178. 

In another method, a solution of Na2CO3 (0.265 g, 
2.5 mmol) in water (-5 ml) was added into 
[Ni(H20)6]C12  (0.595 g, 2.5 mmol), resulting in the 
immediate precipitation of NiCO3. To this solution 
containing NiCO3  generated in situ, 4-nbaH (0.835 g, 
5 mmol) in 50 ml water was added. The reaction 
mixture was heated on a water bath to obtain a green 
solution with a small quantity of insoluble matter, 
which was filtered. An aqueous solution of imidazole 
(1.02 g, 15 mmol) was added to the clear green filtrate 
resulting in the immediate formation of a blue 
coloured solution. At this stage, the blue solution was 
quickly filtered and left undisturbed for  

crystallization. Blue crystals obtained after 3-4 days 
were filtered, washed with ice-cold water and air 
dried. The crystals obtained by this method were 
employed for single crystal study (Yield 66.5%). 

Dehydration of hexakis(imidazole)nickel(H) bis(4-nitro-
benzoate) dihydrate 

A powdered sample of [Ni(Im)6](4-nba)2.2H20 (1) 
(0.315 g) was heated on a water bath for 30 minutes. 
The hot mass was cooled in a dessiccator and weighed 
to obtain 0.3025 g of anhydrous hexakis(imidazole) 
nickel(II) bis(4-nitrobenzoate) (2). The observed mass 
loss of 3.97 % is in close agreement with the expected 
value (4.3 %) for the loss of two moles of water. 
Anal.: Calc. for C32H32/414Ni08 (2): Ni, 7.34; NiO, 
9.34; 4-nbaH, 41.82; C, 48.08; H, 4.03; N, 24.53. 
Found: Ni, 7.28; NiO, 9.15; 4-nbaH 40.4; C 48.22; 1-1 
4.23; N, 24.71 %. IR data (cm"): 3132 us(N1 -1), 3107, 
3046, 3028, 2941, 2837, 2722, 2631, 2480, 2390, 
2286, 2208, 1922, 1582 uss(C00), 1547, 1518 
utts(NO2), 1454, 1379 us(C00), 1344 u s(NO2), 1305, 
1258, 1148, 1099, 1072, 1015, 839, 876, 856, 826, 
795, 752, 721, 667, 621, 552, 552, 523. 

X-ray crystallographic studies 
Intensity data for (1) were collected on a Broker 

Smart Apex CCD diffractometer using graphite-
monochromated Mo-Ka  radiation. The data 
integration and reduction were processed with SAINT 
software23 . An empirical absorption correction was 
applied to the collected reflections with SADABS 24. 
The structure was solved with direct method using 
SHELXS-97 25  and refinement was done against F 2 

 using SHELXL-9725 . The carbon atoms C7, C8 and 
C9 in one of the imidazole rings were disordered over 
two positions and were refined using a split model. 
All non-hydrogen atoms were refined anisotropically. 
Aromatic hydrogens were introduced on calculated 
positions and included in the refinement riding on 
their respective carbon atoms. The hydrogen atoms of 
the lattice water were located in the difference map 
and were refined isotropically using a riding model. 
The technical details of data acquisition and some 
selected crystal refinement results for the title 
compound (1) are summarized in Table 1. 

Results and Discussion 
The reaction of [Ni(H20)6]C12 with the sodium salt 

of 4-nball in a 1:2 mole ratio followed by the addition 
of six moles of Im results in the formation of the blue 
title compound (1). In the absence of imidazole, 
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Table 1- Crystallographic data and selected refinement results 
for [Ni(Im)6](4-nba)2.2H20 (1) 

Empirical formula 
	

C32H36N1aNjO10 
Formula weight 
	

835.46 g mo1-1  

Temperature 
	 298(2) K 

Wavelength 
	

0.71073 A 
Crystal system 
	 Triclinic 

Space group 
	 PI 

Unit cell dimensions 	a = 8.0081(6) A 
a = 95.6820(10)° 

b = 9.2029(6) A 
p = 101.3200(10)° 

c = 13.5542(9) A 
y= 103.8570(10)° 

Volume 
	 939.72(11) A 3  

z 	 1 

Density (cal.) 
	

1.476 mg/m3  

Absorption coefficient 
	

0.592 nun-1  

F(000) 
	

434 

Crystal size 	 0.42 x 0.26 x 0.18 nun3  

Theta range for data collection 
	1.55 to 26.03°. 

Index ranges 	 -9<=h<=9, -1 l<=ic<=11, 
-16<=l<=16 

Reflections collected 
	

9803 

Independent reflections 	3684 [R(int) = 0.0212] 

Completeness to theta = 26.03° 99.5 % 

Refinement method 
	

Full-matrix least-squares on F2  

Data/restraints/parameters 	3684/4/287 
Goodness-of-fit on F2 
	

1.051 

Final R indices [1> 2 sigma (1)] R1= 0.0330, wR2 = 0.0848 

R indices (all data) 
	

RI = 0.0346, wR2 = 0.0858 

Extinction coefficient 
	

0.018(2) 
Largest diff, peak and hole 	0.246 and -0.258 (e.A-3) 

a green compound [Ni(H20)4(4-nba)2].2H20 
crystallizes from the solution 26  while the use of 
reduced amounts of Im (Ni : Im = 1 : 2) leads to the 
formation of the bis(imidazole) compound 
[Ni(H20)2(Imh(4-nba)2]27. Both the neutral 
compounds, risii(1 -120)4(4-nba)21.21120 and 
[Ni(H20)2(Im)2(4-nba)2], contain monocoordianted 
4-nba ligands. Compound (1) can also be prepared by 
solubilising NiCO3  generated in situ in hot aqueous 
4-nbal1 followed by reaction with excess Im. The 
observed analytical characteristics of compound (1) 
from both methods are in good agreement with the 
proposed formula containing Ni : Im : 4-nba : H 2O in 

a 1 : 6 : 2 : 2 ratio. The infrared spectra of the blue 
compound obtained from both methods were 
identical. 

The formation of solid compound (1) from the 
reaction medium can be visualised as follows in terms 
of soluble molecular species 28: In aqueous solution all 
six water ligands of [Ni(H 20)6]2+  are replaced by the 
N-donor ligand resulting in [Ni(lm) 6]2+. Further 
aggregation is dictated by weak H-bonding 
interactions. The stability is provided by H-bonding 
between -COO groups of two adjacent molecules 
mediated by two lattice water molecules (vide supra) 
resulting in the formation of a dihydrate. It is 
interesting to note that the above explanation for the 
formation of compound (1), which contains 
[Ni(Im)6]2+  unit and uncoordinated 4-nba ligands, is in 
accordance with the known chemistry of Ni(II) in 
terms of its affinity for N-donor ligands. It is to be 
noted that the reaction of Ni(OH) 2  with 4-nbaH in the 
presence of ammonia (alkaline medium) has been 
reported to result in the formation of Ni(H20)61 
(4-nba)2].2H20 containing free 4-nba ligands 29. 
Heating of (1) at 100°C on a water bath resulted in the 
formation of the anhydrous compound (2). Treatment 
of (1) or (2) with dilute HC1 resulted in the 
quantitative formation of 4-nbaH. The insoluble 
carboxylic acid was weighed and analysed as 
described earlier °. The filtrate obtained from this 
procedure was analysed gravimetrically for Ni(II) 
content. Pyrolysis of both compounds over a Bunsen 
flame resulted in the formation of NiO. The 
compounds were further characterized by elemental 
analysis, infrared spectra and X-ray powder 
diffraction. The composition of (1) and (2) was 
arrived at based on these data. The X-ray powder 
pattern of (1) and (2) (See Supplementary Data) 
exhibit several sharp signals in their powder 
diffractograms indicating their crystalline nature. 

The IR spectra of both compounds exhibit several 
sharp bands in the mid-infrared region, many of 
which are due to the vibrations of the organic 
moieties, namely, 4-nba and Im. The assignments of 
the vibrations, i.e., u s(OH) of the lattice water, 1),(NH) 
of the imidazole, u s(Ni-N) of [Ni(Im)6J 2+  unit, and the 
vibrations of the nitro and -COO functionalities 
of 4-nba have been given in the experimental section. 
The peak at 259 cm' is assigned for the Ni-N 
vibration6. The assignments for the signals due to the 
vibrations of the carboxylate and nitro groups of the 
4-nba anion are made based on a recent report 30. The 
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strong signals at 3532 and 3154 cm-1  in (1) may be 
assigned to O-H and N-H stretching vibrations 
respectively. The stretching and bending vibrations of 
—OH at 3532 and 1614 cm" 1  respectively are not 
observed in the IR spectrum of the anhydrous 
compound (2) (See Supplementary Data). But for this 
difference, the IR spectrum of the anhydrous 
compound is very similar to that of (1). 

Thermal studies 
The TG-DTA thermogram of (1) (Fig. 1) exhibits 

two endothermic events at 95 and 217 °C followed by 
two closely related exothermic processes at 375 and 
396°C respectively. The first endothermic process 
accompanied by a mass loss of 4.43 % is in very good 
agreement for the expected (4.3%) loss of two lattice 
water molecules. The formation of the anhydrous 
compound [Ni(Im)6](4-nba)2  can also be evidenced 
from the 1R spectrum of the anhydrous compound 
obtained by heating (1) at 100°C. Further, the X-ray 
powder pattern of the anhydrous compound is 
different from (1), indicating the formation of a new 
phase. The second endothermic signal can be assigned 
to the loss of the neutral imidazole ligand. The TG 
curve shows a steep drop after about 210°C indicating 
that the removal of imidazole results in further 
decomposition as evidenced by the two exothermic 
events at 375 and 396°C. The profile of the DTA 
curve indicates that this process is a complex one 
involving the decomposition of 4-nba leading to the 
formation of oxide phase. The assignment of the 
exothermic events for the decomposition of 4-nba 
gains credence based on reported thermal studies of 
other bivalent metal 4-nitrobenzoates 21 '22. The 
observed residue of 8.36 % is in good agreement with 

200 	 400 	 000 	 800 

Temp. (°C) 

Fig. 1— TG-DTA thermogram of [Ni(Im) 6](4-nba)2.2H20 (1). 
[Heating rate 4K min-% air atmosphere]. 

the formation of NiO. The formation of Ni0 as the 
final residue was further confirmed based on 
isothermal weight loss studies by heating compound 
(1) at 800°C in a temperature controlled furnace. 

Description of crystal structure of [Ni(1m)6](4-nba)2.2H20 (1) 
The title compound [Ni(Im)6](4-nba)2.2H20 (1) 

crystallizes in the centrosymmetric triclinic space 
group PI with the Ni(II) situated on an inversion 
center. In view of the special position for Ni(II), one 
half of the formula unit constitutes the asymmetric 
unit. The structure of (1) consists of a distorted 
octahedral hexalcis(imidazole)nickel(H) cation, a free 
uncoordinated 4-nba anion and a lattice water (Fig. 2). 
It is to be noted that 4-nba functions as an anion for 
charge balance and is not bonded to Ni(II), unlike in 
the reported bis(imidazole) compound 
[Ni(H20)2(1m)2(4-nba)2] where the carboxylate anion 
functions as a monodentate ligand27 . The geometric 
parameters of the anion in (1) are in good agreement 
with the reported data 22  for compounds containing 
free uncoordinated 4-nba. In the octahedral 
[Ni(11n)6]

2+ complex cation the central metal is linked 
to six symmetry related Im ligands with the N atoms 
of Im at the corners of an octahedron. The three trans 
N-Ni-N bond angles exhibit the ideal value while the 
cis N-Ni-N bond angles range from 88.81(5) to 
91.19(5)°  indicating a slight distortion of the 
octahedron (Table 2). The Ni-N bond distances range 
from 2.1098(12) to 2.1508(13) A and the 
difference A between the longest and shortest Ni-N 
bonds is 0.041 A. 

C2 

Fig. 2 — The asymmetric unit of [Ni(1.11.)6](4-nba)2.2H20  (1) 
showing the atom-labeling scheme. The carbon atoms C7, C8 and 
C9 are disordered over two positions. Displacement ellipsoids are 
drawn at the 30% probability level except for the H atoms, which 
arc shown as circles of arbitrary radius. For clarity H atoms of the 
coordinated imidazole ligand are not shown. 
[Symmetry code: (0 -x, -y, -z+1]. 
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Comparative study of [Ni(Im) 612+  compounds in different 
environments 

The octahedral [Ni(Im)6] 2+  dication has been 
structurally characterized with many other counter 
anions6'314°  indicating its flexibility to exist in 
different environments. The availability of geometric 
parameters of the [Ni(Im)6] 2+  unit in many 
environments (Table 3) permits a comparative study. 
Of all the known [Ni(Im)6] 2+  compounds studied, 
the compound [Ni(Im)6](NO3)2.4H2031, which 

Table 2 - Selected bond distances (A) and angles (°) of 
[Ni(Im)6](4-nba) 2.2H20 (1) 

Bond lengths (A) 
Ni(1)-N(5) 2.1098(12) Ni(1)-N(3)' 2.1393(13) 

Ni(1)-N(5)' 2.1098(12) Ni(1)-N(1) 2.1508(13) 

Ni(1)-N(3) 2.1393(13) Ni(1)-N(1)' 2.1508(13) 

Bond angles (°) 
N(5)1-Ni(1)-N(5) 180.0 N(3)i-Ni(1)-N(1) 91.19(5) 

N(5)= i(1)-N(3)°  89.84(5) N(3)-Ni(1)-N (1) 88.81(5) 

N(5)-Ni(1)-N(3)' 90.16(5) N(5)'-Ni(1)-N(1) 1  90.36(5) 

N(5)i-N1(1)-N(3) 90.16(5) N (5)-Ni(1)-N(1)1  89.64(5) 

N(5)-Ni(1)-N(3) 89.84(5) N(3)i-Ni(1)-N(1) i  88.81(5) 

N(3)'-Ni(1)-N(3) 180.0 N(3)-Ni(1)-N(1)i  91.19(5) 

N(5)1-Ni(1)-N(1) 89.64(5) N(1)-Ni(1)-N(1)' 180.00(6) 

N(5)-Ni(1)-N(1) 90.36(5) 

Symmetry transformations used to generate equivalent atoms: 
(i)-x, -y, -z+1 

crystallizes in the hexagonal space group P6 3  showing 
the longest and the shortest Ni-N bond distances of 
2.059 and 2.204 A respectively, is an exception. Here 
the {NiN6} unit is a trigonally distorted polyhedron 
and it is noted that for this compound (CCDC 
Refcode AJOSOH) the H-atom coordinates of the Im 
ligand are not available. In the other compounds listed 
in Table 3 excepting [Ni(Im) 6](ODA)2.Et0H (for 
abbreviations see Table 3), the Ni(H) is located on an 
inversion center38. Although the shortest and the 
longest reported values for Ni-N bonds in these 
compounds are 2.108 and 2.1682 A respectively, the 
average Ni-N distance for all compounds is scattered 
in a very narrow range between 2.1245 to 2.1435 A. 
The difference A between the longest and shortest 
Ni-N bonds ranges from zero to a maximum value of 
5.91 pm in the recently reported [Ni(Im)6](HC00)2 
complex6. For compound (1) the observed A value is 
4.1 pm. The value of A can be considered as a 
measure of distortion of the {NiN6} octahedron in 
these compounds. 

The geometric distortion of an octahedron can be 
characterized by two asymmetry parameters", 
namely, the axial distortion, D, and the rhombic 
distortion, E. The axial distortion can result in either a 
compression or elongation (four short and two long 
bonds) of the octahedron along the z axis. Positive 
values of D indicate elongation while negative values 
denote the occurrence of four long and two short 

Table 3 - Structural parameters of [Ni(Im) 6]2+  unit with different counter anions 

Compound Space group Ni-N1 (A) Ni-N2 (A) Ni-N3 (A) Ni-N(av) (A) A (pm) D (pm) E (pm) Ref. 

[Niarn/6](NO3)2. 4H208  P63  2.059 x 3 2.204 x 3 2.132 14.5 --- 31 

iNi(Irn)61(NO3/2 R-3 2.129 2.129 2.129 2.129 0.00 0.00 0.00 32 

[Ni(Im)6]CO3.5H20 P63/m 2.126 2.126 2.126 2.126 0.00 0.00 0.00 33 

[Ni(In1)61(CIOAc)2 PI 2.130 2.132 2.133 2.132 0.3 -0.25 0.05 6 
[Ni(Im)6](BF4)2  P2 1/n 2.125 2.127 2.131 2.128 0.6 +0.45 0.15 34 
[Ni(Im)6l(C104)2  P2 1/n 2.128 2.131 2.134 2.131 0.6 -0.50 0.10 35 

iNKIre)610124H20 Pr 2.122 2.129 2.133 2.128 1.1 -0.90 0.20 36 

Ni(Irn)61(Met-Benz)2 PT 2.127 2.140 2.141 2.136 1.4 -1.35 0.05 37 

[Ni(lin)61(0DA)2.Et0Hb  PT 2.113, 2.129 2.118, 2.121 2.134, 2.139 2.126 1.7 +1.62 0.07 38 
[Ni(Im)61(Sal)2  PI 2.1199 2.1241 2.1408 2.1283 2.09 +1.90 0.20 39 

[Ni(11n)6](2-C1-Pro)2 PT 2.1146 2.1277 2.1414 2.1245 2.68 +2.03 0.66 6 
INi(Iln)61(DIP-DTP)2 C2/c 2.108 2.126 2.140 2.125 32 -2.40 0.70 40 

[Ni(Im)6](4-nba)2.2H20 PT 2.1098 2.1393 2.1508 2.1333 4,1 -3.52 0.57 This work 
[Ni(Im)6](HCOO)2  P2,/c 2.1091 2.1533 2.1682 2.1435 5.91 -5.17 0.75 6 
Abbreviations used: D= d, -(4+4)12; E '--.' (4-4)/2 where dx  dy  cl, are the Ni-N distances along x, y, and z; A = (Ni-N3)-(Ni-N1); 
'trigonally distorted {NiN6}polyhedron; CIOAc s  chloroacetate; Met-Benz = 4-methxoxybenzoate; ODA = oxydiacetate; 
b  Ni(IT) is located in a general position; Sal .. 2-hydroxybenzoate; DIP-DTP = diisopropyldithiophosphate  

K - 
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bonds due to compression. The values of these 
parameters for the {NiN6} octahedron for several 
[Ni(Im)6]2+  compounds calculated from their 
structural data are listed in Table 3. It is to be noted 
that the rhombic component of the geometric 
distortion is relatively less and is less than 1 pm for all 
compounds. However the axial distortion varies from 
a high value of +2.03 pm in [Ni(Im) 6](2-C1-Pro)2 
to —5.17 pm in [Ni(Im)6](HC00)2 through —3.52 pm 
in compound (1). The D value is zero in two 
compounds containing nitrate or carbonate as counter 
anions indicating a perfect octahedron. It is to be 
noted that A and D exhibit a direct relationship, i.e., 
with increase in A, the value of D also increases. 
However the magnitude of D is always less than the 
corresponding A value. While increasing A values 
point to more distortion, the positive or negative sign 
of the D parameter describes the distortion in terms of 
elongation or compression. As expected, compound 
(1) with four long and two short bonds exhibits a D 
value of —3.52 pm indicating compression of the 
{NiN6} octahedron. The central metal atom is 
surrounded not only by six N-donor atoms of the 
imidazole but also by six N-H groups each of which is 
hydrogen bonded to the carboxylate oxygen, resulting 
in very long Ni...0 separations ranging from 6.818(6) 
to 7.033(3) A. In addition, there are also other 
H-bonding interactions (see below). The different 
type, strength and number of these secondary 
interactions in the [Ni(Im) 6]+2  compounds listed in 
Table 3 can probably explain the structural anisotropy 
as well as the observation of different A or D values in 
these compounds. 

Secondary interactions in [Ni(jm)6J(4-nba)2.2H20 (1) 
In the crystal structure of (1) the cation, anion and 

crystal water are linked by three types of H-bonding 

Table 4 — Hydrogen-bonding geometry for 
[Ni(Ini)61(4-nba)2.2H20 (1) 

D-11..•A d(D-H) d(H•••A) d(D•••A) < DHA 
(A) (A) (A) (°) 

N2-H1N2-02 11  0.860 1.948 2.750 155 
N4-H1N4•01 iii  0.860 2.051 2.887 164 
N6-HIN6-02iv  0.860 2.006 2.816 157 
05-H105-.01 0.820 2.167 2.977 169 
05-H205•01" 0.820 2.123 2.932 169 
C7-H7••5"! .  0.930 2.472 3.230 139 
C5-H5-057 0.930 2.631 3.309 130 
C4-H4-03""1  0.929 2.446 3.206 139 
Symmetry code: ii)x, y, z+1; iii) -x+1, -y+1, -z; iv) -x, -y+1, -z; 
v) -x+1, -y+2,  -z;  vi)x+1, y+1,  z;  vii) x, y+1,  z 	z 

interactions resulting in eight short 0...H contacts 
comprising two 0-H.-0, three N-H•••0 and three 
C-H•.0 interactions (Table 4). The 0••-H distances 
ranging from 1.948 to 2.631 A are shorter than the 
sum of their van der Waals radii 42. An analysis of the 
crystal structure reveals that each hexacoordinated 
Ni(II) complex cation is H-bonded to eight different 
4-nba anions via N-H••0 bonds with the amine N 
atoms functioning as H donors and the carboxylate 0 
atoms 01 and 02 functioning as H-acceptors. Further, 
the cation is linked to four symmetry related water 
molecules with the aid of weak C-H-.0 interactions. 
The carboxylate oxygen atoms of 4-nba function as 
trifurcated (01) or bifurcated H-acceptors, with the 
nitro oxygen 03 involved in C-11•-.0 bonding, 
resulting in the linking of each 4-nba anion, to four 
symmetry related cationic complexes via three 
N-H- .0 and one C-H-0 interactions and to two 

(a) 

Fig. 3 — (a) A view of the surroundings of the lattice water 
molecule showing the linking of each water to two symmetry 
related [Ni(lm)6]2+  cations via two C-11-0 and two 4-nba anions 
with the aid of two 0-H-0 hydrogen bonds. (b) A view showing 
the H-bonding of crystal water with only 4-nba anions resulting in 
antiparallel organization of the aromatic rings of 4-nba. For clarity 
the cations are not shown. [Symmetry code: (iv) -x, -y+1, -z; 
(vi) x+1, y+1, z; (vii) x, y4-1, 4. 
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different water molecules via 0-H••0 interactions. 
The lattice water molecule functions both as H-donor 
and H-acceptor and serves to link pairs of cations and 
anions with the aid of hydrogen bonds (Fig. 3). Each 
lattice water molecule is linked to two different 
cationic complexes via C7-H7-05 and C5-H5••05 
interactions resulting in tetracoordination around the 
water oxygen 05. The intramolecular 05-H105••01 
and intermolecular 05-H205-.01 interactions at 
shorter distances (2.167 and 2.123 A respectively), 
connect two different 4-nba anions with the lattice 
water. The 0-H•••0 interactions are responsible for 
the organisation of 4-nba anions in antiparallel 
manner (Fig. 3) perpendicular to the crystallographic 
ac plane. Analysis of the short ring interactions and 
distances between the ring centroids (Cg-Cg) of 
the 4-nba anions in (1) reveals that the Cg-Cg distance 
between the two six-membered rings is 3.7490 A and 
the perpendicular distance from the center of the first 
ring to the second (interplanar distance) is 3.396 A 
indicating that the structure is further stabilized 

Fig. 4 — A view along a axis of the crystallographic packing of 
[Ni(Im)6](4-nba)22H20 (1) showing the formation of alternating 
layers of cations and anions with the lattice water molecules 
serving to link the layers. The three varieties of H-bonds 
(0-H•••0; N-H•••0; C-11•••0) are shown as broken lines. 

by it-it stacking interactions. Finally, as a result of the 
three types of hydrogen bonding interactions in (1) 
the cations and anions are organised into alternating 
layers (Fig. 4) with the lattice water molecules 
providing the interlayer interactions. 

In addition to the title compound (1), the structures 
of several other 4-nitrobenzoate compounds of Ni(11) 
are knOWn27'29'4345 . The mode of binding of 4-nba, and 
the secondary interactions in terms of H-bonding 
differ considerably in these compounds (Table 5). All 
these hexacoordinated Ni(II) compounds crystallize in 
centrosymmetric space groups and the central Ni(II) is 
situated on an inversion center. In the title compound, 
the metal contains a {NiN6} coordination sphere and 
in two compounds the metal exhibits a {Ni06} 
coordination sphere. In the remaining compounds 
both 0 and N donors are present in the form of either 
{NiN4O2 } or {NiN 2O4 }. In addition to coordinating to 
Ni(II) in a monodentate mode via the carboxylate 
oxygen, the 4-nba moieties act as charge balancing 
species in all these Ni(II) compounds. The differently 
hydrated 4-nba compounds, [Ni(H20) 4(4-nba-
0)212H20 and [Ni(H20)6](4-nba)2.2H20 exhibit 
0-H•••0 interactions while the mixed ligand 
compound [Ni(1,3-pn)2(4-nba-0)21 involves only 
N-H•••0 interactions. Two types of interactions, 
namely, N-H•••0 and C-H-•0, are observed in the 
neutral compound containing the macrocyclic cyclam 
ligand [Ni(cyclam)(4-nba-O) 2]. The Im containing 
compounds (1) and [Ni(H20)2(Im)2(4-nba-0)21 are 
involved in three types of H-bonding interactions. 

Supplementary Data 
The X-ray powder pattern and the infrared spectra 

of compounds (1) and (2) may be obtained from the 
authors. Crystallographic data (excluding structure 
factors) for the structure of compound (1) 
reported in this paper have been deposited with the 

Table 5 — Comparative structural features of nickel(11) 4-nitrobenzoate compounds 

Compound Space group Coord sphere / colour Binding mode of 4-nba Type of H-bonds Ref. 

[Ni(H20)4(4-nba-O)2].2H20 Pi {Ni06} / green Monodentate 0-H•••0 43 

[NKH20)6](4-nba)2.2H20 C2/c (Ni06) / light blue Uncoordinated 29 

[Ni(1,3-pn)2(4-nba-0)2] Pi {NiN402} / brown Monodentate N-H•0 44 

[Ni(cyclam)(4-nba-0)2] P2 1/n (NiN402) / colourless Monodentate N-H•••0 45 

[Ni(H20)201 ► )2(4-nba-0)2] PI (NiN204) / green Monodentate 27 

[Ni(Im)6](4-nba)2.2H20 Pr {NiN6} / blue Uncoordinated 0-H•••0N-H•••0 This work 

In all the compounds Ni(11) is situated on an inversion centre. 4-nba-O = monocoordinated 4-nitrobenzoate; 
1,3-pn = propane-1,3-diamine Im=imidazole cyclam=1,4,8,11-tetraazacyclotetradecane. 
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Cambridge Crystallographic Data Centre as 
supplementary publication no. CCDC 684343. 
Copies of the data can be obtained, free of charge, on 
application to CCDC, 12 Union Road, Cambridge 
CB2 I EZ, UK. (Fax: +4440)1223-336033 or 
Email: deposit@ccdc.cam.ac.uk).  
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The reaction of the monomeric compound [Ca(H20)4(n 1 -4-nba)(n 2-4-nba)] 1 (4-nba 4-nitrobenzoate) 
with N-methylimidazole (N-Melm) or imidazole (Im) at 100 °C results in the formation of the anhydrous 
mixed ligand complexes of composition [Ca(L)(4-nba)21 (L N-Melm 2; L.  Im 3). The compounds were 
characterized by elemental analysis, IR, UV-Vis and 1 F1 NMR spectra, TG-DSC thermograms, weight loss 
studies and the structure of 2 was determined by single crystal X-ray crystallography. Compounds 2 and 
3 can be transformed into 1 by heating with water. At elevated temperatures all compounds (1-3) are ther-
mally decomposed to CaO. Compound 2 crystallizes in the centrosymmetric triclinic space group Pi with all 
atoms located in general positions. The structure reveals that 2 is a polymer and can be formulated as catena-
polyIRN-methylimidazole)calcium(II))(112-n 1 :n 1 -4-nitrobenzoato)(u3-n 2:n 1 -4-nitrobenzoato)]. The struc-
ture of I[Ca(N-Melm)]0.4-• l :n 1 -4-nbaXI•l3-n 2:n 1 -4-nba)h, 2 consists of a central Ca(II) ion, a terminal 
N-Melm ligand and two crystallographically independent 4-nba ligands. In the crystal structure, each Ca(II) 
is bonded to a nitrogen atom of N-Melm and five oxygen atoms from five symmetry related 4-nba ligands 
resulting in a distorted {CaO5N) octahedron. One of the unique 4-nitrobenzoate in each formula unit func-
tions as a bridging bidentate ligand (g2-1 1 :11 1 -4-nba) and is linked to two symmetry related Ca(II) ions lead-
ing to the formation of an infinite chain extending along a axis with a long Ca• • •Ca separation of 5.531(1) A. 
The second independent 4-nba ligand (a3-1 2:1 1 -4-nba) is coordinated to three different Ca(II) ions with 
both the carboxylate oxygen atoms linked to the same infinite chain formed earlier and one of the carbox-
ylate oxygen atoms functions as a monoatomic bridge between two symmetry related Ca(II) ions. This 
bridge links two chains with a shorter Ca• • •Ca separation of 3.8585(7) A resulting in the formation of a 
one-dimensional ladder structure. The oxygen atoms of the nitro groups are involved in C-H• • .0 interac-
tions. A comparative study of 30 Ca(II) coordination polymers is described. 

© 2008 Elsevier Ltd. All rights reserved. 

0 

1. Introducdon 

The design of coordination polymers employing carboxylic acids 
as ambidentate and templating ligands with metals providing 
interesting connectivity is an area of current research [1-3]. Re-
cently several reports have appeared on the synthesis and struc-
tural characterization of metal-carboxylate based materials using 
benzene carboxylic acids [4-11]. The ready availability of benzene 
based carboxylic acids in pure form, combined with the fact that 
the carboxylate group is a versatile donor that can bind in a variety 
of ways [12-14], has contributed to these recent advances in the 
area of metal-organic frameworks (MOFs). An added advantage of 
using benzene-based systems is the introduction of potential donor 
groups like -NH2, -OH, -SH, or another -COOH into the rigid six- 

• Corresponding author. Tel.: +91 832 6519316; fax: +91 832 2451184. 
E-mail addresses: brsrinivasan@gmail.com , srininunigoa.ac.in  (B.R. Srinivasan). 

1  Present address: School of Chemistry, University of Hyderabad, Hyderabad 500 
046, India. 

0277-5387/S - see front matter C 2008 Elsevier Ltd. All rights reserved. 
doi:10.1016/J.poly.2008.07.020 

membered ring. Further the positioning of these groups can be al-
tered with respect to the carboxylate functionality. The introduc-
tion of additional groups affects the acidity of the carboxylic acid, 
which is useful from a synthetic point of view of metal carboxylates. 
Substituents present on the benzene ring like -NO2, -F, -Cl, -Br, 
etc., lack the donor characteristics to form a strong metal-ligand 
bond. However, the resulting carboxylic acids are stronger acids 
as compared to benzoic acid and hence can exhibit different reac-
tivity characteristics when treated with metal sources. In addition, 
substituents like -NO 2  can participate in secondary interactions by 
forming H-acceptor bonds, which can direct the assembly of novel 
structures. In view of this, we are investigating the synthesis, ther-
mal properties [15] and structure characteristics [16] of metal-4- 
nitrobenzoate (4-nba) complexes, to prepare new compounds by 
exploiting the H-bonding characteristics of the -NO 2  group. 

The structural chemistry of alkaline-earths with carboxylate li-
gands is an area of current research as evidenced by the several 
recent reports in literature [17-23]. In our metal carboxylate re-
search programme we have unraveled a rich structural chemistry 
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of the 4-nitrobenzoates of the alkaline-earths [24-281. The triad of 
compounds [Mg(H20)6](4-nba)2 2H20, [Mg(H20)2(1m)2(1 1 -4- 

 nba)21 Om • imidazole) and [Mg(H20)(N-Melm)2(11 -4-nba)(1•12- 
 W:r11 -4-nba)12 (N-Melm N-methylimidazole) demonstrate a rich 

and variable chemistry of 4-nitrobenzoates of Mg in terms of the 
binding modes of 4-nba anions as well as secondary H-bonding 
interactions. For calcium we reported on the structure and proper-
ties of a seven coordinated monomeric complex [Ca(H20)4( 111-4- 

 nba)(i2-4-nba)] 1 [24], which exhibits both mono (TO) and biden-
tate (12 ) coordination of 4-nba and [Ca(H20)3(1m)(/ 1 -4-nba)21 • Im 
[25] which shows re ligation of 4-nba and contains coordinated as 
well as free imidazole. In this paper, we present the details of the 
investigation of the thermal reaction of the seven coordinated Ca 
compound 1 in the presence of N-methylimidazole (N-Melm) and 
imidazole (Im), resulting in the formation of the anhydrous mixed 
ligand complexes of composition [Ca(L)(4-nba)2] (L - N-Melm 2; 
L-Im 3). 

2. Experimental 

2.1. Materials and methods 

All the chemicals used in this study were of reagent grade and 
were used as received. The starting materials and reaction products 
are air stable and hence were prepared under normal laboratory 
conditions. The complex [Ca(H20)41 1 -4-nba)(i 2-4-nba)] 1 was 
prepared as described earlier [24]. Infrared (IR) spectra were re-
corded on a Shimadzu (IR Prestige-21) FT-IR spectrometer in the 
range 4000-400 cm -.1 . The samples for the IR spectra were diluted 
with KW in the solid state and the signals referenced to polystyrene 
bands. Electronic spectra were recorded using matched quartz cells 
on a Shimadzu (UV-2450) spectrophotometer. 'H NMR spectra 
were recorded in DMSO-d6 on a Bruker 400 MHz FT-NMR spec-
trometer. TG-DSC measurements were performed in Al203 cruci-
bles on a STA-409PC simultaneous thermal analyzer from Netzsch 
in flowing air. A heating rate of 10 X min -1  was employed for all 
measurements. X-ray powder pattern were recorded on a Phillips 
PW-3710 diffractometer using Cu K m  radiation over 20 range of 
15-75° at a scan rate of 3° min -1 . The insoluble 4-nbaH obtained 
on acid treatment of the complexes was weighed as described ear-
lier [15] and metal analysis was performed titrimetrically following 
a standard procedure. Isothermal weight loss studies were per-
formed in an electric furnace fitted with a temperature controller. 

22. Preparation of (Ca(H20)(4 -nba)2] In 

A powdered sample of 1 (0.444 g) was heated on a steam bath 
for -30 min. The heat-treated sample was kept in a desiccator 
and allowed to cool to room temperature and weighed to obtain 
la. The observed decrease in weight (12.15%) corresponds to the 
removal of three moles of water. The yield was quantitative. The 
compound is insoluble in Me0H, CH3CN, etc. 

Anal. Calc. for C14Hi0CaN206: Ca, 10.25; 4-nbaH, 85.68; CaO, 
14.35. Found: Ca, 10.01; 4-nbaH, 84.8, CaO, 14.0%. 

IR data: 3611-3100(br), 3113(s), 2849(w), 1944(w), 1813(w), 
1612(s), 1558(s), 1524(m), 1493(sh), 1414(s), 1346(s), 1319(s), 
1171(m), 1142(m), 1107(s), 1015(s), 980(s), 880(s), 839(s). 
799(s), 725(s), 511(s) cm-1 . 

DSC data (in °C): 260 (exo), 410 (exo), 447 (exo), 558 (exo). 

2.3. Preparation of ICa(N-Melm)(4-nba)21, 2 

2.3.1. Method 1 
N-Methylimidazole (0.082 g, 1 mmol) was added into a freshly 

prepared sample of la and the reaction mixture was left in a des- 

iccator for -30 min. The reaction mixture was washed with ether 
and dried to obtain 2. Alternatively 2 can also be prepared by di-
rectly heating a mixture of a finely powdered sample of 1 (0.45 g, 
1 mmol) and N-Melm (0.082 g, 1 mmol) in a steam bath for 
-30 min. The hot reaction mixture was cooled and washed well 
with ether and dried in air. Yield: (quantitative). 

Anal. Calc. for C18CaH14N4013 (454.43) 2: Ca, 8.8; 4-nbaH, 73.11; 
CaO, 12.34; C, 47.53; H, 3.0; N, 12.32. Found: Ca, 8.8; 4-nbaH, 73, 
CaO, 12.2; C, 47.6; H, 3.03; N, 11.81%. 

IR data: 3121(s), 2967(s), 2855(w), 1614(s), 1584(s), 1520(m), 
1402(s), 1375(s), 1344(s), 1321(s), 	1279(s), 1230(m), 	1107(s), 
1014(s), 1082(m), 934(s), 878(s), 822(s), 800(s), 752(s), 727(s), 
667(s), 621(s), 559(s), 509(s) cm -1 . 

UV-Vis 274 nm (23775 L mol -1  cm-1 ). 
I ff NMR (DMSO -d5 ) 6 (in ppm): 3.63 (s, 3H); 6.86 (s, 1H); 7.09 (s, 

1H); 7.55 (s, 1H); 8.16 (m, 4H). 
DSC data (in °C): 188 (endo), 412 (exo), 558 (exo). 

2.3.2. Method 2 
A powdered sample of 1 (1.78 g, 4 mmol) was heated with N-

Me1m (1.4 ml, 17 mmol) on a steam bath for -1 h to obtain a light 
yellow solid. To this hot mass distilled water (-8 ml) was added 
and the mixture reheated to obtain a pale yellow solution. The 
hot solution was quickly filtered and kept aside for crystallization. 
Fine colorless blocks of crystals suitable for X-ray study, which sep-
arated were washed with ether (5 ml) and dried in air. Yield: 60%. 
The use of reduced amounts of N-Melm in the thermal reaction or 
excess water for recrystallisation results in the formation of the 
tetraaqua compound 1 in accordance with its hydration character-
istics (vide infra). The infrared spectrum and the DSC thermogram 
of this product is identical with that of the product obtained in the 
thermal reaction. 

2.4. Preparation of ICa(1m)(4 -nba)2] 3 

Imidazole (0.068 g, 1 mmol) was added into a freshly prepared 
sample of la and the reaction mixture was left in a desiccator for 
-30 min. The reaction mixture was washed with ether and dried 
to obtain 3. Alternatively 3 can also be prepared by directly heating 
a mixture of a finely powdered sample of 1 (0.45 g, 1 mmol) and Im 
(0.068 g, 1 mmol) in a steam bath for -30 min. The hot reaction 
mixture was cooled and was washed well with ether and dried 
in air. Yield: (quantitative). 

Anal. Calc. for Ci2CaH12N408 3: Ca, 9.08; 4-nbaH, 75.88; CaO, 
12.73; C, 46.31; H, 2.72; N, 12.71. Found: Ca, 8.9; 4-nbaH, 74.28; 
CaO, 123; C, 45.95; H, 3.13; N, 10.94%. 

IR data: 3381(s), 3223(5), 3061(w), 2941(w), 1604(w), 1570(s), 
1516(s), 1490(m), 1402(s), 1348(s), 1321(s), 1261(s), 1171(m), 
1142(m), 1107(s), 1066(5), 1014(s), 935(s), 918(s), 860(s), 825(s), 
802(s), 752(s), 740(s), 723(s), 659(s), 617(s), 497(s), 511(s) cm - '. 

I ff NMR (DMSO-d6) 6 (in ppm): 7.00 (s, 2H); 7.63 (s, 1H); 8.13 
(m, 4H). 

DSC data (in °C): 198 (endo), 415 (exo), 547 (exo). 

2.5. Rehydration studies 

A powdered sample of 2 (200 mg) was suspended in water 
(-•,5 ml) and the reaction mixture left undisturbed overnight. The 
reaction mixture was filtered and the residue was washed with 
alcohol followed by ether and dried to obtain 1 in quantitative 
yields. The formation of 1 is evidenced by its characteristic IR 
spectrum and DSC thermogram. Alternatively 2 can be trans-
formed to 1 by suspending an amount (200 mg) of 2 in water (5 
ml) and heating the solution till dissolution of the solid. The hot 
solution is cooled to obtain 1 in quantitative yield. The equilibra-
tion of a powdered sample of 3 over water vapour, resulted in the 
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formation of the starting compound 1 in quantitative yield in 
about a day as evidenced by its characteristic IR spectrum and 
DSC thermogram. 

2.6. X-ray crystallography 

Intensity data for 2 were collected on a Bruker Smart Apex CCD 
diffractometer using graphite-monochromated Mo Ka radiation. 
The data integration and reduction were processed with SAINT soft-
ware 1291. An empirical absorption correction was applied to the 
collected reflections with SADABS1301. The structure was solved with 
direct methods using sezi.xs-97 and refinement was done against F 2 

 using smEtxt-97 1311. All non-hydrogen atoms were refined aniso-
tropically. Aromatic hydrogens were introduced on calculated 
positions and included in the refinement riding on their respective 
parent atoms. The technical details of data acquisition and some 
selected refinement results for 2 are listed in Table 1. 

3. Results and discussion 

3.1. Synthesis and spectroscopy 

Heating of a solid sample of the tetrahydrate 1 at 100 °C re-
sulted in the loss of three moles of water leading to the formation 
of a monohydrate ICa(H20)(4-nba)21 la (Scheme 1). The presence 
of water in la is evidenced by the strong and broad absorption 
around 3500 cm -1  in its infrared spectrum assignable to 0-H 
vibration. It is to be noted that the profile of the 0-H signal of com-
pound is is quite different as compared to that of the tetrahydrate 
compound I. In addition the IR signals of the nitro and carboxylate 
functionalities, which occur between 1300 and 1650 cm' are 
broadened in la as compared to the spectrum of I (Fig. 1). On 
exposure to moisture the monohydrate rapidly transforms into 
the seven coordinated starting material 1. Interestingly, the reac-
tion of N-Melm or Im with the monohydrate is results in the dis- 

Table 1 
Crystal data and structure refinement for ICa(N-MelmX4-nba)21„ 2 

Empirical formula 
Formula weight (g me1 -1 ) 
Temperature (K) 
Wavelength (A) 
Crystal system 
Space group 
Unit cell dimensions 

C181114CaN400 
454.41 
293(2) 
0.71073 
triclinic 
P1 

a (A) 5.5313(5) 
b (A) 12.7904(12) 
c (A) 14.9226(15) 

(°) 113.08(1) 

(°) 95.72(1) 

Y ( 9 ) 97.64(1) 
Volume (A3 ) 950.11(16) 
z 2 

(m8/m3 ) 1.588 
Absorption coefficient (mm -1 ) 0.388 
F(000) 468 
Crystal size (mm3 ) 0.38 x 0.28 x 020 
Theta range for data collection (°) 1.50-26.0 
Index ranges -6 	h 	6, 

-1541(415, 
-18<l<18 

Reflections collected 9475 
Independent reflections (Ant) 3696 (0.0205) 
Completeness to thetas 26.0° 99.3% 
Refinement method full-matrix least-squares on rA 
Data/restraints/parameters 3696/0/285 
Goodness-of-fit on Fa  1.057 
Final R Indices (I> 2a(1)1 R1.0.0348, wR2 . 0.0900 
R indices (all data) Rt .0.0392, w123  • 0.0929 
Largest difference in peak and hole (e A -3 ) 0.338 and -0.235 

Ca0 

L 

pa(H20)4(4-nba)23 

Scheme 1. 

Fig. 1. IR spectra of compounds 1, la, 2 and 3. 

placement of water by the N-donor ligands and the formation of 
anhydrous mixed ligand compounds 2 or 3 having molar composi-
tion of Ca:4-nba:N-Melm(Im) 1:2:1 (Scheme 1). The use of excess 
N-Melm or Im in the thermal reaction did not result in the forma-
tion of new products containing additional N-donor ligands. The 
anhydrous mixed ligand compounds 2 or 3 can also be synthesized 
in a single step by directly heating a mixture of powdered sample 
of 1 and N-Melm in a 1:1 mole ratio. The presence of the N-donor 
ligands in compounds 2 and 3 can be readily confirmed by their 
NMR spectra which exhibit the characteristic signals of 4-nba, N-
Melm or Im. The formation of the anhydrous compounds 2 or 3 
is evidenced by their IR spectra, which are devoid of the signals 
for 0-H vibrations of water and is further confirmed by the appear-
ance of additional bands due to the incorporation of the N-donor 
ligand in its mid IR spectrum (Fig. 1). Compounds 2 and 3 are rel-
atively stable compared to the moisture sensitive monohydrate la. 
However, both 2 and 3 can be transformed to 1 by suspending 
them in water overnight or alternatively by heating 2 or 3 in water 
(Scheme 1). Crystals of 2 suitable for structure determination were 
prepared by heating a mixture of 1 and excess N-Melm at 100 °C 
followed by recrystallisation from minimum water. Similar at-
tempts to prepare compound 3 in crystalline form suitable for 
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X-ray structure determination by solution method always resulted 
in the formation of the known monomeric compound 
[Ca(H20)3(1m)(71 1 -4-nba)21 • Im. The compounds la, 2 and 3 were 
formulated based on the elemental analysis and the mass loss lead-
ing to the formation of Ca0 on pyrolysis in a Bunsen flame. All the 
compounds exhibit several signals in the mid IR region indicating 
the presence of the organic moieties. However, based only on the 
infrared data the exact nature of the binding of the 4-nba ligand 
cannot be confirmed. The UV-Vis spectra of all compounds exhibit 
an absorption in the UV region around 274 nm assignable to the 
charge transfer of the aromatic 4-nba ligand. 

3.2. Crystal structure description of 2 

Compound 2 crystallises in the triclinic space group AT and all 
atoms are situated in general positions. The structure reveals that 
2 is a polymer and can be formulated as catena-poly[1(N-methyl-
imidazole)calcium(11)1(µ 2-71 1 :71 1 -4-nitrobenzoato)(1A3-71 2 :71 1 -4- 
nitrobenzoato)]. The structure of [[Ca(N-Melm)]([12-71 1 4-4- 
nba)(4-r[ 2 :71 1 -4-nba)In  2 consists of a central Ca(II) ion, a terminal 
N-Melm ligand and two crystallographically independent 4-nba Ii-
gands. In the crystal structure, each Ca(II) is bonded to a nitrogen 
atom of N-Melm and five oxygen atoms from five symmetry re-
lated 4-nba ligands resulting in a distorted (CaO5N) octahedron 
(Fig. 2). The geometric parameters of the 4-nba anions and N-Melm 
are in the normal range and are comparable with literature values 
[24-27]. The Ca-0 distances in 2 range from 2.2823(12) to 
2.4507(11) A (Table 2) and are in agreement with literature values 
[24,25]. The Ca-N bond is longer at 2.5088(14) A. The cis 0-Ca-0  

and 0-Ca-N angles range from 73.71(4)° to 10739(4)° while the 
trans 0-Ca-0 and 0-Ca-N angles range from 163.97(4)° to 
175.54(4)° indicating a distorted octahedron. It is interesting to 
note that both 4-nitrobenzoates in each formula unit are coordi- 
nated to the central Ca(II) in different bridging modes (Fig. 2). 
One of the two 4-nba anions in each formula unit functions as a 
bridging bidentate ligand (p 2-r[ 1 :r1 1 -4-nba) (Supplementary data, 
Fig. 1) and is linked to two symmetry related Ca(II) ions via 05 
and 06 atoms resulting in the formation of an infinite chain 
extending along a axis with a Ca. • •Ca separation of 5.531(1) A. 
The second independent ligand (4-r[ 2 :71 1 -4-nba) is coordinated 
to three different Ca(II) ions with both the carboxylate oxygen 
atoms 01 and 02 linked to the same infinite chain formed earlier 
and one of the carboxylate oxygen atoms (01) functioning as a 
monoatomic bridge between two symmetry related Ca(II) ions 
(Supplementary data, Figs. 2 and 3). This monoatomic bridge 
serves to link the two infinite chains with a shorter Ca. • •Ca separa- 
tion of 3.8585(7) A resulting in the formation of a one-dimensional 
ladder structure (Fig. 3). 

It is to be noted that Ca(II) forms a polymeric compound with 4- 
nba in the presence of N-Melm unlike Mg(II) which forms a centro- 
symmetric dimeric complex [Mg(H20)(N-Melm)201 1 -4-nba)(14- 

:11 1 -4-nba)12 [26]. The coordination polymer 2 and the previously 
reported monomeric compounds [Ca(H 20)401 1 -4-nba)(71 2-4-nba)] 
1 [24] and [Ca(H20)3(1m)(71 1 -4-nba)2] • Im [25] constitute a triad of 
Ca(II) compounds having Ca:4-nba in a 1:2 mole ratio and showing 
different binding modes of the 4-nba ligand. In terms of secondary 
interactions 1 shows only 0-H...0 interactions while the mono- 
meric imidazole compound is involved in three varieties of H-bond- 

Pig. 2. The coordination sphere of Ca(fl) in 2 showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level except for the H atoms, which 
are shown as circles of arbitrary radius (top). The urn' :i 1  (05,06) and 'L3-1 2:1 1  (01, 01, 02) bridging binding modes of the 4-nitrobenzoate ligands in 2 (bottom). 
Symmetry code: (I) -x + 1, -y + 1, -z +1: (0)-x + 2, -y+1, -z+1: (iii) x -1, y. z. 
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Table 2 
Selected bond lengths (A) and bond angles (°) for Ka(N-MelmX4-nba)21„ 2 

Ca(1)-N(3) 2.5088(14) Ca(1)-0(5) 23074(12) 
Ca(1)-0(l) 2.3710(11) Ca(1)-0(6) 22823(12) 
Ca(1)1-0(1) 2.4507(11) Ca(1)-Ca(1)" 5.531(1) 
Ca(1)-0(2) 2.3292(11) Ca(1)-Ca(1) 1  3.8585(7) 

0(6)-Ca( 1)-0(5) 96.22(5) 0(2)-Ca(1 )43(1 ) 1  9323(4) 
0(6)-Ca( 1 )-0(2 ) 92.78(4) 0(1)-Ca(1)-0(1) 1  73.71(4) 
0(5)-Ca(1)-0(2) 165.10(4) 0(6)-Ca(1)-N(3) 88.01(5) 
0(6)-Ca(1)-0(1) 90.60(4) 0(5)-Ca(1)-N(3) 84.47(5) 
0(5)-Ca(1)-0(1) 91.47(4) 0(2)-Ca(1)-N(3) 84.00(4) 
0(2)-Ca( 1)-0(1 ) 10031(4) 0( 1)-Ca(1)-N(3 ) 175.54(4) 
0(6)-Ca(1)-0(1)1  163.97(4) 0(1)' -Ca(1)-N(3) 107.39(4) 
0(5)-Ca(1)-0(1) 1  8125(4) 

Symmetry transformations used to generate equivalent atoms: (I) -x + 1, -y + 1, 
-z + 1, (iii) x - 1, y, z. 

ing interactions namely 0-H. • .0, N-H• • .0 and 0-H. • .N. The ab-
sence of coordinated water as well as methylation of the nitrogen 
atom in N-Melm in 2 blocks the 0-H...0, N-H. • .0 and 0-H...N 
interactions. An analysis of the structure of 2 reveals that the anhy-
drous compound is involved in only C-H...0 interactions (Supple-
mentary data, Fig. 4) with the oxygen atoms of the nitro groups 
functioning as H-acceptors and the methyl group of imidazole as 
well as H atoms on the aromatic ring functioning as H-donors. The 
geometric parameters of these hydrogen bonds are listed in Table 3. 

3.3. Comparative study of Ca(11) coordination polymers 

A survey of the reported structures of Ca(II) carboxylates reveals 
that formation of a polymeric chain due to the bridging nature of 
the carboxylate ligand is a characteristic structural feature of many 
Ca(II) carboxylates. Several polymeric Ca(II) carboxylates of vary-
ing dimensionalities (D) [17-23,32-521 have been reported in the 
literature many of which are 1-D polymers (Table 4). A compara-
tive study of 30 different Ca(II) 1-D polymers reveals that the coor-
dination number of Ca(II) in these compounds varies from 6 to 10, 
with eight coordination observed in many cases. Hexacoordination 
around Ca(II) is observed in compound 2 as well as [Ca(Sa)2 
(Phen)J 0  and [Ca(1420)2(Call9N0421 • 2.5H20],, (for abbreviations 
see Table 4). Of the several Ca(II) coordination polymers reported 
in the literature using substituted benzene carboxylic acids, com- 

Table 3 
Hydrogen-bonding geometry (A. °) for ICa(N-MelmX4-nbahl, 2 

D-H. • •A 
	

d(D-H) 	d(H• • •A) 	 •A) 	ZDHA 

C13-H13. • .081v 0.93 2.67 3.456(3) 143 
C13-H13-04v 0.93 2.69 3386(2) 161 
C6-H6• • •07v1  0.93 2.63 3.519(2) 160 
C4-H4• • -03v  0.93 2.62 3.495(2) 157 
C1841188• • •07°1  0.93 2.44 3378(3) 167 

Symmetry codes: (iv) -x + 1, -y,-z, (v) -x, -y + 1, -z, (vi) -x + 1. y + 1, -z, (vii) 
x + 1, y, z + 1. 

pound 2 constitutes the first example of a Ca(II) coordination poly-
mer derived from 4-nba ligand as the two other known Ca(II) 
compounds of 4-nba are monomeric in nature. A wide range of 
Ca. • .Ca distances between 3.612(1) and 9.816(1) A are observed 
for the different Ca(II) 1-D polymeric compounds listed in the com-
parative table. The Ca. • .Ca separation of 3.8585(7) A between the 
chains in the ladder compound is comparable with the Ca-Ca dis-
tance of around 4.0 A observed in several coordination polymers 
listed in Table 4 while the Ca. • .Ca separation of 5.531(1) A across 
the chains in 2 is relatively longer. A very long Ca. • •Ca distance 
of 9.816(1) A is observed in the one-dimensional polymer [(Ca 
(H20)4(AIP)21(H20)In containing the 5-aminoisophthalate dianion. 
Interestingly in the related 1-D Ca(II) polymer derived from iso-
phthalic acid which exhibits a triple helix structure, Ca...Ca sepa-
rations of 3.6402(3) and 3.8705(4) A are reported. These 
observations indicate that the Ca. • •Ca distances across the poly-
meric chain in the coordination polymers are determined by a 
combination of several factors, which include the electronic and 
steric requirements of the central metal, the denticity, flexibility, 
bridging behavior, H-bonding characteristics of the carboxylate li-
gand, presence of ancillary ligands, etc. 

3.4. Thermal studies 

The temperature for the thermal synthesis of compounds 2 and 
3 was chosen based on the thermal characteristics of compound 1. 
A comparison of the thermal behavior of the tetrahydrate 1 and the 
monohydrate la reveals that the DSC thermograms of la is identi-
cal to that of compound 1 above 100 °C when the tetrahydrate 1 
emits three moles of water forming the monohydrate (see Supple- 

Fig. 3. A view of the bridging bidentate coordination (52-71 1 :re) of 4-nba through 05 and 06 leading to a one-dimensional polymeric Ca(II) chain extending along a with 
Ca...Ca separation of 5.531(1) A, The monoatomic bridging mode of 01 in the second 4-nba ligand results in the linking of two infinite chains. In the chains each Ca(II) is 
bonded to five 0 atoms and one N atom, For darity only the carboxylate groups are shown. 
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Table 4 
Ca. • •Ca distances across the chain in reported one-dimensional (1-D) Ca(11) coordi-

nation polymers 

Compound C.N. Ca• • •Ca distance (A) 	Reference 

ICa(H20)3(4-Iba)1(4-fba)1,, 8 3.612(1) 32] 

Ca(H20)3(benz)21,, 8 3.6146(4) 33] 

Ca(H20)3(1.4-bdc)]„ 8 3.637(2) 34] 
1Ca(H20)2(1.3-bdc))2s • 4H204 8, 8, 9 3.6402(3), 3.8705(4) 21] 
ICa5(1.3-bdc),(H20)2) • 8H201,, 8, 8, 9 3.659 35] 

ICa(H20)12(LX11-11 20 )1,, 8 3.71 36) 
ICa(NH2-NH-0O2)21 • H201„ 8 3.70, 3.87 37] 

Ca(gly)2 • H201„ 8 3.749 22) 

Ca(N-MelmX4-nbahl 6 3.8585(7), 5.531(1) This work 

Ca(H20XdnSa)]n 7 3.8665(8), 4.1067(5) 38] 
Ca(H20)2(4-aba)21„ 8 3.9047(5) 391 

Ca(1-120XDMFXbenX)21. 8 3.956 40]  

Ca2(H20)2(0ac)3(NO3)1, 7  8 3.9953(8) 41]  
Ca(H20)2(3-aba)2)„ 8 4.0034(5) 42) 
1Ca(H20)411Ca(1. 1 )(H20)212 - 7H201„ 7 4.008(1) 43] 
Ca(leu)2 • 3H201„ 8 4.020 22] 
Ca(H20)2(4-CNbenz Lin 8 4.023(15) 20] 
Ca(H20)1(02C)2C6H3CO2H1),," 8 4.0290(7) 23) 
lf,a(H20)2(Nic)21 • (H20)31„ 7 4.055 44] 
Ca(H20)2(C814503)21n 8 4.0651(3) 45] 
Ca(H20)2(2-0PA)21„ 8 4.1022 46] 
Ca(H20)3(2-abah] n  7 4.699(1) 47] 

Ca(Hpdc)(H20)41 • H20In 8 4.751(1) 48] 
Ca(Sa)2(Phen)1„ 6 4.831(1) 49] 
Ca(valh(H20)1„ 7 6.073 22] 
Ca(PY-Threonato)2(H20)21(H20)2)„ 8 6.404 50] 
Ca(H20)4(Hpdc)) • 2H201„ 7 6.867(2) 48] 
Ca(H20)2(qH8N04)21 • 2.5H2OL 6 7.669 51] 

Ca(H20)3(C9H,,N605)21n 10 7.701 521 

Ca(H20)4(AIP)21(H20)1„ 8 9.816(1) 191 

Abbreviations used: C.N. // coordination number; * three unique Ca(II) ions. as  2-D 
polymer. 
4-fba 4-Iluorobenzoate; benz . benzoate; 1.4-bdc - 1,4-benzenedicarboxylate; 
1,3-bdc. 1,3-benzenedicarboxylate; L - 4-(2-nitrophenyI)-3,6-dioxaoctane dioate; 
(NH2-NH-0O2) - hydrazine carboxylate; gly - glycinate; dnSa .. 3,5-dinitrosalicy-
lato; 4-aba • 4-amino benzoate; DMFmN.N-dimethylformamide; OAc - acetate; S-
aba ../ 3-aminobenzoate; L 1  • 2.2'.2"-nibilotribenzoate; leu - rac-leucinate; 4- 
CNbenz • 4-cyanobenzoate; (02C)2C4H2CO2H m 1,2,4-benzenetricarboxylate; Nic - 
nicotinate; C8HSO3 - 2-formylbenzoate; 2-0PA - 2-oxo-1,2-dihydropyrldine-1-ace-
tate; 2-aba - 2-aminobenzoate; Hpdc - 3,5-pyrazoledicarboxylate; Sa /- sallcylato: 
Phen - 1,10-phenanthroline; val • rac-valinate; PY - N-(6-amino-3,4-dihydro-3-  
methy1-5-nitroso-4-oxopyrimidin-2-y1); C,,H,,N0 4  - 2-(pyrldinium-1-yl)butanedio-
ate C9H,,N605 • bisiN-(6-amino-3,4-dihydro-3-methyI-5-nitroso-4-oxopyrimi-
dine-2-y') glycylglycinate; AIP • 5-aminoisopthalate. 

mentary data, Figs. 5 and 6). Both 1 and la decompose at higher 
temperatures forming Ca0 as the final product as evidenced by 
the observed mass loss and also the featureless infrared spectra 
of the residues indicating the loss of organics. The DSC thermogram 
of 2 (Fig. 4) exhibits an endothermic peak at 188 °C, which can be 
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Fig. 5. TG-DSC thermogram of compound 3. 

attributed to the removal of N-methylimidazole and exothermic 
events above 400 °C assignable to the decomposition of the carbox-
ylate ligand resulting in the formation of CaO. This assignment 
gains more credence as all the compounds 1, la, 2 and 3 exhibit 
the first exothermic event at around 410 °C. The removal of N-
M eIm leads to further decomposition of 2 as evidenced by a steep 
drop in the TG curve of 2. A scrutiny of 2 by isothermal weight loss 
studies at 185 °C, revealed a weight loss of 21.67% corresponding 
to the loss of one mole of N-Melm, while further heating to 
800 °C resulted in a total mass loss of 88% with 12% residue corre-
sponding to the formation of CaO. However, our efforts to prepare 
the anhydrous compound ICa(4-nba)2] by heating 2 were not suc-
cessful. The TG-DSC thermogram of 3 exhibits three thermal events 
at 198, 415 and 547 °C, respectively (Fig. 5). The endothermic sig-
nal at 198 °C can be assigned for the loss of the neutral lm ligand. 
This process appears to be complex and is not well resolved as evi-
denced by further drop in the TG curve. The exothermic signals at 
415 and 547 °C can be attributed to the degradation of the carbox-
ylate moieties leading to the decomposition of 3 to Ca0 with a 
residual mass of 12.3%, which is in good agreement with the calcu-
lated value. In the absence of associated mass spectral data of the 
emitted fragments the exact nature of the thermal decomposition 
taking place above 400 °C cannot be commented upon for both 2 
and 3. The formation of Ca0 as the final residue can be unambigu-
ously confirmed by weight loss studies of compounds 2 and 3 in a 
temperature controlled furnace, as well as their characteristic X-
ray powder pattern (see Supplementary data, Figs. 7 and 8). The 
diffractograms of the residues are in very good agreement with 
that of the reported Ca0 phase in the JCPDS file No. 37-1497. 

4. Conclusions 

In summary, we have shown that the zero dimensional mono-
nuclear tetraaqua Ca(II) compound 1 can be transformed into the 
Ca(II) coordination polymer [Ca(N-Melm)(4-nba)2],, 2 by heating 
it in the presence of N-Melm. The key step in this transformation 
is the formation of an intermediate monohydrate compound, 
which undergoes ligand substitution and incorporation of N-donor 
ligand into the coordination sphere of Ca(II). The use of imidazole 
instead of N-Melm in the thermal reaction resulted in the forma-
tion of the anhydrous mixed ligand compound [Ca(1m)(4-nba)21,, 3. 
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Appendix A. Supplementary data 

CCDC 658462 contains the supplementary crystallographic data 
for this paper. These data can be obtained free of charge via http:// 
www.ccdc.cam.ac.uk/conts/retrieving.html,  or from the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, 
UK; fax: (+44) 1223-336-033; or e-mail: depositeccdc.cam.ac.uk . 
Additional figures related to the crystal structure of 2, comparative 
DSC thermograms of compounds I, la, 2 and 3, X-ray powder pat-
tern of the residue of compounds 2 and 3 are available. Supple-
mentary data associated with this article can be found, in the 
online version, at doi:10.1016/j.poly.2008.07.020. 
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catena-Poly[Rpentaaqua)(4-nitrobenzoato-0,0')barium(II)] 
(p-4-nitrobenzoato-0,011: A barium(H) coordination polymer 
showing 0—H•0 and C—H--•0 interactions* 
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Abstract. The reaction of barium carbonate with 4-nitrobenzoic acid (4-nbaH) results in the formation 
of a Ba(II) coordination polymer, catena-poly[[(pentaaqua)(4-nitrobenzoato-0,0')barium(101(p-4-nitro-
benzoato-0,0')i 1. The polymeric compound pa(H 20)5(4-nba-0,0')R/2-4-nba-0,0'))„ 1 was character-
ized by elemental analysis, IR and UV-Vis spectra, weight loss studies, X-ray powder diffraction and its 
structure determined. In 1 five water molecules are coordinated to the central metal and one of the 4-nba 
ligands is bonded to Ba(II) in a bidentate manner (4-nba-O,O') through the carboxylate 0 atoms. The 
[(pentaaqua)(4-nitrobenzoato-0,0')bariumffIA units are linked into an infinite one-dimensional chain 
along b-axis with the aid of the second 4-nba anion, which functions as a bridging bidentate (,u-4-nba-
0,0') ligand. This results in nine coordination around each Ba(II) ion in the coordination polymer. A 
long Ba- --Ba distance of 6-750(1) A is observed between adjacent Ba(Il) ions in the chain and the oxygen 
atoms of the carboxylate group and the nitro functionalities of the 4-nba ligand are involved in several 
0-H---O and C-H---0 interactions. 

Keywords. Coordination polymer; catena-polya(pentaaqua)(4-nitrobenzoato-0,01barium(11)](.2-4- 
nitrobenzoato-0,0')]; bridging bidentate; nine coordination; 0-H--0 and C-H---O interactions. 

1. Introduction 

The design of supramolecular architectures employing 
carboxylic acids as ambidentate and templating ligands 
with metals providing interesting connectivity, is an 
area of current research. 1 • 2  The ready availability of 
benzene based carboxylic acids in pure form, com-
bined with the fact that the carboxylate group is a 
versatile donor that can bind in a variety of ways, 3 '4  
has led to the structural characterization of several 
metal carboxylates with novel structural features. 5-12 

 Potential donor groups like -NI-12, -OH, -SH, or an-
other -COOH can be introduced into the rigid six-
membered ring and the positioning of these groups 
can be altered with respect to the carboxylate func-
tionality, are additional advantages of using benzene 
based systems. The introduction of additional groups 
affects the acidity of the carboxylic acid, which is an 

*Dedicated to the memory of Late Prof. Bhaskar G. Maiya 
.**For correspondence 

important aspect from a synthetic point of view of 
metal carboxylates. Substituents in the benzene ring 
like -NO 2, F-, Cl-, Br-  etc. lack the donor character-
istics to form a strong metal-ligand bond. However, 
the resulting acids are stronger acids as compared to 
benzoic acid and hence can exhibit different reactiv-
ity characteristics when treated with metal sources. 
The nitro group can participate in secondary interac-
tions by forming H-acceptor bonds. 13.14  In this context 
we are investigating the synthetic, spectral, thermal 
and structural aspects of metal-nitrobenzoates with a 
view to prepare new compounds by exploiting the 
H-bonding characteristics of the -NO 2  group. In 
recent reports we have described the synthesis 
and structural characterization of 4-nitrobenzoatc 
(4-nba) complexes of Mg(II), Ca(II) and Sr(II). si -is 

In continuation of this work, we have structu-
rally characterized a one dimensional Ba(II) co-
ordination polymer using 4-nba as ligand, which 
exhibits 0-H---0 and C-H---0 interactions. The re-
sults of these investigations are described in this 
paper. 

593 



Bikshandarkoil R Srinivasan et a! 594 

2. Experimental 

2.1 Materials and methods 

All the chemicals used in this study were of reagent 
grade and were used as received. The starting mate-
rials and reaction products are air stable and hence 
were routinely prepared under normal laboratory 
conditions. Infrared (IR) spectra were recorded on a 
Shimadzu (IR Prestige-21) FTIR spectrometer in the 
range 4000-400 crn -1 . The samples were prepared as 
KBr diluted pellets in the solid state and the IR sig-
nals were referenced to polystyrene bands. Elec-
tronic spectra were recorded using matched quartz 
cells on a Shimadzu (UV-2450) spectrophotometer. 
DSC studies were performed in a Netzsch Thermal 
Analyser STA (Luxx) while isothermal weight loss 
studies were done using a temperature-controlled 
oven. Single crystal X-ray diffraction study was per-
formed at the National single crystal X-ray facility 
at School of Chemistry, University of Hyderabad. 

2.2 Preparation of [13a(H20) 5(4-nba-0,0) 
(u-4-nba-0,0)1„1 

A mixture of barium carbonate (1.98 g, 10 mmol) 
and 4-nitrobenzoic acid (4-nbaH) (3-34 g, 20 mmol) 
was taken in water (50 ml) and heated on a steam 
bath. The insoluble starting materials slowly started 
dissolving accompanied . with brisk effervescence. 
The heating of the reaction mixture was stopped 
when there was no more evolution of CO2. At this 
stage, the reaction mixture was almost dear and the 
pH was close to neutral. The hot solution was fil-
tered and left undisturbed for 4-5 days. The colour-
less crystalline blocks that separated were filtered, 
washed thoroughly with ether and dried. Yield: 
4-6534 g (83%). The crystals obtained in this method 
were suitable for X-ray studies. Alternatively 1 can 
be prepared by using BaC1 2  as the Ba source. The 
sodium salt of 4-nba was first generated in situ by 
reacting 4-nbaH (1-67 g, 10 mmol) with NaHCO3 

 (0.84 g, 10 mmol) in water. Into this, an aqueous solu-
tion of BaCl2 .4H20 (1-221 g, 5 mmol) was added 
and the reaction mixture was filtered and left aside 
for crystallization. The crystals that separated after a 
few days were isolated in 80% yield. The IR spec-
trum and X-ray powder pattern of the product ob-
tained in this method was identical to that of the 
spectnun of the product obtained using BaCO 3  as 
the Ba source. 

Anal. Found (calcd.) for C141-118BaN2013  (559.64): 
Ba, 	24-50 	(24.53); 	4-nbaH, 	60-99 	(59-72); 	C, 
29-86(30-00); H, 3.114 (3.23); N 5.073 (5.00) 

IR (KBr cm-1 ): 3730-2922(bm), 2833(w), 2525(w), 
2440(w), 2361(w), 1950(w), 1815(w), 1630(m), 1612(m), 
1566(s), 1552(s), 1537(m), 1516(m), 1512(s), 1504(m), 
1449(w), 1402(s), 1352(s), 1323(s), 1279(w), 1248(w), 
1177(w), 1136(w), 1109(m), 1013(w), 881(m), 839(s), 
806(s), 797(s), 725(s), 679(w), 630(m), 513(s). UV—vis: 
274 nm (s = 14000 I mol l  cm"). 

2.3 X-ray crystallography 

Intensity data for 1 were collected on a Bruker Smart 
Apex CCD diffractometer using graphite-mono-
chromated Mo-K a  radiation (2 = 0-71069 A). The 
data integration and reduction were processed with 
SAINT°  software. An empirical absorption correction 
was applied to the collected reflections with 
SADABS. 2°  The structure was solved with direct 
methods using SHELXS-97 2 ' and refinement was 
done against using SHELXL-97. 2 ' All non-hydrogen 
atoms were refined anisotropically. Aromatic hydro-
gens were introduced on calculated positions and in-
cluded in the refinement riding on their respective 
parent atoms. The hydrogen atoms of all the coordi-
nated water molecules excepting one H atom at-
tached to 024, were located in the difference map. 
The O—H bond lengths were set to ideal values 
(0-820 A) and afterwards refined isotropically using 
a riding model. The technical details of data acquisi-
tion and some selected crystal refinement results for 
1 are summarized in table 1. 

3. Results and discussion 

The aqueous reaction of BaCO 3  with 4-nbaH resulted 
in the formation of the nine coordinated [Ba(H 20)5(4- 
nba-0,0')(,u-4-nba-0,0')I n  1, which can also be 
crystallized from an aqueous BaC1 2  solution and in situ 
generated sodium 4-nitrobenzoatc. It is interesting to 
note that the reaction of BaC1 2  with 4-abaH (abaH is 
aminobenzoic acid) in the presence of a weak base 
results in the formation of the chloride containing 
compound [BaC1(4-aba)] 22  while the reaction of 
BaCO3 with 4-abaH leads to the formation of a hy-
drated bis(4-aba) complex of barium. 23  With 4-nbali 
the use of both the chloride or the carbonate of 
Ba(II) results in the formation of an identical product. 
It has been reported 24  that in the structure of the 
polymeric complex [Ba(II20)(2-aba)21,, the . Ba(II) 

.4, 
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ion is coordinated to the amino N atom of the 2- 
abaH. A recent report describes the synthesis of a 
1 : 2 adduct of diaquabarium bis(3-hydroxybenzoate) 
with 1,10-phenanthroline. 25  In addition, we have in-
corporated imidazole (Im) ligand into the coordina-
tion sphere of Mg and Ca 4-nitrobenzoates." In view 
of this, the reactivity of the title complex was inves-
tigated with N-donor ligands to incorporate other 
ligands and get new compounds. So far, our attempts 
to incorporate ligands like Im into the coordination 
sphere of Ba(II) in 1 have not been successful. 

Crystals of 1 were characterized by elemental 
analysis, infrared and optical spectra, X-ray powder 
diffraction and single crystal X-ray structure deter-
mination. Treatment of 1 with dilute HCl resulted in 
the formation of the insoluble 4-nbaH. The insoluble 
4-nitrobenzoic acid (4-nbaH) obtained on acid treatment 
of complex 1 was weighed and analysed as descri- 

Table 1. Technical details of data acquisition and se-
lected refinement results for 1[Ba(H 20)5(4-nba-0,0')](//- 
4-nba-0,0')], 1. 

C1ell1gfla1N2Ot3 
559.64 g morl 

 293(2) K 
0-71073 A 
monoclinic 
P2 1 Ic 
a = 6.6217(4) A 
b = 10-7141(6) A 
c = 29.1006(16) A 
/3 = 102.77(1)° 
2013.5(2) A3  
4 
1.846 mg/m3  
2.043 
1104 
0.42 x 0.34 x 0-28 nun3  
1.43 to 26.06° 
—8 <= h <= 7, 
—13 -<-= k <= 12, 
—30 <= 1 <= 35 
11119 
3637 [R(int) = 0-0163] 
99.3% 
Full-matrix least-squares 

on F2  
3956/0/272 
1-082 
RI = 0-0238, 
wR2 = 0.0534 
RI = 0-0265, 
wR2 = 0.0548 
0-0040(2) 
0-569 and -0.436 eic3  

bed earlier." The filtrate obtained from this proce-
dure was analysed gravimetrically for Ba(II) content. 
Pyrolysis of 1 in a Bunsen flame results in the for-
mation of BaCO 3 . The formula of the complex 1 was 
arrived at based on these data. The X-ray powder 
pattern of 1 (figure 1) exhibits several strong lines 
indicating its crystalline nature. A comparison of the 
experimental powder pattern of the bulk sample with 
that of the pattern calculated from single crystal data 
(see below) reveals the phase purity of 1. 

Complex 1 absorbs strongly in the UV region at 
274 nm, which can be assigned to the intramolecular 
charge transfer transition of the aromatic acid and 
the observed absorption maximum is comparable to the 
value observed for other nitrobenzoate complexes." -18  

Figure 1. X-ray powder pattern of 11Ba(f120)5(4-nba-
0,0')1(ir-4-nba-0,0')]„ 1: (a) Experimental (b) Calcu-
lated from single crystal data. 

Figure 2. The coordination sphere of Ba(II) in 
1[Ba(H20)5(4-nba-0,011(,u-4-nba-0,0')]„ 1 showing the 
atom-labelling scheme. Displacement ellipsoids are drawn 
at the 50% probability level except for the I-1 atoms, 
which are shown as circles of arbitrary radius. Symmetry 
code: #1 — x + 1, y + 1/2, —z + 3/2. 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for data collection 
Index ranges 

Reflections collected 
Independent reflections 
Completeness to theta = 26.06° 
Refinement method 

Data/restraints/parameters 
Goodness-of-fit on F` 
Final R indices [I > 2 a-  (I)] 

R indices (all data) 

Extinction coefficient 
Largest diff. peak and hole 
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The IR spectrum of 1 exhibits several sharp bands in. 
the mid-infrared region, clearly indicating the presence 
of the organic moiety. A comparison of the IR spec-
tra of the title complex with those of the other alkali-
earth 4-nitrobenzoate like [Mg(H20)6](4-nba)2-2H20, 
ra(1420)4(4-nba)21 and [Sr(H20) -44-nba)H4-nba)-2H20 
reveals that all these spectra show strong and broad 
signals centered around 3000 cm - ' with differing 
profiles which can be attributed to the different de-
grees of hydration of these compounds. Interestingly 
the IR spectra of all the complexes are nearly identi-
cal in the region between 1600-1300 where the 
absorptions due to the vibrations of the carboxylate 
and nitro functionalities occur. Hence no definite 
conclusions can be drawn on the nature of the binding 
of the 4-nba ligand in 1 based on only infrared data. 
The broad and strong signal in the region 3730-
2922 cm-1  indicates the complex is hydrated and can 
be assigned to the O-H stretching vibration of water. 

The Ba(II) coordination polymer 1 crystallizes in 
the monoclinic space group P2 1 /c and all atoms are 
located in general positions. The observed W.-0 bond 
distances vary between 2.7616(18) to 2.8981(18) A 
while the 0-Ba-0 bond angles range from 45-27(5) 
to 155-92(6)° (table 2). These values are comparable 
with those reported for other polymeric Ba-carboxy- 

lateS. 24.26-31  The central metal is nine coordinated 
and is linked to the 0 atoms (021-025) of the five 
water molecules (figure 2). The observed W.-0 (water) 
distances range from 2-7729(19) to 2-876(2) A. Each 
formula unit of 1 contains five coordinated water 
ligands and two 4-nitrobenzoate ligands one of which 
functions as a bidentate ligand (4-nba-0,0) through 
011 and 012 at 2-8161(18) and 2.8981(18) A res-
pectively. The 01 atom of the second 4-nba is linked 
to the central metal at 2.7616(18) A while the 02 is 
linked to a neighbouring Ba(II) atom at 2-8049(18) A 
and thus functions as a bridging ligand (p-4-nba-
0,0'). This binding mode of 4-nba results in the 
formation of an infinite 0-Ba-0 chain along b axis 
consisting of pentaaquo Ba(II) ions with the 4-nba 
ligands linked to the Ba(II) on either side of the 
chain (figure 3). A long Ba---Ba distance of 6.750(1) A 
is observed between adjacent Ba(II) ions in the chain 
accompanied by a 0-Ba-0 angle of 83-66(6)°. 
Polymeric Ba(II) carboxylates of varying dimension-
alities have been structurally characterized earlier 
using carboxylic acids like 2-aminobenzoic acid (2- 
abaH), 2,2'-dithiobis(benzoic acid), diphenic acid, 
the aq6-unsaturated mesaconic acid, thiosalicylic acid, 
terephthalic acid and pyromellitic acid (benzene-
1,2,4,5-tetracarboxylic acid). 26-31  In all these com- 

Table 2. Selected bond distances (A) and bond angles (°) for ITBa(H20)5(4 -nba-0,0')1 
(p-4-nba-0,0')1„ 1. 

Ba(1)-O(1) 2-7616(18) Ba(I)-0(25) 2-8476(18) 
13a(1)-0(21) 2-7729(19) 13a(1)-0(24) 2-848(2) 
Ba(1)-0(2)#1 2.8049(18) Ba(1)-O(23) 2.858(2) 
Ba(1)-0(11) 2-8161(18) Ba(1)-O(22) 2-876(2) 
Ba( I )-0(12) 2-8981(18) 
0(1)-Ba(1)-O(21) 143-07(6) 0(11)-Ba(1)-0(23) 74.85(6) 
0(1)-Ba(1)-0(2)#1 83-66(6) 0(25)-Ba(1)-O(23) 68-53(6) 
0(21)-Ba(1)-0(2)#1 68-38(6) 0(24)-Ba(1)-O(23) 60-25(8) 
0(1)-Ba(1)-0(11) 77.59(6) 0( I )-Ba(1)-0(22) 73-72(6) 
0(21)-Ba(1)-O(1 1) 122-16(6) 0(21)-Ba(1)-0(22) 75.57(6) 
0(2)-Ba(1)-0(11) 86.50(5) 0(2)# I -Ba(1)-0(22) 73-82(6) 
0(1)-Ba(1)-O(25) 145-64(6) 0( I 1)-Ba(1)-0(22) 146-62(6) 
0(21)-Ba(1)-O(25) 70.60(6) 0(25)-Ba(1)-0(22) 125.56(6) 
0(2)#I -Ba( I )-0(25) 126.77(5) 0(24)-Ba(1)-O(22) 6745(8) 
0(11)-Ba(1)-0(25) 87.82(6) 0(23)-Ba(1)-0(22) 114-39(6) 
0(1)-Ba(1)-O(24) 9848(7) 0(1)-13.3(1)-0(12) 116.19(5) 
0(21)-Ba(1)-0(24) 88-14(7) 0(21)-Ba(1)-O(12) 76.93(5) 
0(2)#1-Ba( 0-0(24) 138-68(8) 0(2)#1-Ba(1)-0(12) 69-55(5) 
0(11)-Ba(1)--0(24) 134.49(X) 0(11)-Ba(1)-0(12) 45-27(5) 
0(25)-Ba(1)-0(24) 70-05(7) 0(25)-Ba(1)-0(12) 69.34(5) 
0(1)-Ba( 1)-0(23) 77-62(6) O(24)-Ba(1)-O(12) 139-35(7) 
0(21 )-13a(1)-0(23) 134.74(6) 0(23)-Ba(1) 0(12) 105-41(6) 
0(2)# I -Ba(I )-0(23) 155-92(6) 0(22 )-Ba(1)-0(12) 140-19(6) 

Symmetry transformations used to generate equivalent atoms .  #1 
	

+ 1.y + 1/2, -2 + 3/2 
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Figure 3. A view of the polymeric chain in 1 showing the linking of Ba(II) (green) by the 
bridging bidentate 4-nba ligand in the be crystallographic plane. For clarity the coordinated 
waters and the bidentate 4-nba ligand on the Ba(II) are not shown (top). The coordinated waters 
and the bidentate 4-nba ligand are included showing the infinite chain along b. (bottom). 
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plexes where the carboxylate functions as abridging 
ligand, the shortest Ba---13a distance between adja-
cent Ba(II) ions in the polymeric chain varies from 
4.069 A in the coordination polymer derived from 
2,2'-dithiobis(benzoic acid) to 6-750(1) A in the title 
complex (table 3). In some polymers the Ba---Ba 
contacts are shorter than the sum of the van der 
Waals radii (4.28 A) indicating weak metal—metal 
interactions, while in some others the observed metal- 

metal distances are around 4-5 A. Interestingly, the 
observed Ba•--Ba distance of 6.750(1) A in 1 is 
comparable with the Ba---Ba distance in the 2-D 
polymer [Ba(H2PMA)(H20)51„ derived from pyro-
mellitic acid (H4PMA). In this polymer, the dianion 
of 1,2,4,5-benzenetetracarboxylic acid (H 2PMA) is 
linked to four different Ba(Il) ions. It appears that 
the Ba--•Ba distances in Ba-carboxylate coordination 
polymers are probably determined by a combination 



(Ba(2-aba)20120/21n 
EIBa2(DTBB)20-120/2}0 - 5H201„ 
(Ba(Hbpdchal20/21. 
[Ba(C5H404)20420/4l. 
(Ba(C711502S)0120/4b 
(Ba(C6H4(C00)2)l. 
[Ba(H2PMA)(H20)5I„ 
(Ba(H20)5(4-nba)21. 

4-32 
4-069(2) 
4-1386(17) 
4.595(4) 
4.335 
4-123 
6.65 
6.750(1) 

24 
26 
27 
28 
29 
30 
31 

This work 

2-D 
3-D 
1-D 
2-D 

-D 
3-D 
2-D 
1-D 
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Table 3. Ba•--Ba distances across the chain in some Ba(II) coordination polymers 
containing bridging carboxylates. 

Compound 
Ba---Ba distance Dimensionality 

in As 	(D) of polymer 	Reference 

Abbreviations used: 2-aba = 2-aminobenzoate; DTBB = 2,2'-dithiobis(benzoate); 
Hbpdc = 2'-carbox-ybipheny1-2-carboxylate; C5H404 = mesaconate anion; (H 4PMA) = 
pyromellitic acid; (C 7F1502S) = thiosalicylate; (C5H4(C00)2)1= terephthalate; 4-nba = 4- 
nitrobenzoate. *For 2-D and 3-D polymers only the shortest Ba•••Eta contact is given 

Table 4. Hydrogen-bonding geometry (A, 0) for [[Ba(H20)5(4-nba-0,0')10-1-4-nba-0,0')1„ 1. 

d(D-H) d(H-•-A) D(D•-•A) <DHA Symmetry code 

Intrachain interactions 
021-H10-•01 0-820 2-070 2-868 164 [-x + 1, y + 1/2, -z + 3/2] 
021-H20-011 0-820 2-090 2-899 169 [-x, y + 1/2, -z + 3/21 
022-H30---025 0.820 2.002 2-731 148 , [x + 1, y, z] 
023-HSO---012 0.820 1-920 2.736 174 [-x, y - 1/2, -z + 3/21 
023-H60---022 0-820 2-384 3-075 142 [x 	1, y, z1 
025-H90---02 0-820 1-993 2-806 172 r-x, y + 1/2, -z + 3/21 
025-H90••01 0.820 2-684 3.296 133 [-x, y + 1/2, -z + 3/21 
025-H100•011 0.820 1-945 2-758 171 [-x, y + 1/2, -z + 3/21 
C2-H2---022 0.930 2.585 3-462 157 
C6-H6---021 0-930 2.630 3-522 161 fx, y - 1, z1 

Interchain interactions 
022-H40---014 0.820 2.233 3.017 160 [x + 1, -y + 3/2, z + 1/2] 
024-H70--•04 0.820 2-317 3-115 165 [-x+1,-y+1,-z+2] 
024-H70-•03 0.820 2-497 3-184 142 [-x+1,-y+1,-z+2] 
C13-H13---04 0-930 2.482 3-398 169 [x - 1 , -y + 1/2, z - 1/2] 
C15-H15•03 0.930 2.599 3.385 143 [x - I, -y + 3/2, z - 1/2] 
C3-H3•--014 0-930 2-500 3-238 137 [x + 1, -y + 3/2, z + 1/2] 
C5-H5---013 0-930 2-618 3.529 167 [x + 1, -y + 1/2, z + 1/21 

of several factors, which include the electronic and 
steric requirements of the central metal, the dentic-
ity, flexibility and H-bonding characteristics of the 
carboxylate ligand. 

An analysis of the crystal structure of 1 reveals 
that each nine coordinated Ba(11) complex in the 
polymeric chain is H-bonded to several neighbour-
ing complexes through all possible sites involving 
all the four 0 atoms of both the 4-nba ligands, and 
three water 0 atoms (021, 022, 025) functioning as 
H-acceptors. All the H-atoms attached to the coordi-
nated waters excepting I180 and six H atoms on the 
aromatic rings function as H -donors. Thus each 

Ba(11) complex in 1 is linked to eleven other com-
plexes with the aid of several 0-H---0 and C-H•--0 
bonds (see web version). The eleven 0-H---0 inter-
actions range from 1-920 to 2 - 684 A while the six 
C-H-•-0 interactions are weaker and vary between 
2-482 and 2-630 A. All these 0---H contacts are 
shorter than the sum of their van der Waals radii 32 

 and the geometric parameters of these interactions 
are summarized in table 4. Several of these interac-
tions between the H atoms attached to 021, 022, 
023, 025, C2, C6 and the acceptors 01, 02, 011, 025, 
012, 022, 021 are within the one dimensional poly-
meric chain and are intrachain interactions. All the 0 
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Figure 4. Packing diagram of 1 viewed along a axis showing the intrachain and interchain 
H-bonding interactions. 

atoms of the nitro groups function as H-bond accep-
tors and are linked to the H-atoms attached to C13, 
C15, C3, C5, 022 and 024 on a neighbouring chain. 
These interchain interactions serve to link the paral-
lel polymeric chains resulting in a two dimensional 
H-bonded network (figure 4). 

The short ring interactions and distances between 
the ring centroids (Cg—Cg) in 1 were analysed by using 
the program Platon. 33  The Cg—Cg distance between 
the two 4-nba ligands is 3.684 A and the perpendicu-
lar distance from the center of the first ring to the 
second (interplanar distance) is 3.358 A accompa-
nied by a dihedral angle of 2-68°. Although these 
values indicate that the rings do not overlap, the 
magnitude of the values is suggestive of 71"-- 7I inter-
actions. 

Heating of 1 at 100°C on a water bath showed a 
mass loss of 11-3%. This value is less than the ex-
pected value (12.86%) for the loss of four moles of 
water. The IR spectrum of this product still showed 
the presence of O—H signal in the complex. When the 
weight loss studies were performed at higher tem-
peratures in an oven at 200°C the observed weight 
loss of 14.64% is more than the value required for 
4 moles of water but less than that for the removal  

of all the water molecules. All our efforts to prepare 
the anhydrous barium(II) bis(4-nitrobenzoate) com-
plex by employing different temperatures were not 
fruitful. Calcination of 1 at a higher temperature of 
800°C results in the formation of BaCO 3 . The amount 
of the observed final residue as well as its chemical 
and metal analysis are in good agreement for carbon-
ate formation. The DSC thermogram of 1 exhibits an 
endothermic event at around 80°C assignable for the 
dehydration process, followed by a weak endo-
thermic signal at around 125°C and two strong exo-
thermic signals at 391 and 488°C respectively which 
can be attributed to the decomposition of the com-
plex. 

The availability of structural information of the 4- 
nitrobenzoates of the lighter congeners Mg, Ca and 
Sr namely [Mg(H20)6](4-nba)2-2H20, [Ca(H 20)4(4- 
nba-0)(4-nba-0,0')], IS r(H 20) 7(4-nba-0,0)1(4-nba)- 
2H20 permits a comparative study of the alkali earth 
4-nitrobenzoates. The comparison reveals certain 
similarities and many differences. All the compounds 
can be synthesized by an aqueous reaction of the 
corresponding metal carbonate with 4-nbaH and 
contain metal:4-nba in 1 : 2 mole ratio but are differ-
ently hydrated. The structures demonstrate the ver- 
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satile ligational behaviour of the 4-nba ligand to-
wards the bivalent alkali-earth metal ions. In the 
Mg(II) complex 16  [Mg(H20)6](4-nba)2.2H2 0, the 4- 
nitrobenzoate is free and uncoordinated and forms 
an outer-sphere complex with the inner sphere being 
occupied by six water ligands, while the two ligands 
are linked in monodentatc (4-nba-O) and bidentate 
(4-nba-0,0') manner in the seven coordinated neu-
tral Ca(H) complex" [Ca(H20) 4(4-nba-0)(4-nba-
0,0)] which contains only coordinated water. In the 
higher congeners, the 4-nba complex of strontium 
contains both coordinated and lattice waters and one 
of the 4-nba anions function as a bidentate ligand 
while the other is free and uncoordinated, while in 
the title Ba complex which contains only coordinated 
water molecules one of the 4-nba is a bidentate 
ligand with the other bonded in a bridging bidentate 
fashion leading to a polymeric structure. All the 
compounds exhibit several weak hydrogen bonding 
interactions resulting in novel extended structures. 

4. Conclusions 

In summary, we have described the synthesis, and 
structural characterization of a Ba(II) coordination 
polymer using 4-nba as ligand. The observed Ba---Ba 
distance of 6.750(I) A between adjacent metal atoms 
in 1 is much longer than the sum of their van der 
Waals radii. The present results taken together with 
our recent work of 4-nba complexes of Ca(II), 
•Mg(II) and Sr(II). reveal a rich and variable structural 
chemistry of the alkali-earths with 4 -nitrobenzoate. 
The title Ba(II) complex exhibits several 0—H...0 and 
C—H•0 interactions. It will be of interest to investi-
gate the structural features of Ba(II) complexes of 
the other isomeric nitrobenzoates to see how the po-
sitioning of the —NO 2  substituent can affect the 
properties. Efforts in this direction are underway. 

Supplementary material 

Illustration describing the H-bonding situation 
around the nine coordinated polymeric Ba(H) com-
plex 1 is available on the web version of this paper. 
Crystallographic data (excluding structure factors) 
for the structure rcportcd in this paper have been de-
posited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC 
639044. Copies of the data can be obtained, free of 
charge, on application to CCDC, 12 Union Road, 
Cambridge CB2 1 EZ, UK. (fax: +44-(0)1223-336033 
or e-mail: deposit@ccdc.cam.ac.uk).  
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V = 2377.0 (4) A3  
Z = 4 
Mo Ka radiation 

Data collection 

Bruker SMART APEX CCD area-
detector diffractometer 

Absorption correction: multi-scan 
(SA DA BS; Sheldrick, 2004) 
T • = 0375, T = 0.761 

Refinement 

R[F2  >2o(P)] = 0.029 
wR(F2) = 0.067 
S = 1.02 
4604 reflections 
370 parameters 
2 restraints 

-,- 2.35 mm- ' 

T = 293 (2) K 

0.42 x 036 x 0.12 mm 

11962 measured reflections 
4604 independent reflections 
3777 reflections with I > 20(1) 
R,„ = 0.026 

H atoms treated by a mixture of 
independent and constrained 
refinement 

Apnm  = 0.32 e A-3  
Apm = -0.33 e A -3  

Table 1 
Hydrogen-bond geometry (A, °). 

D-H- • .A D-11 D-H• • -A 

09-H9B- • -011' 0.82 2.10 2.894 (2) 162 
010-H10A- • .013 4  0.82 2.04 2.841 (2) 165 
014-H14A• • .05" 0.82 1.98 2.788 (2) 170 
09-119A- • -05' 0.80 (3) 2.03 (3) 2.815 (2) 169 (3) 
011-1111A • •0211  0.80 (3) 1.95 (3) 2.707 (2) 160 (3) 
011-H11B-01e 0.82 (3) 2.02 (3) 2.833 (3) 176 (3) 
015-H158.• or 0.81 (4) 2.35 (4) 3.104 (3) 154 (4) 
015-1-115A• • .017'1  0.73 (4) 2.17 (4) 2.881 (4) 165 (4) 
017-H178.- -01e 0.82 (4) 1.98 (4) 2.761 (4) 158 (4) 
017-H17A- • -04' 0.78 (4) 2.37 (4) 3.087 (3) 153 (4) 
017-H17A• • •433''' 0.78 (4) 2.57 (4) 3.264 (3) 150 (4) 
014-1-1148- - -017 0.801 (17) 2.06 (2) 2.831 (3) 163 (3) 
013-H13A- • .01' 0.82 (3) 1.85 (3) 2.657 (2) 168 (3) 
013-H138.- -05' 0.81 (3) 1.94 (3) 2.732 (2) 164 (3) 
012-Ht2B- • 09'" 0.74 (3) 2.18 (3) 2.899 (3) 165 (3) 
012-1112A• • 06 0.81 (3) 2.00 (3) 2.799 (2)  175 (3) 
016-H16/3- • 06 0.82 (3) 1.93 (3) 2.739 (3)  171 (3) 
016-H16A• • .010' 0.76 (4) 2.28 (4) 2.921 (3) 141 (4) 
016-H16A- • 02 0.76 (4) 2.61 (4) 3.229 (3) 140 (4) 
010-H108.• .012"' 0.806 (18) 2.15 (2) 2.915 (3) 153 (3) 
C4-H4.- -Or 0.93 2.60 3.476 (3) 158 
C11 -H11-04' 0.93 2.53 3.396 (3) 155 
C6-H6- • .08' 0.93 2.55 3.349 (3) 144 

Symmetry codes: (i) - z 	(ii) -x, y - z +1; (iii) -x +1,y - 1, -z +i; 
(iv) -x +1,y 11. - z (v) x. -y +i,z +1: (v) x - 1.y.z;(vii) x+1. -y+i.x+1; 
(viii) x +1,y, z; (ix) -x, -y +2. -z; (x) -x, -y + 1. - z. 

Data collection: SMART (Bruker, 2001); cell refinement: SAINT 
(Bruker, 2001); data reduction: SAINT; program(s) used to solve 
structure: SHELXTL (Sheldrick, 2001); program(s) used to refine 
structure: SHELXTL; molecular graphics: DIAMOND (Branden-

burg 1999); software used to prepare material for publication: 

SHELXTL and local programs. 
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The title compound, [Sr(C7H4N04)(H20)7liC7a4N04)•2H20, 
was synthesized from the aqueous reaction of strontium 
carbonate with 4-nitrobenzoic acid. The structure consists of a 
nine-coordinate heptaaqua(4 -nitrobenzoato -k20,0') - 

strontium(H) complex cation, an uncoordinated 4-nitro-
benzoate anion and two solvent water molecules. The cations, 
anions and solvent water molecules are linked with the aid of 
several 0-H- - -0 and C-H- - -0 interactions, resulting in a 
three-dimensional hydrogen-bonding network. The hydrogen 
bonding between a solvent water molecule and a symmetry-
related solvent water molecule results in the formation of a 
water dimer. 

Related literature 

For a recent review of the chemistry of metal carboxylates, see: 
Rao et aL (2004). The structures of the 4-nitrobenzoate 
(4-nba) complexes of the lighter alkali earths [Mg(H 20)6]-
(4-nba) 2.2H20 and [Ca(H 20)4(4-nba-K20,01(4-nba-K 1 0] 
have been reported recently (Srinivasan et al., 2006; Srini-
vasan, Sawant et al., 2007). For related literature, see: Srini-
vasan, Sawant & Ragahavaiah (2007); Bondi (1964). For 
reviews of hydrogen-bonded water clusters in crystalline 
hydrates, see: Infantes & Motherwell (2002); Supriya & Das 
(2003). 

Experimental 

Crystal data 

Pr(C7H4N04)(1120)71 -  a = 6.7364 (7) A 
(C,H,N04-2H20 b= 11.1705 (12) A 

M, = 581.99 c = 31.738 (3) A 
Monoclinic, P2 1 Ic = 95.568 (2)° 
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Abstract. The aqueous reaction of [Mg(H 20)6 ]C1 2  with the in situ generated sodium salt of 4-nitro-
benzoic acid (4-nbaH) and N-methylimidazole (N-Melni) results in the formation of the dinuclear complex 
[Mg(H20)(N-MeIm)2(4-nba) 2 b. 1 (4-nba = 4-nitro benzoate), while the direct reaction of [Mg(H20)61C12 
with sodium 4-nba leads to the formation of the mononuclear complex, [Mg(H 20)6 ](4-nba) 2 .2H,0 2. In 
the centrosymmetric dialer 1, each Mg atom is coordinated to an aquo ligand, two monodentate N-Melm 
ligands and a monodentate 4-nba ligand. The second 4-nba ligand functions as a bridging bidentate 
ligand, linking the metal centers and completes the hexacoordination around each Mg(II). The dimcric 
molecules of 1 are linked into a one-dimensional chain along b with the aid of intra- as well as intermo-
lecular H-bonding interactions between the coordinated water and the free oxygen atom of the monoden-
tate 4-nba ligand. In the mononuclear complex [Mg(H 20)6 ](4-nba) 2 •2H20 2, the Mg(II) is located on an 
inversion center and its structure consists of an octahedral [Mg(11,0) 6 ] 2+  dication, a free uncoordinated 4- 
nba anion and a lattice water molecule. One of the H atoms attached of the lattice water is disordered 
over two positions. The hexaaquomagnesium(II) dication, the 4-nba anion and the lattice water molecule 
are linked by intra- and intermolecular H-bonding interactions resulting in the formation of alternating 
layers of [Mg(H,0) 6 ] 2+  dications and 4-nba anions in the crystallographic be plane. The lattice water 
molecules are situated between the cations, while the 4-nba anions are arranged antiparallel to each other 
along b. 

Keywords. 4-Nitrobenzoic acid; N-methylimidazole; monodentate; bridging bidentate; H-bonding in-
teractions; hexaaquomagnesium(II). 

1. Introduction 

Magnesium is a biologically relevant element in 
view of its widespread occurrence in nature (e.g. Mg 
in chlorophyll) and in the body. Mg(II) plays an es-
sential role in the activation of enzymes, complexation 
with nucleic acids, nerve impulse transmission etc. 
Hence the study of Mg(II) complexes has been un-
dertaken by several research groups in order to un-
derstand the mode of binding of Mg(II) in vivo and 
in vitro." Many of these studies have focused on 
the use of carboxylate ligands like aspartate, gluta-
mate, salicylic acid and more recently amino and 

Dedicated to Prof. Dr. Werner Weisweiler on the occasion of 
his 69th birthday 
*For correspondence 

mercaptobenzoates." While such studies are im-
portant to enhance our understanding of Mg bio-
chemistry, a recent interest in this area is in terms of 
the rich structural chemistry exhibited by the alkali-
earth metal complexes. It is to be noted that the car-
boxylate group is a versatile ligand and exhibits a 
variety of binding modes. 15 '' 6  This property of the 
carboxylate ligand combined with the fact that many 
metal-carboxylates are hydrated and contain both 
coordinated as well as crystal water molecules, 
which can participate in H-bonding interactions: 7. ' 8 

 can be used to construct novel supramolecular 
metal-organic architectures. The study of crystalline 
hydrates is an area of current research, I9  as these 
compounds can function as molecular containers for 
trapping small water clusters, which exhibit interest-
ing structures of H-bonded water molecules. 2° ' 21  

243 
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In the earlier work we have investigated the spec-
tral and thermal characteristics of hydrated Mg(II)-
complexes of the isomeric nitrobenzoic acids and 
had attributed their dehydration characteristics at 
higher temperatures to the differing nature of H- 
bonding interactions of the nitro group as compared 

• s  to the amino analogue. 22 
 As part of this research 23.24  

we are investigating the synthesis and structural as-
pects of alkali-earth nitrobenzoates with N-donor 
ligands and have recently reported the structures of 
the mixed ligand complexes [Mg(H20)2(Im)2(4-nba) 2 ] 
and [Ca(H20) 3 (Im)(4-nba) 2 ]•Im (Im = imidazole). 25 

 In continuation of this work, we wish to describe the 
synthesis, spectral and structural characterization of 
the dimeric Mg(II) complex obtained by using N-
methylimidazole (N-Melm) as the N-donor ligand. 
In addition, the crystal structure of [Mg(H 20)6](4- 
nba) 2 .2H2 0 is described in this paper. 

2. Experimental 

2.1 Materials and methods 

All the chemicals used in this study were of reagent 
grade and were used as received. The starting mate-
rials as well as reaction products are quite stable in 
air and hence were routinely prepared under normal 
laboratory conditions. The details of instrumentation 
were the same as described in our earlier reports. 24' 25 

 The insoluble 4-nitrobenzoic acid (4-nbaH) obtained 
on acid treatment of the complexes was weighed as 
described earlier 22  and metal analysis was performed 
titrimetrically following a standard procedure. 26  

2.2 Preparation of [Mgal20(N-Melm)2(4-rtba)2.12 
1 and [Mg(H2 0) 6.1(4-nba)2 .2H20 2 

A mixture of MgCO 3  (0.84 g, 10 mmol) and 4-nbaH 
(3.34 g, 20 mmol) was taken in water (50 ml) and 
heated on a steam bath. The insoluble starting mate-
rials slowly started dissolving as evidenced by the 
brisk effervescence. The heating of the reaction mix-
ture was stopped when there was no more evolution 
of CO 2 . At this stage the reaction mixture was almost 
clear and the pH was close to neutral. The reaction 
mixture was filtered and N-MeIm (3.2 ml, 40 mmol) 
was added to the hot filtrate. The solution was stirred 
and concentrated to around 10 ml and left undistur-
bed for a few days. The pale yellow crystalline 
blocks that separated were filtered, washed thoroughly 
with ether and dried in air. Yield 89%. Complex 1 

can also be prepared by using magnesium chloride 
as the Mg source. [Mg(H20)6]C12 (2.03 g, 10 mmol) 
was dissolved in water (10 nil). Into this, an aqueous 
solution (40 ml) of sodium salt of 4-nbaH generated 
in situ from 4-nbaH (3.34 g, 20 mmol), NaHCO 3 

 (1.68 g, 20 mmol) was added, followed by the addi-
tion of N-Melm (3.2 ml, 40 mmol). The reaction 
mixture was concentrated to about 15 ml, filtered 
and kept aside for crystallization. The pale yellow 
crystalline blocks of 1 that separated after a week 
were filtered, washed with ice-cold water (2 nil), 
followed by ether and dried in air. Yield: 77%. The 
IR spectra of the complexes obtained in both the 
methods are identical. In the absence of any added 
N-Melm into the reaction mixture, the mononuclear 
complex 2 was isolated in 90% yield. 

IR data 1 in cm-1  3441 (s), 3129 (s), 3105 (s), 
3053 (s), 2884 (w), 2818 (w), 2610 (w), 2444 (w), 
2272 (iv), 2207 (w), 1944 (w), 1807 (w), 1720 (m), 
1645 (s), 1614 (s), 1582 (s), 1516 (s), 1487 (m), 
1404 (s), 1346 (s), 1319 (s), 1287 (s), 1238 (s), 1173 
(w), 1142 (w), 1107 (s), 1088 (s), 1028 (m), 1015 
(m), 968 (w), 939 (s), 880 (s), 868 (s), 827 (s), 802 
(s), 781 (s), 758 (s), 725 (s), 702 (s), 667 (s), 621 
(s), 563 (s), 517 (s). 

Analysis - Found (calcd.) for C441144Mg2N120, 8 1: 
Mg 4.54 (4.51); 4-nbaH 60.25 (61.65); C 49.09 
(49.01); H 4.20 (4.12); N 15.84 (15.59); Mg0 7.83 
(7-48). 

2.3 X-ray crystal structure determination 

Intensity data for 1 was collected on a STOE Image 
Plate Diffraction System and on an AED-II four circle 
diffractometer for 2, using graphite-monochromated 
Mo-Ka  radiation (2= 0.71069A). The structures 
were solved with direct methods using SHELXS-
97 27  and refinement was done against F 2  using 
SHELXL-97. 27  All non-hydrogen atoms were re-
fined anisotropically. Aromatic hydrogens were in-
troduced at their calculated positions and included in 
the refinement riding on their respective parent at-
oms. In compound 1 the H-atoms attached to the 
C34 of the methyl group of the N-MeIm ligand are 
disordered in two orientations rotated by 60' relative 
to each other. Therefore, they were refined using the 
HFIX 127 command for disordered methyl groups in 
SHELXL-97. In compound 2 one of the H atoms 
(H80) attached to the lattice water (014) is disor-
dered over two positions and was refined using a 
split model with site occupation factors of 50 : 50. 
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Table 1. 	Technical details of data acquisition and selected refinement results for 1 and 2. 

Compound [Mg(H20)(N-McIm) 2(4-nba) 2 1 2  1 [Mg(H20)6](4-nba) 2  2H70 2 

Formula 
Temperature [K] 
Wavelength [pm] 
Space group 
a [A] 
b [A] 
c [Al 
a[ ° ] 
/3 1°] 
rt°1 
Volume [A3 ] 

finfri l l 
F(000) 
Crystal size [mm3 ] 
Molecular weight [g/mol] 
Density (calcd.) [g cm-3 ] 
hkl Range 
2 0 range (°) 
Reflections collected 
Reflections unique 
Data (Fo> 2a(Fo)) 
Rint. . 
Ap [e/A3] 
Parameters 
Rl[Fo > 2a (Fo)] 
WR2 for all unique data 
Goodness of fit 

C44H44Mg2N1 2018 
293(2) 
71.073 
Triclinic, P1 
8.3235(6) 
11.1564(8) 
13.9034(11) 
92.89(1) 
97.06(1) 
90.08(1) 
1279.6(2) 
1 
0.132 
560 
0.5 x 0.4 x 0.4 
1077.53 
1.398 
-10/10, -14/14, -18/18 
4-82-56.10 
14594 
5953 
4629 
0.0308 
0.326/-0.232 
346 
0.0449 
0.1219 
1.034 

4 1-1 24MgN2016 
293(2) 
71.073 
Triclinic, Pi 
6.0182(14) 
7.4098(18) 
12.3517(17) 
98.58(2) 
96.81(2) 
91.74(2) 
540.2(2) 
1 
0.17 
262 
0.2 x 0.1 x 0.1 
500.66 
1.539 
0/8, -10/10, -17/17 
3-60 
3456 
3176 
2242 
0.0220 
0-41/-0.36 	• 
152 
0.0465 
0.1432 
1.025 

By this disordering alternative hydrogen bonding in-
teractions occur. The H atoms of all the coordinated 
water molecules of 1 and 2 were located in the dif-
ference Fourier maps and refined with fixed isotropic' 
displacement parameters. The technical details 
of data acquisition and some selected refinement re-
sults for both the compounds are summarized in 
table 1. 

3. Results and discussion 

3.1 Synthesis 

For the synthesis of Mg(II)-carboxylates, two syn-
thetic methods, which differ in terms of the metal 
source can be used. The syntheses involve either the 
aqueous reaction of MgCO 3  with 4-nbaH in a 1 : 2 
mole ratio or the reaction of MgCl 2  with 4-nbaH in 
the presence of a weak base like NaHCO3. Although 
the metal carbonate route takes a longer reaction 
time as well as higher temperature (100°C) in order 
to solubilize the insoluble carbonate in the presence 

of the aromatic acid, which is also insoluble, the 
method is slightly advantageous, in that the carbon-
ate anion is removed in the form of CO 2 . In the chlo-
ride route performed at room temperature, the 
chloride anions remain in solution as the highly 
soluble NaCI and the less soluble carboxylate crys-
tallizes out. It is to be noted that the synthesis of the 
hexaaquomagnesium(II) bis(4-nitrobenzoate) di-
hydrate 2 by the carbonate route has been described 
by us in an earlier report along with its spectral and 
thermal characteristics. 22  But the crystal structure 
was not reported. In the present work we have inves-
tigated the reactions of Mg(II) with 4-nbaH in the 
presence of excess N-MeIm and this reaction results 
in the formation of a new complex containing 
Mg : 4-nbaH : N-Melm in a 1 : 2 : 2 mole ratio as 
evidenced by the analytical data. In the absence of 
the N-donor ligand the previously reported complex 
2 was isolated indicating that 2 is a probable inter-
mediate in the formation of 1. Compound 1 is not 
stable in acid as evidenced by its decomposition in 
dilute HCI resulting in the quantitative formation of 
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insoluble 4-nbaH, which was analyzed as described 
earlier. n  

3.2 Spectral and thermal studies 

The electronic spectrum of 1 exhibits a signal at 
around 274 nm and is similar to that of the N-MeIm 
free complex 2. This signal can be assigned to the 
intramolecular charge transfer transition of the aro-
matic acid. The infrared spectrum of 1 exhibits sev-
eral sharp bands in the mid IR region, indicating the 
presence of the organic moieties. A comparison of 
the IR spectrum of 1 with that of 2 reveals the pres-
ence of additional bands in 1 as well as a different 
profile in the region above 3000 cm"' (see web ver-
sion). The additional bands in 1 can be attributed to, 
as originating from the N-helm ligand. Further the 
differing nature of spectra in the carboxylate region 
(1650 to 1400 cm") can probably be due to a differ-
ing ligational mode of the 4-nba ligand in the mixed 
ligand compound. However, no definite conclusions 
can be drawn on the structure based on IR data alone. 
The X-ray powder pattern of 1 shows several sharp 
reflections indicating its crystalline nature and the 
pattern is quite different from 2 (see web version). 
The differing nature of the pale yellow complex 1 is 
also further evidenced from the isothermal mass loss 
studies. Complex 1 is thermally more stable as com-
pared to 2 and does not exhibit any loss in weight 
when heated on a water bath unlike 2, which starts 
decomposing at 60°C. When heated at a slightly 
higher temperature of 130°C the observed mass loss 
of 7.3% is more than twice the expected value 
(3.35%) for emission of only water. All efforts to 
prepare the anhydrous compound were not success-
ful. Pyrolysis of 1 in a Bunsen flame or alternatively 
in a furnace at 800°C resulted in the formation of a 
white residue, which was identified as the binary 
metal oxide based on the mass loss as well as metal 
analysis. The complete loss of organic part could 
also be evidenced from the featureless IR spectrum. 
The TG-DTA study of 1 (figure I) further reinforces 
these observations. Thus the TG-DTA thermogram 
exhibits an endothermic event with a DTA peak at 
132°C, which can be attributed to the emission of 
coordinated water. However the observed mass loss 
of 4.66% is slightly more than the expected value of 
3.35% indicating that the removal of water results in 
further mass loss which is also evidenced by the 
rapid drop in the TG curve. The TG curve exhibits a 
second endothermic event at 218°C, which can be 

attributed to the possible removal of the neutral N-
MeIm ligand. The remaining events at 348, 412, 528 
and 554°C are exothermic indicating the decomposi-
tion of the complex, resulting in the formation of a 
white residue. In the absence of associated mass 
spectral data of the emitted fragments, no definite 
conclusions can be drawn on the nature of decompo-
sition process. Above 600°C the TG curve is parallel 
to the X-axis and the observed residue of 7.4% is in 
good agreement with the expected value of 7.4% for 
the formation of MgO. The formation of the oxide 
phase is further confirmed by its X-ray powder pat-
tern. Taken together, the colour as well as the ob-
served yield in the synthesis, analytical data, IR 
spectra, powder pattern, TG-DTA and weight loss 
studies, reveal the formation of a new complex con-
taining Mg(II), 4-nba and the N-donor ligand in a 
1 : 2 : 2 stoichiometry. The results of the crystal 
structure determination described below, add more 
credence to the above observations. 

3.3 Description of crystal structures 

Complex 1 crystallizes in the centrosymmetric tri-
clinic space group PT and its asymmetric unit con-
sists of half of the dimeric complex molecule. In the 
centrosymmetric dimer, each Mg atom is coordina-
ted to an aquo ligand, two monodentate N-Melm 
ligands and a monodentate 4-nba ligand. The second 
4-nitrobenzoate ligand functions as a bridging bi-
dentate ligand, linking the metal centers and com-
pletes the hexacoordination around each Mg(II) 
(figure 2). This binding mode of the 4-nba ligand re- 

2,;0 	
400 
	

DO 
	

800 

Temperature (SC) 

Figure 1. TG-DTA thermogram of complex 1. 
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Figure 2. The crystal structure of 1 showing the atom-labelling scheme. Displacement 
ellipsoids are drawn at the 50% probability level except for the hydrogen atoms, which are 
shown as circles of arbitrary radius. Symmetry code: #1 — x, —y + 2, —z + 1. 

Table 2. 	Selected Bond lengths and angles [A, for I'Mg(H 20)(N-Melm) 2(4-nba)2 1 2  1 . 

Mg(1)-0(11) 2.0395(11) Mg(1)-0(5) 2.1170(11) 
Mg(1)—O(12)#1 2.0715(11) Mg(1)—N(32) 2.1780(13) 
Mg(1)—O(2) 24105(11) Mg(1)—N(22) 2.1986(13) 

0(11)—Mg(1)-0(12)#1 94.68(4) 0(2)—Mg(1)—N(32) 89 39(5) 
O(11)—Mg(1)-O(2) 171.57(4) 0(5)—Mg(1)—N(32) 89-18(5) 
0(12)# 1—Mg(1)-0(2) 92.47(4) 0(11)—Mg(1)—N(22) 90.75(5) 
O(11)—Mg(1)—O(5) 86.54(4) 0(12)# 1—Mg(1)—N(22) 89.45(5) 
0(12)#1—Mg(1)-0(5) 178.13(4) 0(2)—Mg(1)—N(22) 84.85(5) 
O(2)—Mg(1)—O(5) 86.43(4) 0(5)—Mg(1)—N(22) 91.97(5) 
O(11)—Mg(1)—N(32) 95.16(5) N(32)—Mg(1)—N(22) 17404(5) 
O(12)#1—Mg(1)—N(32) 89.29(5) 

Symmetry transformations used to generate equivalent atoms: #1 —x, —y + 2, —z + 1 
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suits in the formation of the characteristic eight 
membered ring observed in bridged dinuclear car-
boxylates, consisting of two Mg atoms, four oxygen 
atoms and two carbon atoms from the carboxylate 
moieties of the bridging ligands. The observed bond 
lengths and bond angles of the organic moieties are 
in the normal range. The Mg 1-02 bond distance ob-
served for the monodentate 4-nba in 1 is shorter at 
21105(11) A as compared to the Mg-0 bond dis-
tances of the bridging bidentate 4-nba ligand (table 
2). The Mg-N bond lengths in 1 are slightly longer 
than the reported 25  Mg-N bond length of 
2.1726(17) A in the mononuclear Mg-imidazole 

complex [Mg(H20) 2 (Im) 2 (4-nba) 2]. The cis 0-Mg-
0 and 0-Mg-N angles in 1 range from 84.85(5) to 
95-16(5)° with one of the angles close to the ideal 
value, while the trans bond angles range from 
171.51(4) to 178.13(4)° indicating a slight distortion 
of the {MgO 4N2 } octahedron. An analysis of the 
structure reveals that the dimeric Mg(II) complex 1 
exhibits two short H-bonding interactions accompa-
nied by large DHA angles (table 3) between a coor-
dinated water and the free oxygen atom of the 
monodentate 4-nba. Both these 0-H...0 contacts are 
much shorter than the sum of their van der Waals 
radii 28  and the coordinated water functions as a 
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Figure 3. Linking of a dimeric complex 1 with the next unit along b by an intermolecular H-bond result-
ing in the formation of a one-dimensional network. For clarity the H atoms attached to C are not shown. 

Table 3. Hydrogen-bonding geometry (A, °) for IMg 
(H20)(N-Melm) 2 (4-nba) 2 1 2  1. 

D—H•••A (D—H) (D•••A) <DHA 

05—H105•••O1' 0.84 	1.987 2.809 166 
05—H205•••01 0.84 	1.922 2.738 163 

Symmetry code: i) —y + 1 , —z + 1 

Figure 4. The crystal structure of 2 showing the atom-
labelling scheme. Displacement ellipsoids are drawn at 
the 50% probability level except for the hydrogen atoms, 
which are shown as circles of arbitrary radius. One of the 
11 atoms attached to the lattice water (014) is disordered 
over two positions. Symmetry code: # i —x, —y, —z + 1. 

singly shared H-donor and the free carboxylate oxygen 
01 functions as a H-acceptor. One of these H-bonds, 
is intramolecular and the other intermolecular, link- 

ing a dimeric unit with the next resulting in the for-
mation of a one-dimensional H-bonded network 
along b (figure 3). 

Compound 2' crystallizes in the centrosymmetric 
triclinic space group PI and the Mg(II) is located on 
an inversion centre. The structure of 2 consists of a 
[Mg(H20)6] 2 ' cation, a free 4-nba anion and a lattice 
water molecule (figure 4). The octahedral hexaaquo-
magnesium(II) cation is a well known unit and has 
been reported in several Mg(II) complexes. 9• 1°.29  The 
cis 0—Mg--0 angles in the {Mg0 6 } octahedron 
range from 88.6° to 91.5° (table 4). The Mg-0 bond 
distances in the [Mg(H 2 0)6 ] 2+  unit of 2 range from 
2.046(2) to 2.088(2) A and are shorter than the ob-
served Mg-0 (H 2O) bond distance of 2.1170(11) in 
the dinuclear complex 1. The observed bond lengths 
and bond angles of the 4-nba anion are in the normal 
range and are comparable with those reported for 
compounds containing the free 4-nba anion. 3°  An 
analysis of the crystal structure reveals that the 
monomeric Mg(II) complex 2 exhibits several H-
bonding interactions through all possible sites, with 
the oxygen atoms of the carboxylate and nitro 
groups functioning as H-acceptors, while the H atoms 
of the coordinated waters act as H-donors. The lat-
tice water (014) functions as H-donor and is linked 
intramolecularly to the carboxylate oxygen 01 via 
014,1170 ,  01 interaction. As mentioned earlier, one 
of the H atoms attached to the lattice water is disordered 
over two positions (H80 and H90). The disordered 
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Table 4. Selected bond lengths and angles [A, 1 for [Mg(H20)6](4-nba)2.21120 2. 

Mg(1)-O(11) 2.088(2) Mg(1)-0(11)41 2.088(2) 
Mg(1)-0(12) 2.066(2) Mg(1)-0(12)41 2.066(2) 
Mg(1)-O(13) 2.046(2) Mg(1)-0(13)41 2.046(2)) 

0(13)-Mg(1)-0(12)41 88.6(1) 0(13)41-Mg(1)-0(12)41 91.5(1) 
0(13)-Mg(1)-0(12) 91.5(1) O(13)#1-Mg(1)-O(12) 88.6(1) 
0(13)-Mg(1)-0(11) 89.9(1) 0(13)41-Mg(1)-0(11) 90.1(1) 
0(12)41-Mg(1)-0(11) 89.6(1) O(12)-Mg(1)-O(11) 90.4(1) 
0(13)-Mg(1)-0(11)41 90.1(1) 0(13)41-Mg(1)-0(11)41 89.9(1) 
0(12)41-Mg(1)-0(11)41 904(1) 0(12)-Mg(1)-0(11)41 89.6(1) 
0(11)-Mg(1)-0(11)41 180.0(1) 0(13)-Mg(1)-0(13)41 180.0 
0(12)41-Mg(1)-0(12) 1800 

Symmetry transformations used to generate equivalent atoms: #1 -x, -y, -z + 1 

011 

4411t-4 

Figure 5. A view of the surroundings of the lattice water showing the H-acceptor 
bonds with the coordinated waters 011 and 012, a H-dori.or bond (014-H70•01) to 
the carboxylate oxygen 01. The H atom involved in the formation of the centro-
symmetric cyclic water dimer is disordered over two positions. The red and blue dot-
ted lines indicate the H-bonding of the disordered atoms. Symmetry codes: i) -x + 1, 
-y + 1, -z + 1; ii)x y - 1, z; iii) -x, -y, -z + 1. 
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hydrogen (H80) on 014 is H-bonded to another lat-
tice water through 014-H80-.014 bond, while the 
H90 is linked to a coordinated water 011 via 014- 
H90-.011 bond resulting in the formation of a cen-
trosymmetric cyclic water cluster (figure 5). The 
014-H80-014 interaction taken separately consti-
tutes a centrosymmetric cyclic water dimer. 

Water oligomers have been extensively investiga-
ted by spectroscopic methods 31 ' 32  and theoretical 
calculations. 33-35  In recent years the crystallographic 
identification of several H-bonded water clusters 36 

 especially linear water dimers in crystalline hydrates 
has been reported. 37-39  The patterns of water clusters 
within the Cambridge Structural Database (CSD 
Version 5.23 April 2002) have been reviewed by In- 

fantes and Motherwell 2 ' and classified as discrete 
chains and rings, infinite chains and tapes, and layer 
structures. According to this classification many of 
the reported water clusters fall in the category of 
discrete chains with water dimers accounting for the 
majority of the structures. Interestingly there is no 
mention of a cyclic water dimer in this review. 2 ' In a 
recent paper, Das and coworkers have reported on 
the identification of a water nonamer, which features 
an inbuilt cyclic water dimer, in a tetranuclear cop-
per complex. 4°  To the best of our knowledge, there 
is no other cyclic water dimer crystallographically 
characterized till date, other than the inbuilt cyclic 
water dimer mentioned above. The observed 0•••H 
and 0•••0 distances of 2.282 and 3.031 A in the cyclic 
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Figure 6. A view of the packing of 2 showing the alternating layers of [Mg(H20)6] 2+  cations and 4- 
nitrobenzoate anions in the crystallographic bc plane. The lattice waters are located between the cations, 
while the anions are arranged antiparallcl to each other along b. For clarity H-bonds are not shown. 

Table 5. Hydrogen-bonding geometry (A, 0) for 
U\48(H20)61(4-nba)2•2H20 2.. 

D-H•••A (D-H) (H -A) (D ...A) <DHA 

011-H10-014" 0.82 1.988 2.803 172 
011-H20••03'" 0.82 2.402 3.216 172 
011-H20•04' 0.82 2.407 3.029 133 
012-H30••01' 0.82 1830 2.646 174 
012-H40•.014 0.82 2.428 3.103 140 
013-HSO.•02' 0.82 1.830 2.648 176 
013-H60••01" 0.82 2.030 2.849 177 
014-H70••01 0.82 1.994 2.783 161 
014-H80••014' 0.82 2.233 3031 165 
014-H90••011'" 0.82 2.315 2.977 138 

Symmetry code: i) -x+ 1, -y + I, -z + 1; ii) x, y - 1, z; 
iii) -x, -y, -z + 1; iv) x, y - 1, z - I; v) x - 1, y - I, z 

water dimer in 2 are shorter than the sum of their 
an der Waals radii but longer than the reported val-

ues for nearly linear water dimers identified in other 
crystalline environments" 39  and the inbuilt cyclic 
water dimer." Interestingly the OHO angle of 165° 
which indicates a strong interaction, is more than the 
reported value of 160 °  for the inbuilt cyclic water 
dimer." The disorder of the hydrogen atom involved 

in the formation of the cyclic water dimer can 
probably account for the observed metric parameters 
of the 014-H80••.014 interaction. In addition, the 
lattice water forms I-I-acceptor bonds with the coor-
dinated waters intra- as well as intermolecularly re-
sulting in the bridging of the cyclic water dimer by 
four [Mg(H20)6] 2+  cations. All H-atoms involved in 
H-bonding are singly shared donors excepting H2O 
attached to 011. Unlike the 014 atom of the lattice 
water and the 01 atom of the carboxylate group, 
which function as trifurcated acceptors, the oxygen 
atoms of the nitro group as well as the 02 of the 
carboxylate act as singly shared acceptors. The ob-
served 0-H•••0 interactions in 2 ranging from 1.830 
to 2.428 A are shorter than the sum of their van der 
Waals radii n  and are accompanied by OHO bond 
angles ranging from 133 to 177° (table 5) These in-
teractions lead to the formation of alternating layers 
of anions and cations in the crystallographic bc 

plane and the lattice waters are situated between the 
dications (figure 6). As a result of the H-bonding 
pattern in 2. the 4-nba anions are arranged antiparal-
lel to each other along b. An analysis of the short 
ring interactions and distances between the ring cen-
troids (Cg-Cg) indicates a nearly overlapped ar- 
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rangement of 4-nba anions in the crystal structure of 
2 and the perpendicular distance of 3.388 A accom-
panied by Cg—Cg distance of 3674 A between the 4- 
nba rings is indicative of tr— tz' stacking interactions. 

3.4 Comparative chemistry of magnesium 
4-nitrobenzoate complexes. -  

A comparative study of the structures of 1 and 2 and 
the recently reported mixed ligand complex 25 

 [Mg(H2 0) 2(Im) 2 (4-nba) 21 reveals certain similarities 
and many differences. In all the three complexes, 
which contain Mg and 4-nba in a 1 : 2 ratio the cen-
tral metal is hexacoordinated. However, the 4-nba 
anion exhibits different ligational behaviour. In 
complex 1 both monodentate and bridging bidentate 
modes of 4-nba are observed, and in 2 the 4-nba is 
uncoordinated while in the irnidazole complex it is 
monodentate. In all the three complexes, which crys-
tallize in the centrosymmetric triclinic PT space 
group the metal ion is differently hydrated. Thus the 
metal : H 2O ratio is 1 : 1 in the dimeric Mg complex 
1 and 1 : 2 in the Mg—Im complex and in both these 
complexes the waters are coordinated to Mg. In con-
trast, the Mg : H 2 O ratio in 2 is 1 : 8 and 2 contains 
both coordinated and lattice waters. All the three 
complexes exhibit intermolecular H-bonding inter-
actions and the resulting H-bonded networks are 
quite different. The complexes 1 and 2 are H-bonded 
with the aid of 0—H.-- 0 interactions, while in 
[Mg(H20)2(Im)2(4-nba)21 two types of interactions 
namely 0—H.•.0 and N—H••.0 bonds are observed. 
The N-donor ligand free complex 2 is involved in 
intermolecular interactions through all its possible 
sites resulting in the formation of a three dimen-
sional H-bonding network and encapsulating a cy-
clic water dimer which is further H-bonded to four 
different hexaaquomagnesium(II) ions. The incorpo-
ration of Im as well as 4-nba in the coordination 
sphere of Mg in [Mg(H20)2 (Im) 2 (4-nba)21 results in 
an intricate three dimensional network with the aid 
of two varieties of H-bond. In the Im complex only 
one of the nitro oxygen is H-bonded unlike in 2 
where both the oxygen atoms of the —NO 2  function-
ality are H-bonded to the coordinated waters. The 
incorporation of N-Melm as well as 4-nba in the co-
ordination sphere of Mg(II) in 1 results in the formation 
of a dimeric complex. As expected, the substitution 
of H atom attached to the amino N in Im by —CH 3  in 
the N-MeIm ligand not only blocks the H-bonding at 
this site, which is observed in the Mg—Im complex, 

but results in the formation of a one dimensional H-
bonded network. 

4. Conclusions 

The aqueous reaction of MgC12 with sodium 4-nba 
and N-MeIm or alternatively the reaction of MgCO 3 

 with 4-nbaH and N-MeIm in a 1: 2: 4 mole ratio 
results in the formation of the dimeric Mg complex 
1 in good yields. In the absence of any N-donor 
ligand complex 2 is obtained. Both the compounds 
are obtained as phase pure solids as evidenced by a 
comparison of the powder pattern of the bulk sample 
with that of the calculated pattern from the single 
crystal data. 1 is thermally more stable as compared 
to 2 and at elevated temperatures (-800°C), is de-
composed to MgO. Both complexes, which crystal-
lize in the triclinic Pi space group exhibit different 
binding modes of the 4-nba ligand. An interesting 
aspect of the structure of complex 2- is the identifica-
tion of a cyclic water dimer showing that 2 functions 
as a molecular container for encapsulating a cyclic 
water dimer. A comparative study of the structures 
of three magnesium 4-nitrobenzoate complexes 
reveals that these complexes exhibit a rich structural 
chemistry in terms of the binding modes of the 
4-nba ligand as well as the intermolecular inter-
actions. 

Supplementary material 

Infrared spectra and X-ray powder pattern of com-
pounds 1 and 2, are available on the web version of 
this paper. Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper 
have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication 
no. CCDC 635058 (1), CCDC 635059 (2). Copies,  
of the data can be obtained, free of charge, on 
application to CCDC, 12 Union Road, Cambridge 
CB2 1 EZ, UK. (fax: +4440)1223-336033 or email: 
deposit@cede.cam.ac.uk).  
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Synthesis, spectroscopy, thermal studies and supramolecular 
structures of two new alkali-earth 4-nitrobenzoate complexes 
containing coordinated imidazole 
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Abstract. The reaction of hydrated magnesium or calcium 4-nitrobenzoate (4-nba) generated in situ, 
with imidazole (Im) results in the formation of the complexes [Mg(H 2 0) 2 (1m) 2(4-nba) 21 1 and 
[Ca(H20)3(1m)(4-nba)21-Im 2, which exhibit the same metal:4-nba:Im ratio but different degrees of hydra-
tion. Complex 1 crystallizes in the triclinic PT space group and the Mg atom is located on an inversion 
centre, while 2 crystallizes in the monoclinic P2 1 /c space group and all atoms are located in general posi-
tions. In 1 the Im ligands, which are trans to each other, are coordinated to Mg, while 2 contains coordi-
nated as well as free Im. The monodentate 4-nba ligands are disposed trans to each other in 1, while they 
adopt a cis orientation in 2 resulting in different supramolecular structures. Complex 1 exhibits two types 
of H-bonding interactions namely 0—HAO and N—HAO, while in 2 three varieties of H-bond, viz. 
0-HAO, N—HAO and 0—HAN are observed. The Im ligand functions as a bifurcated H-bond donor in 1 
while the 0 atom of the nitro group functions as a H-bond acceptor. In contrast, the nitro group in 2 is not 
involved in any H-bonding interactions. The free Im in 2 functions as a bifurcated acceptor and forms an 
extended chain linking adjacent complex molecules. The chains thus formed are further cross-linked with 
the aid of H-donor bonds from both the free as well as the coordinated Im. Both 1 and 2 exhibit 77--Ir 
stacking interactions. Complex 1 is thermally more stable as compared to 2, and both complexes can be 
dehydrated to the corresponding anhydrous complexes by heating at 140 and 100°C respectively. At ele-
vated temperatures, both the complexes can be pyrolysed to the corresponding oxide. The anhydrous 
complexes can be rehydrated to obtain the starting hydrated materials. 

Keywords. 4-Nitrobenzoate; imidazole; supramolecular; monodentate; H-bonding interactions; bifur-
cated donor; bifurcated acceptor; 7T- 7T interactions. 

1. Introduction 

The designed construction of extended metal-organic 
network systems is an area of intense research investi-
gations in recent years i  and a variety of organic—
inorganic compounds containing benzene substituted 
carboxylic acid and or N-donor ligands as the orga-
nic part have been structurally characterized. The 
structures of these compounds are held together by 
strong metal—ligand bonding and further stabilized 
by weaker bonding forces such as hydrogen bonding 
and rr— rr interactions. The importance of I-I-bonding 
interactions for the assembly of supramolecular 
structures is well documented in the literature. 2.3  A 
convenient way to build infinite polymeric structures 

*For correspondence 

is by using a multi-functional ligand to link metal 
ions to form an infinite configuration. In this con-
text, substituted benzene carboxylic acids have been 
shown to be very useful reagents by several research 
groups, as evidenced by the impressive array of inte-
resting metal-organic molecular architectures synthe-
sized from these types of ligands." The advantage of 
using benzene-based ligand systems is due to the 
fact that donor groups like —COON, —SH, —NI-I 2  etc. 
can be anchored onto the rigid six-membered benzene 
ring and the resulting supramolecular structures will 
largely depend on the positioning of the donor groups 
on the ring. The donor groups on the six-membered 
ring can also participate in weak H-bonding inter-

actions in addition to the formation of a metal-
ligand bond. Further, the positioning of the different 
donor moieties with respect to each other on the 

I I 
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benzene ring can be changed. In this context, a rich 
structural chemistry of the biologically relevant al-
kali and alkali-earth metals has been recently devel-
oped with amino as well as mercapto benzoic acids. 9-16 

 As part of an ongoing programme, we are investigat-
ing the chemistry of metal complexes of 4-nitro-
benzoic acid (4-nbaH) to exploit the H-bonding 
capabilities of the nitro functionality. 16-is  The versa-
tile ligational behaviour of the 4-nitrobenzoate (4- 
nba) ligand is well documented in the literature. 17-3° 

 Although the nitro group lacks the donor characteris-
tics of the amino functionality to exhibit strong metal-
ligand interactions, it can participate in H-bonding 
interactions by forming H-acceptor bonds and these 
interactions not only affect the properties of the re-
sulting compounds but also lead to interesting su-
pramolecular architectures. R18  In continuation of 
this theme, we wish to present the synthesis, spec-
troscopic, thermal and structural characterization of 
two new alkali-earth 4-nitrobenzoates containing 
imidazole (Im) ligands. 

2. Experimental 

2.1 Materials and methods 

All the chemicals used in this study were of reagent 
grade and were used as received. The starting mate-
rials and reaction products are air stable and hence 
were routinely prepared under normal laboratory 
conditions. The complex [Mg(H20)6](4-nba) 2 .2H20 
was prepared as described earlier. 16  Infrared (IR) 
spectra were recorded on a Shimadzu (IR Prestige-
21) FTIR spectrometer in the range 4000-400 cm -1 . 
The samples for the IR were prepared as KBr diluted 

• pellets in the solid state and the signals referenced to 
polystyrene bands. Electronic spectra were recorded 
using matched quartz cells on a Shimadzu (UV-2450) 
spectrophotometer. The water content of the synthe-
sised complexes were estimated by Karl-Fischer ti-
tration. NMR spectra were recorded on a Bruker WT 
300 MHz FT-NMR spectrophotometer. Single cry-
stal X-ray diffraction study was performed at the 
single crystal X-ray facility at HT, Kanpur (1) and at 
University of Hyderabad (2). The insoluble 4-nbaH 
obtained on acid treatment of the complexes was 
weighed as described earlier 16  and metal analysis was 
performed titrimetrically following a standard pro-
cedure:" Isothermal weight loss studies were per-
formed in an electric furnace fitted with a temperature 
controller.  

2.1 Preparation of [Mg(H20)2(1m)2(4-nba)il I and 
[Ca(H2 0) 3  (Ln)(4-nba) 2] lm 2 

Method 1 — A mixture of magnesium carbonate 
(0.84 g, 10 mmol) and 4-nbaH (3.34 g, 20 mmol) 
waS taken in water (50 ml) and heated on a steam 
bath. The insoluble starting materials slowly started 
dissolving accompanied with brisk effervescence. 
The heating of the reaction mixture was stopped 
when there was no more evolution of CO 2 . At this 
stage the reaction mixture was almost clear and the 
pH was close to neutral. The hot solution was filtered 
into a warm aqueous solution (5 ml) of Im (2.72 g, 
40 mmol) and the entire reaction mixture was con-
centrated to half the volume and left undisturbed for 
3-4 days. The crystalline blocks that separated were 
filtered, washed thoroughly with ether and dried in 
vacuo. Yield: 77%. The use of CaCO 3  instead of 
MgCO3  in the above reaction resulted in the forma-
tion of [Ca(H20)3(1m)(4-nba) 2]-1m 2 in 78% yield. The 
crystals obtained in this method were suitable for X-
ray structure investigations. 

Analysis — Found (calc.) for C20F1,8MgN 60 10, I: 
Mg 4.65 (4.62); 4-nbaH 62.08 (63.46); Mg0 7.83 
(7.66)%. 

IR data in cm-1 : 3375(s), 3151(s), 3078(m), 3049(m), 
1686(w), 1614(m), 1566(s), 1537(s), 1517(s), 1493(m), 
1423(m), 1385(s), 1348(s), 1334(s), 1321(s), 1256(m), 
1157(w), 1103(m), 1072(s), 1012(w), 975(w), 943(m), 
891(m), 842(m), 804(s), 758(s), 727(s), 706(s), 662(s), 
613(s), 521(s). 

'H NMR (DMSO-d6): 8 (in ppm); 8.19 (d, 2H, 
J= 9 Hz), 8-13 (d, 2H, J= 9 Hz), 7.69 (s, 1H), 7.04 
(s, 2H). 

13 C NMR (DMSO-d6): 8 (in ppm) 169.5 (Cl), 
148.9 (C5), 144.1 (C2), 135.8 (C10), 130.8 (C4, 
C6), 123.3 (C3, C7), 122.06 (C8, C9). 

Analysis — Found (calc.) for C201-122CaN60 1 , 2: Ca 
7.32 (7.13); 4-nbaH 59.55 (59.06); Ca0 10.37 
(9.97)%. 

IR data in cm- ': 3640-2560(br), 2440(w), 1952(w), 
1813(w), 1626(s), 1591(s), 1514 (s), 1493(m), 1402(s), 
1352(s), 1321(s), 1280(w), 1256(s), 1173(m), 1142(w), 
1126(w), 1105(m), 1069(s), 1013(m), 980(w), 934(m), 
912(m), 878 (m), 878(m), 864(w), 839(s), 799(s), 
758(s), 725(s),_ 662(c), 613(m), 565 (w), 513 (s). 

'H NMR (D 20): 8 (in ppm); 8.05 (d, 2H, 
J =z 9 Hz), 7.78 (d, 2H, J = 9 Hz), 7.57 (s, I H), 6.93 
(s, 2H). 

13 C NMR (D20): (in ppm) 173.4 (C7, C8), 148.7 
(C3, C12), 142.5 (C6, C9), 136 (C15), 129.5 (C4, 
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C2, C11, C13), 123.3 (C1, C5, C10, C14), 121.7 
(C16, C17). 

Method II - An aqueous solution of sodium 4-nba 
generated in situ from 4-nbaH (3.34 g, 20 mmol), 
NaHCO3  (1.68 g 20 mmol) and water (20 ml) was 
added into [Mg(H 20)6]C1 2  (2.03 g, 10 mmol) in water 
(5 ml). This resulted in the formation of a clear solution, 
which was filtered into an aqueous solution of Im 
(2.72 g, 40 mmol) in water (5 ml). The pale yellow 
solution was then concentrated to half its volume by 
heating on a water bath. The concentrated reaction 
mixture was kept aside for crystallization. Crystals 
that separated after 4-5 days were filtered, washed 
with little ice-cold water (c-t ,' 2 ml), followed by ether 
and dried in air. The product obtained in this method 
(yield 63%) analysed satisfactorily and exhibited 
an identical IR spectrum to that of the product 
from method I. The use of anhydrous CaCl 2 

 (1.11 g, 10 mmol) instead of [Mg(H20)6 ]C1 2  af-
forded complex 2 in 62% yield, which analysed satis-
factorily. 

Method III - A powdered sample of [Mg(1-120)6](4- 
nba),-2H 20 (I mmol, 0.500 g) was heated on a water 
bath for 15 min. The bright yellow-coloured partially 
dehydrated compound thus obtained was reacted with 
an aqueous solution 5 ml) of imidazole (4 mmol, 
0 272 g). The clear solution thus obtained was left aside 
for crystallisation. The product was isolated as des-
cribed above. 1 can also be prepared by mechanically 
grinding [Mg(H20)6](4-nba) 2 .2H 20 (0.500 g) and lm 
(0.136 g) for 20 min, in a mortar and pestle. The 
compound analysed satisfactorily and exhibited an 
identical IR spectrum as that of the product from 
method 1. 

2.2 Preparation of anhydrous complexes 

A powdered sample of 1 (0.488 g) was heated in an 
oven at 140°C for 20 min. This resulted in the 
formation of the anhydrous compound 3. The ob-
served mass loss of 7.65% is in very good agree-
ment with the expected value (7.29%) for the loss of 
two moles of water. 2 can be similarly dehydrated, 
by heating at 100°C on a water bath to obtain 4. 

IR data for 3 in cm -1 : 3282(m), 3132(s), 2955(m), 
2860(m), 1639(s), 1618(s), 1584(s), 1516(s), 1414(s), 
1346(s), 1258(w), 1163(w), 1101(m), 1066(s), I012(m), 
977(w), 937(m), 875(m), 827(s), 800(s), 767(s), 727(s), 
665(s), 617(s), 522(s). 

IR data for 4 in cm I : 3222(s), 3161 (sh), 3143(sh) 
3114(sh), 	3063(sh), 	2950(m), 	2853(m), 	2702(w), 
1947(w), 1713(w), 161 8(sh), 1607(sh), 1583(s), 1522(s), 
1489(w), 1434(w), 1403(s), 1347(s), 1321(s), I262(m), 
1168(w), 1149(w), 1134(w), I 106(w), 1069(s), 1016(m), 
973(w), 964(w), 936(s), 9I6(m), 880(s), 872(s), 826(s), 
802(s), 767(m), 753(s), 741(s), 723(s), 706(m), 692(m), 
660(s), 621(s), 556(w), 511(s), 498(s). 

2.3 Rehydration studies 

The anhydrous compounds were prepared as men- 
tioned above. Equilibriation of a powdered sample 
of 3 or 4 over water vapour, resulted in the forma- 
tion of the starting compounds 1 or 2 in near quanti- 
tative yield in about a day. However, the rehydration 
of 4 is a slow process and requires a longer duration 
of about 3 days. The IR spectra of the rehydrated 
products are identical to that of 1 or 2. 

2.4 Single crystal X-ray diffractometry 

Intensity data for both the compounds were col-
lected on a Bruker Smart Apex CCD diffractometer 
using graphite-monochromated Mo-K a  radiation 
(A= 071069 A). The data integration and reduction 
were processed with SAINT-PLUS software. 32  An 
empirical absorption correction was applied to the 
collected reflections with SADABS 33 . The structures 
were solved using the WINGX program package 34 

 with direct methods using SHELXS-9735  and re-
finement was done against F 2  using SHELXL-97. 35 

 All non-hydrogen atoms were refined anisotropi-
cally. Aromatic hydrogens were introduced on cal-
culated positions and included in the refinement 
riding on their respective parent atoms. The H atoms 
on the N atoms of imidazole ring as well as those of 
all the coordinated water molecules were located in 
the difference Fourier maps and refined with fixed 
isotropic displacement parameters. The technical de-
tails of data acquisition and some selected refinement 
results for both the compounds are summarized in 
table 1. 

3. Results and discussion 

3.1 Synthesis 

The aqueous reaction of Mg or Ca carbonate with 4- 
nbaH in a 1 : 2 mole ratio followed by addition of Im 
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Table 1. 	Technical details of data acquisition and selected refinement results for I 
and 2. 

Compound [Mg(H20)2(Im)2(4-nba)21 [Ca(H20)3(Im)(4-nba)21.Im 

Formula 
Temperature [K] 
Wavelength [pm] 
Space group 
a [A] 
b [A] 
c [A] 
a 13 

[0] 

Y [0 ] 

Volume [Al 

p [mm -I ] 
F(000) 
Molecular weight [g/mol] 
Density (calc) [g cm -3 ] 
hkl Range 
20 range 
Reflections collected 
Reflections unique 
Data (Fo > 4 ct(Fo)) 
R me  
Min/max transmission 
Ap [OA') 
Parameters 
RI [Fo > 4.7 (Fo)] 
WR2 for all unique data 
Goodness of fit 

C20H201\igN6010 
100(2) 
71-073 
Triclinic, PT 
5.533(5) 
8.122(5) 
12.775(5) 
74.80(l) 
87.39(l) 
87.43(1) 
553.1(6) 

0.154 
274 
528.73 
1.587 
-7/6, -10/10, -16/13 
2.60-28-34 
3704 
2636 
2636 
0.0127 

0.318/-0.381 
209 
0.0446 
0.1209 
1.010 

C2oH22CaN601 
273(2) 
7 l -073 
Monoclinic, P2 IK- 
7.6011(5) 
9.9690(6) 
32.407(2) 
90 
95.42(1) 
90 
2444.7(3) 
4 
0.329 
1168 
562.52 
1.528 
-9/9, -12/12, -39/39 
2.14-26-04 
24780 
4822 
4822 
0.0304 
0-9342/0.8743 
0.308/-0.187 
379 
0.0414 
0.1042 
1.048 

results in the formation of the Im coordinated com-
plexes I or 2 in good yields. Initially, the hydrated 
Mg or Ca nitrobenzoates are formed in situ, I6 ' 17  
which then react with Im to yield the Im containing 
products. The use of freshly precipitated metal car-
bonate in the reaction reduces the reaction times for 
the formation of the hydrated nitrobenzoate com-
plexes as compared.to the use of commercial car-
bonate samples. It is interesting to note that the Im 
coordinated bis(imidazole) complex l or the mono 
Im complex 2 can be obtained by maintaining the 
metal and Im in a 1 :4 ratio. The use of reduced 
amounts of lin, i.e. metal : Im in a 1 : 2 mole ratio re-
sults in the formation of an initial product, which 
contains no Im and the 1m ligatecl complexes are ob-
tained in low yields in the second crop. The reason 
for this behaviour is not clear. It has also been ob-
served that the use of an excess of Im (metal : Im ratio 
I : 6) leads to the formation of only the complexes l 
and 2. In the case of complex 2 the use of excess lm 
does not lead to the coordination of a second 1m to 

Ca. Another interesting observation is with respect 
to the amount of water for the preparation of complex 
I. The product is formed in good yields if the reac-
tion mixture is concentrated and the volume of water 
is reduced. In the presence of large amounts of water 
the previously reported complex [Mg(H 20)6}(4-nba) 2 • 
2H20 is obtained t6 . I can also be prepared by par-
tially dehydrating [Mg(H 20)6}(4-nba) 2 .2H20 followed 
by reaction with Im or by mechanical grinding of 
[Mg(H 20)6](4-nba) 2 .2H20 with Im in a 1 :2 ratio. The 
use of alternate starting materials like the alkali-
earth metal chloride and sodium 4-nitrobenzoate result 
in the formation of the same product, indicating the 
high formation tendency of complexes 1 and 2. The 
reaction of i or 2 with dilute Ha leads to the de-
composition of the complexes and formation of 4- 
nbaH in quantitative yields, which was analysed 
gravimetrically. The water content of the complexes 
was estimated by Karl Fischer titrations. Pyrolysis 
of the complexes resulted in the formation of a whitc 
residue, which was identified as the oxide based on 
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the mass loss as well as metal analysis. Both the com-
plexes could be characterized and formulated based 
on these experiments. 

3.2 Spectral and thermal studies 

The IR spectra of the complexes 1 and 2 are very 
similar below 2000 cm-1 . The similarity of the spectra 
in the region between 1750 and 1300 indicates that the 
ligational mode of the 4-nitrobenzoate can be same 
in both the compounds. A very important difference 
in the IR spectra is the observation of a very strong 
and broad signal for the Ca complex between 3650 
to 2550 centred at 3242 cm - ' while the Mg complex 
exhibits a sharper band at 3375 cm - 1 . In contrast, the 
anhydrous compound 3 is devoid of any signals in 
this region. The IR spectra of the rehydrated complexes 
are identical with those of 1 and 2 indicating that the 
signals in this region originate from the —OH functio-
nality. The observation of several sharp signals in the 
mid IR in 1 and 2 indicates the presence of organic 
moieties in both the complexes and these signals are 
also observed in the dehydrated complexes 3 and 4. 
The characteristic absorptions of the carboxylate and 
nitro functionalities are observed as expected. The 
complexes 1 and 2 absorb strongly at 274 nm in the 
UV region, which can be attributed to intramolecular 
charge transfer transition of 4-nbaH. The 'H NMR 
spectra of both the complexes exhibit signals charac-
teristic of 4-nba and Im protons and the chemical 
shifts, of these protons are in the normal range, indi-
cating the presence of both 4-nba and Im. The 13 C 
NMR spectra of 1 and 2 exhibit seven signals each, 
which can be assigned to the carbons of the 4- 
nitrobenzoate and imidazole. Complex 1 is thermally 
stable till about 100°C as no mass loss is observed 
when the complex is heated on a water bath. However, 
when 1 is heated at —140°C, a mass loss of 7.4% is 
observed, which corresponds to the loss of two moles 
of water. Further the dehydrated complex exhibits a 
rich IR spectrum and the band due to —OH vibration 
is not observed. By. -equilibriating the anhydrous 
complex 3 over water vapour, the original complex 
1 was obtained in near quantitative yield as evi-
denced by its characteristic IR spectrum. It is to be 
noted that this phenomenon of de- and rehydration 
has been observed for hydrated 4-amino as well as 
4-nitrobenzoate complexes in our earlier work. 15-Is 

 In the case of 2, a mass loss of 9.02% is observed at 
100°C corresponding to the loss of three moles of 
water. Here again the dehydrated Ca complex 4 

could be rehydrated. Pyrolysis of 1 and 2 at elevatt 
temperatures — 800°C resulted in decomposition ar 
the observed mass loss for this process is in go( 
agreement for the formation of metal oxide. T1 
complete loss of organic part could also be evidenc, 
from the featureless IR spectra. 

3.3 Description of crystal structures 

The complex [Mg(H20)2(1m)2(4-nba) 2] 1 crystalliz, 
in the centrosymmetric triclinic space group Pi" ai 
the Mg(II) is located on a centre of inversion (figu 
1). 1 is isostructural with the corresponding Ni(II). 
Co(II)29  and Mn(I1)3°  analogues (table 2) and the c, 
volume of the Mg complex is very .close to that 
the corresponding Ni(II) complex. The central met 
in 1 is hexacoordinated and is bonded to two tra. 
water molecules and two trans monodentate 4-n1 
anions through 0 atoms, which lie on an apprco 
mate square plane. Two trans Im ligands comple 
the octahedral coordination around Mg. The tra 
0—Mg-0 and N—Mg—N angles show the ideal vah 
of 180°, while the cis 0—Mg-0 and N—Mg—O angi 
range from 87.01(5) to 92.99(5)° (table 3) indicatil 
a slight distortion of the (Mg0 4N2 ) octahedron. T 
observed intra—ligand bond lengths of the Im and 
nba ligands are in the normal range and are 
agreement with those reported in related coy 
pounds. 28-3°  The Mg-0(H2 0) and Mg—O(4 -nba) d 
tances of 1 (table 3) are in good agreement WI 

those observed for the isostructural Co and Ni co, 
plexes and slightly shorter than those of the Mn( 
complex. The Mg—N distance of 2.1726(17) A fo 
is relatively longer than the observed distances 

Figure 1. The asymmetric unit of [Mg(E1 20)2(li 
(4-nba) 2] 1 showing the atom-labelling scheme. Dispkt 
ment ellipsoids are drawn at 50% probability level ext. 
for the H atoms, which are shown as circles of arbiit 
radius. Symmetry code: #1 —x + I, —y + 1, —z + I. 
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Table 2. Comparative metric parameters of [M(H 20) 2(1m)2(4-nba)2] complexes M = Mg, Mn, CO, Ni. 

[Mg(H20)2 (Im) 2 
 (4-nba)21* 

[Mn(H20)2(Im)2 
(4-nba) 2 1 3°  

[Co(H20)2(Im)2 
(4-nba)2] 29  

[Ni(H20)2 (Im)2 
 (4- nba)2i 28  

5.533(5) 5-6745(3) 5.6482(10) 5.644(2) 
8.122(5) 8.1082(3) 8.0559(12) 8.0547(18) 

12.775(5) 12.8399(6) 12.7628(11) 12.716(2) 
74.80(1) 76.73(2) 75.62(1) 75.03(1) 
87.39(1) 88.14(1) 87.92(1) 87.76(2) 
87.43(1) 86.33 (2) 86.92(1) 87.08(2) 

553.1(6) 573-71(5) 561.56(14) 557.5(3) 
3.583 3.624(16) 3.555(14) 3.535(14) 

All the complexes crystallise in the centrosymmetric triclinic space group P. *This work. **Perpendicu-
lar distance from the centre of gravity of one Im ring to another Im ring in a neighbouring complex 

Table 3. Selected bond lengths and angles (A. °) for [Mg(H 20) 2(Im) 2(4-nba) 2] 1. 

Ma(1)-0(3) 2.0822(15) Mg(1)-0(1) 2.1210(13) 
Me(1)-0(3)41 2.0822(15) Mg(1)-N(3) 2.1726(17) 
Mg(1)-0(1)#1 2.1210(13) Mg(1)-N(3)#1 2.1726(17) 
0(3)-Ma(1 )0(3)41 180-00(I) 0(3)41-Mg(1)-N(3) 89.63(5) 
0(3)-Mg(1)0(1)41 91.79(6) 0(1)41-Mg(1)--N(3) 87.01(5) 
0(3)41Mg(1)0(1)#1 88.21(6) 0(1)-Mg(1)-N(3) 92.99(5) 
0(3)-Mg(1)-0(1) 88.21(6) 0(3)-Mg(I)-N(3)#1 89.63(5) 
0(3)#1-1vIg(1)-0(1) 91.79(6) 0(3)#1-Mg(1)-N(3)#1 90.37(5) 
0(1)#1-Mg(1)-0(1) 180.00(1) 0(1)#1-Mg(1)-N(3)41 92.99(5) 
0(3)-Mg(1)-N(3) 90-37(5) 0(1)-Mg(1)--N(3)#1 87.01(5) 
N(3)-Mg(1)-N(3)# 1 180.00(6) 

Symmetry transformations used to generate equivalent atoms: 41 -x + 1,-y + 1,-z + I 

Figure 2. Formation of a H-bonded chain along a axis 
via 0-H-0 interaction showing the linking of coordi-
nated water (03) with a coordinated 4-nitroberizoate of a 
neighbouring molecule (01). H atoms attached to C are 
not shown for clarity. 

2.0602(4) and 2.0944(14) A for Ni and Co com-
plexes but slightly shorter than the Mn-N distance 
of 2.2127(14) A. The affinity of Ni and Co(II) for N 
donor ligands as well as the larger size of the Mn(II) 
ion can probably account for this observation. 

A careful analysis of the structure reveals that the 
coordinated water, 4-nitrobenzoate as well as the 
imidazole in 1 are involved in two types of H-
bonding interactions namely 0-1-1A0 and N-HAO. 
Each molecule of the Mg(II) complex is linked to 
six other molecules with the aid of 0-HAO and N-
HAO bonds (see web version). The coordinated 
water (03) is linked intramolecularly to the free car-
boxylate oxygen atom (02) at a very short distance 

of 1.823 A and with a coordinated carboxylate (01) 
of a neighboring molecule resulting in the formation 
of a H-bonded chain along a axis (figure 2). The 
amine nitrogen (N2) of the coordinated imidazole is 
H-bonded to the free carboxylate oxygen (02) of a 
neighbouring molecule with 02 functioning as a bi-
furcated acceptor. In addition_ , the coordinated imi-
dazole, which functions as a bifurcated hydrogen 
donor, is linked to the oxygen atom of the nitro 
group in a neighbouring complex thus extending the 
network. In all four OAH contacts ranging from 
1.823 to 2.518 A (table 4) are observed and all these 
OAH interactions are shorter than the sum of their 
van der Waals radii. 36  The short ring interactions 
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Table 4. Hydrogen-bonding geometry (A, °) for [Mg(H20) 2(1m) 2(4-nba) 2] 1. 

D—HAA 	d(D—H) d(HAA) 	d(DAA) 	<DHA 	Symmetry code 

03-1-12W2A02 0857 1.823 2.652 162.18 [—x + 1, —y+ l,—z + 1] 
03—HIWIA01 0826 2.002 2.807 164.52 [—x, —y + 1, —z + 1] 
N2—H3N2A02 0.871 2.260 3.011 144.28 [—x + l,—y,—z + 1] 
N2—H3N2A05 0.871 2.518 3132 128.14 [x+ 1,y-1,z+ 1] 

Figure 3. Diagram showing the nearly overlapped 
arrangement of imidazole rings in adjacent molecules of 
1. H-bonds as well as H atoms attached to C are not 
shown for clarity. 

Figure 4. The asymmetric unit of [Ca(H 20)3(Im) 
(4-nba) 2 1•Im 2 showing the atom-labelling scheme. Dis-
placement ellipsoids are drawn at 50 % probability level 
except for the H atoms, which are shown as circles of 
arbitrary radius. 

and distances between the ring centroids (Cg—Cg) 
were analysed by using the program Platon. 37  A 
nearly overlapped arrangement of parallel imidazole 
ligands in neighbouring complex molecules is ob-
served in the crystal structure of 1 (figure 3) and the 

perpendicular distance of 3.583 A accompanied by 
Cg—Cg distance of 3.6382 A between the imidazole 
rings indicates tr— tr stacking interactions. A similar 
feature has been reported in the related isostructural 
Mn, Co and Ni complexes. 28-3°  The observed inter-
planar distance between two imidazole rings of the 
neighbouring molecules in 1 is found to be slightly 
less than the value reported for the Mn(11) complex 
(3.624 A) but longer than that reported for Ni(II) 
(3.535 A) and Co(II) (3.555 A) analogues. For the 6-
membered 4-nba rings, the observed Cg—Cg distance 
of 4.3576 A and the perpendicular distance from the 
centre of one ring to the next ring at 3345 A indi-
cate n-it interactions but the rings do not overlap. 

[Ca(H20)3(1m)(4-nba)21•Im 2 crystallises in the 
monoclinic space group P2 1 /c and all atoms are loca-
ted in general positions (figure 4). The observed 
bond distances and bond angles of the 4-nba ligand 
are in good agreement with those observed for 1. 
The observed values of the trans 0—Ca-0 and 0— 
Ca—N bond angles between 160.19(6) to 177.33(6)° 
and the cis 0—Ca-0 angles ranging from 8078(6) to 
98.73(5)° (table 5) indicate that the (CaO 5N} 
octahedron is severely distorted. The coordination 
sphere of 2 consists of five oxygen atoms, with two 
from cis monodentate nitrobenzoate ligands and the 
remaining three oxygens from aquo ligands. The 
sixth position is occupied by an Im nitrogen and is 
coordinated to Ca at a longer distance of 2.4652(16) A 
unlike in 1 where the imidazoles are bonded to Mg 
at 2.1726(17) A. The second imidazole is free and 
linked to the metal complex with the aid of 0—HAN 
and N—HAO bonds. In addition, the coordinated wa-
ter molecules, imidazole, as well as the carboxylate 
oxygens of the 4-nitrobenzoate, are involved in H-
bonding. Unlike in 1, the oxygen atom of the nitro 
group is not involved in any intermolecular inter-
actions in 2. 

A careful analysis of the structure reveals that 2 is 
involved in three varieties of intermolecular interac-
tions namely 0—HA0, N—HAO and 0—HAN bonds 
ranging from 1.789 to 2.535 A (table 6). Each hex-
acoordinated Ca(II) complex is H-bonded to four 
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Table 5. Selected bond lengths and angles (A, °) for [Ca(H2 0)3(Im)(4-nba)21• 
Im 2. 

Ca(1)-0(5) 2.2952(13) Ca(1)-0(11) 2.3413(15) 
Ca(1)-0(10) 2.3373(16) Ca(1)-0(9) 2.3621(14) 
Ca(1)-0(1) 2.3380(14) Ca(1)-N(1) 2.4652(16) 
0(5)-Ca(1)-0(10) 97.84(6) 0(1)-Ca(1)-0(9) 89.90(5) 
0(5)-Ca(1)-0(1) 87.89(5) 0(11)-Ca(1)-0(9) 96.49(6) 
0(10)-Ca(1)-0(1) 92.75(5) 0(5)-Ca(1)-N(1) 98.73(5) 
0(5)-Ca(1)-0(11) 85.59(6) 0(10)-Ca(1)-N(1) 160.19(6) 
0(10)-Ca(1)-0(11) 83.19(6) 0(1)-Ca(1)-N(1) 98.63(5) 
0(1)-Ca(1)-0(11) 171.77(5) 0(11)-Ca(1)-N(1) 87-34(6) 
0(5)-Ca(1)-0(9) 177.33(6) 0(9)-Ca(1)-N(1) 83.07(6) 
0(10)-Ca(1)-0(9) 80.78(6) 

Table 6. Hydrogen-bonding geometry (A, °) for [Ca(H20) 3(1m)(4-nba) 21•Im 2. 

D-H AA 	 D(D-H) D(HAA) d(DAA) <DHA Symmetry code 

011-H11BAN5 0.791 2.092 2.8 7 5 170.03 [x - 1, y, z] 
09-H9BAO2 0.871 1.885 2.748 171.10 [-x + 1 , -y, 
011-H1 IAAO6 0.903 1.789 2.681 168.94 [-x, -y, 
09-H9AAN5 0.754 2.196 2.939 168.65 
N2-H2XAO2 0.808 2.084 2.883 169.52 [x, y + 1, 1 
010-HI0AA01 0.831 1.975 2.805 175.86 [-x + 1, -y, -z] 
010-H1OBA05 0.773 2.326 3.033 152.53 [-x, -y, 
010-HIOBAOIl 0.773 2.535 3.034 123.82 [-x, -y, 
N6-H6XAO6 0.850 2.155 2.948 154.98 [x+ 1,y+ 1,z] 

Figure 5. Linking of hexacoordinated Ca(II) complexes 
by the free Im with the aid of 0-1 -1•N interactions lead-
ing to the formation of a H-bonded chain along the b axis. 
H atoms attached to C are not shown for clarity. 

other complexes resulting in the formation of a 
three-dimensional H-bonded network (see web ver-
sion) The free imidazole is involved in three short 
H-bonding contacts and links three different com-
plex molecules. The imine N atom (N5) of the free 
imidazole functions as a bifurcated H-bond acceptor 
linking adjacent complex molecules of 2 along b 

with the aid of 0 -HAN interactions leading to the 
formation of an extended 1-1-bond chain of hexaco- 

Figure 6. Cross-linking of El-bonded chains of hexa-
coordinated Ca(11) complexes by free as well as coordi-
nated imidazole through N 11-0 interactions. H atoms 
attached to C are not shown for clarity. 

ordinated Ca(11) complexes linked by the free imi- 
dazole (figure 5) The chains of complex molecules 
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Figure 7. Formation of an intricate 11-bonded network 
in 2, showing three varieties of H-bonding interactions 
namely 0-11.-0, N-110 and 0—H.-N. H atoms attached 
to C are not shown for clarity. 

thus formed are further cross-linked by a H-donor 
bond formed by the amine N atom (N6) of the free 
imidazole with the free 06 atom of a coordinated 
carboxylate. In addition, the amine nitrogen (N2) of 
the coordinated imidazole forms a H-donor bond 
with the free oxygen (02) of a coordinated carboxy-
late and this N—HAO interaction serves to cross-link 
the H-bonded complex chains (figure 6) In addition 
to the earlier mentioned 0—HAN interactions which 
link adjacent Ca complexes, the coordinated water 
ligands (09), (010) and (011) participate in several 
H-bonding interactions and are linked with the car-
boxyl oxygens 02, 01, 05 and 06 as well .as a co-
ordinated water. In all five short 0—HAO interactions 
ranging from 1789 to 2.535 A are observed. One 
water ligand (010) functions as a bifurcated donor 
and is linked with the coordinated carboxyl oxygen 
(05) at 2.326 A and with 011 at a longer distance of 
2.535 A. In addition, 09, 010 and 011 are also H-
bonded to the carboxyl oxygens 02, 01, 06 respec-
tively. These interactions further link the already 
formed chains, forming an intricate H-bonded net-
work (figure 7) An analysis of the ring interactions 37 

 reveals that the Cg—Cg distances for the five-
membered and the six-membered rings are 3.8269 
and 3.7543 A respectively. The corresponding per-
pendicular distances from the centre of the first ring 
to the second ring are 3.551 and 3.494 A respectively. 
These values are indicative of n--n-  interactions. 

4. Conclusions 

The aqueous reactions of Mg/Ca carbonate with 4- 
nbaH or the corresponding alkali metal dichloride 
with sodium 4-nba in a 1 :2 mole ratio followed by 

the addition of excess Im results in the formation of 
the lrn coordinated complexes 1 or 2 in good yields. 
Complex 1 can also be synthesized from the hy-
drated magnesium complex and imidazole by me-
chanical grinding. Both 1 and 2 can be dehydrated 
and the anhydrous complexes 3 and 4 thus formed 
can be rehydrated. At elevated temperatures, the 
complexes 1 and 2 decompose to the corresponding 
metal oxides. It is interesting to note that 1 and 2, 
which are prepared under similar experimental con-
ditions, have the same metal : nitrobenzoate imida-
zole ratio but exhibit different degrees of hydration 
and different structures. 1 crystallizes in the triclinic 
PI space group and is isostructural with the corre-
sponding Mn, Co, and Ni complexes, while complex 
2 crystallizes in the monoclinic P2 1 Ic space group. 
In complex 1, both the Im ligands are coordinated to 
the central Mg metal, while in 2 both coordinated as 
well as free imidazole are found. The monodentate 
4-nba ligands are disposed trans to each other in 1, 
while they adopt a cis orientation in 2, leading to 
different supramolecular structures. The complexes 
differ in terms of the intermolecular interactions. 
Complex 1 exhibits two types of H-bonding interac-
tions namely O—HAO and N—HAO, while in 2 three 
types of intermolecular interactions, viz. O—HAO, 
N—HAO and 0—HAN are observed. The imidazole 
ligand functions as a bifurcated H-bond donor in 1 
and the 0 atom of the nitro group functions as a H-
bond acceptor. In contrast the nitro group in 2 is not 
involved in any H-bonding interactions. Further the 
imine nitrogen of the free imidazole functions as a 
bifurcated acceptor and forms an extended chain 
linking adjacent complex molecules. The analysis of 
ring interactions in both complexes indicates n--n-  in-
teractions. The isostructural nature of the diamag-
netic complex 1 with the corresponding 
paramagnetic transition metal complexes indicates 
the possibilities for the preparation of novel doped 
magnetic materials. Efforts are underway in our 
laboratory for the synthesis of mixed metal 4- 
nitrobenzoates containing imidazole coligands. 
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Supplementary material 

Illustrations describing the H-bonding situation around 
each complex of 1 and 2, are available on the web 
version of this paper. Crystallographic data (exclud-
ing structure factors) for the structures reported in 
this paper have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary pub-
lication no. CCDC 605292 (1) CCDC 605291 (2). 
Copies of the data can be obtained, free of charge, 
on application to the Director, CCDC, 12 Union Road, 
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The reaction of CaCO 3  with 4-nitrobenzoic acid (4-nbaii) results in the formation of a seven coordinated Ca(II) 

complex [Ca(H20) 4 (4-nba) 2 1 1, (4-nba being 4-nitrobenzoate). The compound has been characterized by elemental analysis, 
IR and UV-Vis spectra and its structure determined. The complex can be dehydrated to the corresponding anhydrous Ca(II)-

bis-4-nitrobenzoatc Ca(4-nba), 2, and the anhydrous complex thus formed can be rehydrated as evidenced by IR spectra. 
The structure of 1 exhibits both monodentate and bidentate carboxylate ligation of the 4-nitrobenzoate ligand. The 
coordination by the 0 atom from four water molecules completes the heptacoordination around Ca(II). The free 0 atoms of 

the monodentate 4-nba and one of the coordinated 0 atom of.the bidentate 4-nba in 1 are linked via kl-bonding to one of the 
coordinated waters of a neighbouring Ca(II) resulting in the formation of psuedo dimers. The divers thus formed are further 
linked with the aid of FF-bonds, along a as well as 6 resulting in the formation of all intricate supramolecular network. 

The chemistry of metal-carboxylates is an area of 
continuing research investigations for several years, in 
view of the diverse applications of carboxylates, 
which include their use as reagents in organic 
synthesis, model compounds in bioinorganic 
chemistry and precursors for oxide materials' .5 . An 
important aspect of the structural chemistry of metal-
carboxylates is the versatile ligational behaviour of 
the carboxylate ligand, which can function as a 
monodentate, or bidentate or bridging type of ligand. 
This property, combined with the fact that many 
metal-carboxylates are hydrated and contain both 
coordinated as well as crystal water molecules that 
can participate in H-bonding interactions' -s , are useful 
components for the development of supramolecular 
assemblies based on carboxylate ligands. Benzene 
substituted carboxylic acids are suitable reagents for 
the construction of metal-carboxylate supramolecular 
assemblies due to their ready availability in pure 
form. The advantage of using benzene based systems 
is that donor groups like —COON, -SH, 
etc. can be anchored onto a rigid six-membered 
benzene ring and the resulting supramolecular 
structures will depend on the positioning of the donor 

"Dedicated to Prof. W Weis Weiler 

groups on the ring. The donor groups on the six-
membered ring can also participate in weak I-I-
bonding interactions in addition to the formation of a 
metal-ligand bond. Further, the positioning of the 
different donor moieties with respect to each other on 
the benzene ring can be changed and this offers the 
possibility to investigate the effect of the substituent 
on the structure. In view of this, metal complexes 
derived from substitUted benzene carboxylic acids 
have been investigated by several research groups, as 
evidenced by the impressive array of interesting 
metal-organic supramolecular architectures 
constructed from these types of ligands 9-14 . 

Recent reports on the chemistry of aminobenzoic 
acids with the biologically relevant alkali-earth metals 
have shown that these compounds exhibit a rich and 
variable supramolecular chemistry 1).16 . In contrast, 
there are very few _reports on alkali-earth 
nitrobenzoate complexes''. Although the electron 
withdrawing nitro group lacks the donor 
characteristics of the amino functionality, it can 
participate in 1-I-bonding interactions by forming 11-
acceptor bonds, which can .  then lead to novel 
supramolecular architectures' s '''. A survey of the 
reported structures of 4-nitrobenzoate (4-nha) 
complexes indicates that 4-nba is a versatile ligand 
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and can function as a monodentate 18-25 , bidentate 26-28 
 or bridging ligand293 '. While some examples of metal 

carboxylates showing more than one mode of binding 

are reported
6,32-34

, there is no report of a mononuclear 

4-nba compound, which exhibits mono and bidentate 

carboxylate ligation. Herein, we describe the first 

example of a 4-nba complex showing this behaviour. 

Materials and Methods 

Doubly distilled water was used as the solvent. All 

the chemicals used were of reagent grade and used as 

received. The starting materials and reaction products 

were stable in air and hence prepared under normal 

laboratory conditions. 

IR spectra were recorded on a Shimadzu  

(IR Prestige-21) FTIR spectrometer in the range 

4000-400 cm* The samples for the IR were prepared 

as KBr diluted pellets in the solid state and the signals 

referenced to polystyrene bands. Electronic spectra 

were recorded using matched quartz cells on a 

Shimadzu (UV-2450) spectrophotometer. Single 

crystal X-ray diffraction study was performed at the 

single crystal X-ray facility at School of Chemistry, 

University of Hyderabad. Isothermal weight loss 

studies were performed in an electric furnace fitted 

with a temperature controller. TG-DTA 

measurements were performed in a Netzsch STA 409 

simultaneous thermal analyzer using a heating rate of 

4°C/min in flowing air. 

Preparation of [Ca(II 20)4(4-nba) 2 1 I 
Method 1 

A mixture of calcium carbonate (1.00 g) and 4- 

nitrobenzoic acid (4-nbaH) (3.34 g) was taken in 

water (50 mL) and heated on a steam bath. The 

insoluble starting materials slowly started dissolving 

accompanied with brisk effervescence. The heating of 

the reaction mixture was stopped when there was no 

more evolution of .CO. At this stage, the reaction 

mixture was almost clear and the pH was close to 

neutral. The hot solution was filtered and left 

undisturbed for 3-4 days. The colourless crystalline 

blocks that separated were filtered, washed 

thoroughly with ether and dried in ram°. Yield: 

3.109 2 (70%). The crystals obtained in this method 

were suitable for X-ray studies. 

Method 2 

The sodium salt of 4-nba was first generated in situ 

by reacting 4-nbaH (3.34 g, 20 mmol) with NaHCO 3 
 (1.68 2. 20 mmol) in water. Into this, an aqueous  

solution of anhydrous CaCl 2  (1.11 g) was added and 

the reaction mixture was filtered and left aside for 
crystallization. The crystals that separated after a few 

days were isolated as above [86% (3.820 g)]. The IR 

spectrum of the product obtained in thiS method was 

identical to that of the spectrum of the product 

obtained using CaCO 3  as the Ca source. 

Anal. Calcd for Ci 4 F1 1 6CaN20 1 2 (444.24): Ca, 9.01; 

4-nbaH, 74.32; C, 37.78; H, 63; N, 6.3 Found: C, 

37.93; H, 3.58, N, 6.24;. IR (KBr cm - I ): 3667(s), 

3559(s), 3512-2570(bs), 2442(w), 2247(w), 2208(w), 

1954(w), 1815(w), 1620(s), 1572(s), 1504(s), 1416(s). 

1391(s), 1344(s), 1321(s), 1281(m), 1248(m). 

1169(m), 1140(w), 1107(s), 1011(m), 982(m), 881(s), 

845(s), 799(s), 727(s), 683(m), 644(s), 515(s). UV-

vis: 274 nm (e =23775 L.mol - '.cm - '). 

Preparation of Ca(4-nba) 2  2 

A powdered sample of [Ca(H 20) 4(4-nba) 2] 1 (0.488 

g) was heated in a temperature controlled furnace at 

250°C for -20 min. This resulted in the formation of 

the anhydrous compound 2. The observed mass loss 

of 16.4% is in very good agreement with the expected 

value (16.2%) for the loss of four moles of water. IR 

(KBr 	cm - '): 	3109(s), 	3084(m), 	2845(w), 2766(w), 

2739(w), 2702(w), 2519(w), 	2446(m), 2278(w), 

2214(w), 1950(m), 1850(m), 	1811(m), 1705(m). 

1620(s), 1585(s), 	1518(s), 	1422(s), 	1391(s), 1350(s), 

1319(s), 1248(m), 1169(m), 	1144(m), 1107(s), 

1090(m), 1015(s), 984(w), 968(w), 	864(s), 827(s), 

802(s), 727(s), 	708(s) 	627(w), 	559(M), 511(s), 

440(m). 

Rehydration studies 

A powdered sample of 2 (0.451 g) was equilibrated 

over water in a desiccator. This resulted in the 

formation of 1 in near quantitative yield in a day. The 

IR spectrum of the rehydrated product is identical to 

that of 1. 

X-ray crystallography 

Intensity data for 1 were collected on a Balker 

Smart Apex CCD diffractometer using graphite-

monochromated Mo-Ku radiation (..=0.71069 A). The 

data integration and reduction were processed with 

SAINT software''. An empirical absorption correction 

was applied to the collected reflections with 

SADABS A . The structure was solved with direct 

methods using SHELXS-97" and refinement was 

against 	
17.2 

using done 	 SHELXL-97''. 

All non-hydrogen atoms were refined anisotropically. 
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Table I — Crystal data and structure refinement for 	Aromatic hydrogens were introduced on calculated 
tCa(1-1 20) 4(4-nba) 2 1 1 	 positions and included in the refinement riding on 

Temperature 	
0.71073 A Wavelength 

Formula weight 

	 C14 H16 Cal N5 Or, Empirical formula 

Crystal system 

Space•uroup 	
a= 13.4766(S) A Unit cell dimensions 

	

293(2) K 
444.24 g mol l  

c = 14.3936(9) A 

Monoclinic 

b = 9.9758(6) A [3= 

0=104.9820(10°) 

P2(1)/e 

104.9820(10)° 

	

to 024 could not be located, while the hydrogen 

The technical details of data acquisition and some 

their respective parent atoms. The H atoms attached 

atoms of all the other coordinated water molecules 

were located in the difference map. The O-H bond 

afterwards refined isotropic using a riding model. 

selected crystal refinemeit results for 1 are 

summarized in Table I. 

lengths were set to ideal values (0.840 A) and 

1869.3(2) A 3  Volume 

4 

1.579 mg/m3  Density (calculated) 

Absorption coefficient 	 min" I  0.404 
920 F(000) 

0.41x0.40x0.40 mm 3  Crystal size 

1.56 to 26.01° Theta range for data collection 
-16<=h<=16, -12<=k<=12, Index ranges 
-1 7 <=1<=17 
18934 Reflections collected 
3681 [R(int) = 0.0252] Independent reflections 

Completeness to theta = 26.01° 
	

99. 9% 
Full-matrix least-squares on Refinement method 

F2  
3681/0/263 Data/restraints/parameters 

Goodness-of-fit on /72 
	

1.064 

R I=  0.0351, wR2 = 0.0951 Final R indices [1>2sigma(1)] 

R I = 0.0387, w/?2 = 0.0978 R indices (all data) 
Extinction coefficient 
	

0.0111(11) 
Largest cliff. peak and hole 	0.355 and -0.251 e.A -3  

Fig. 2 — The asymmetric unit of 1, showing the atom-labelling scheme. Displacement ellipsoids arc drawn at the 50% probability level 

'except for the H atoms, which are shown as circles of arbitrary radius. 
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Results and Discussion 

The aqueous reaction of CaCO 3  with 4-nbaH 
resulted in the formation of the seven coordinated 
[Ca(H ,0)4(4-nba)2] 1, which can also be crystallized 

from an aqueous solution containing CaCl 2  and 
sodium 4-nitrobenzoate generated in situ. Crystals of 
1 were characterized by elemental analysis, IR, UV-

Vis spectra, thermogravimetry, weight loss studies 

and single crystal X-ray structure studies. Treatment 

of 1 with dil HCI resulted in the formation of the 

insoluble 4-nbaH. The insoluble 4-nitrobenzoic acid 

(4-nbaH) obtained on acid treatment of complex 1 

was weighed and analyzed as described earlier". The 
filtrate obtained from this procedure was analyzed 

titrimetrically for Ca(II) content following a standard 

procedure. Heating the complex 1 at around 800°C 

resulted in the formation of the oxide product as 

evidenced by weight loss. IR spectrum of the residue 

was featureless indicating complete removal of 

organic compounds. The formula of the complex 1 
was arrived at based on these data. 

IR spectrum of 1 exhibits several sharp bands in 
the mid-infrared region, clearly indicating the 

presence of the organic moiety. The strong signal in 
the region 3670-2570 cm -1  centered at 3285 cm -1 , can 
be assigned to the O-H stretching vibration. The 

signals for the carboxylate and the nitro 
functionalities were observed as expected 38 . For the 
anhydrous complex 2, no band due to —OH vibration 

is observed, while the signals due to the organic 

ligand are seen 2 on exposure to moisture resulted in 

the formation of 1 and the IR spectrum of the 

rehydrated product is identical to that of the pristine 

material (Fig. 1). Complex 1 absorbs strongly at 274 

um in the UV region, which can be assigned to the 

intramolecular charge transfer transition of the 

aromatic acid and the observed absorption maximum 

is comparable to the value observed for other 
nitrobenzoate complexes' ' 19 . 

1 crystallizes in the monoclinic space group P2 1 /c 
and all atoms are located in general positions. The 

central metal is seven coordinated and linked to the 0 

atoms of the four water ligands. One carboxylate 0 

atom from a monodentate 4-nba and two carboxylate 
0 atoms from a bidentate 4-nha ligand complete the 

heptacoordination around Ca(II) (Fig. 2). 
Interestingly, in the 1 -elated 4-aminobetunate (4-aba) 
complex ICa(11 20) , (4-aba) 2 1 15 , the metal is eight 

coordinated with the 4-aha ligand, and is coordinated 

in hidentate mode with one of the bidentate 0 atoms  

functioning as a bridge to the next Ca. The Ca-0 

distances for the bidentate 4-nba ligand at 2.4846(13) 

and 2.5202(12) A are nearly equal indicating a 

symmetric bidentate mode while the Ca-0 distance 

for the monodentate 4-nba is shorter at 2.3418(12) A. 

The observed Ca-0 (water) scatter in a small range 

from 2.3162(14) to 2.4323(15) A and all Ca-0 bond 

distances in 1 are in good agreement with those 

observed in Ca(II) complexes'`' -11 . Selected bond 

lengths and bond angles are collected in Table 2. 

Each molecule of 1 is linked to five other 

molecules with the aid of 0-14-0 interactions 

Fig. 3 — Frbonding situation around compound 1 showing the 
linking of each Ca complex with five other complexes via 

intermolecular 0-1-1-0 interactions. Fl atoms attached to C are not 
shown for clarity. Black=C, Pink=H, Blue=N, 
Orange=O=Brown=Ca 

Fig. 4 — Linktug of two adjacent molecules of 1 with the aid of 

022-1140•01. 022-1130...012 interactions resulting in the 

formation of pseudo dimers. Black=C. Pink=11. Blue=N, 
Orange=0=Brown=Ca 
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Bond lengths 

Table 2 - Selected bond distances and bond angles for [Ca(11 20),,(4-nba)2] 1 

Ca(1)-0(21) 2.3162(14) C(2)-C(3) 1.384(2) 

Ca(I)-0(22) 2.3257(12) C(3)-C(4) 1.373(3) 

Ca( 1 )-0(1 I ) 2.3418(12) C(4)-C(5) 1,375(3) 

Ca( I )-0(23) 2.4130(14) C(5)-C(6) 1.379(2) 

Ca(1)-0(24) 2.4323(15) 0(1 I)-C(17) 1.247(2) 

Ca(1)-0(2) 2.4846(13) 0(1 2)-C(17) 1.254(2) 

Ca(1)-0(1) 2.5202(12) 0(1 3)-N(11) 1.216(2) 

Ca(I)-C(7) 2.8564(16) 0(14)-N(I 1) 1.223(2) 

0(1)-C(7) 1.256(2) N( I I )-C(I4) 1.473(2) 

0(2)-C(7) 1.249(2) CO 1)-C(12) 1.386(2) 

0(3)-N(1) 1.214(2) CO 1)-C(16) 1.389(2) 

0(4)-N( I ) 1.211(2) CO I)-C(17) 1.515(2) 

N( 1 )-C(4) 1.472(2) C(12)-C(13) 1.383(2) 

C( I )-C(6) 1.385(2) C( I 3)-C(14) 1.375(3) 

C( I )-C(2) 1.386(2) C(I4)-C( 15) 1.374(2) 

C( 1 )-C(7) 1.508(2) C(15)-C(16) 1.379(2) 

Bond angles 

0(21)-Ca(1)-0(22) 177.09(5) C(6)-C( I )-C(2) 119.53(15) 

0(2 0-C11W-0(11) 92.14(5) C(6)-C(I)-C(7) 120.12(15) 

0(22)-Ca( I )-0(1 I) 89.89(5) C(2)-C(1)-C(7) 120.34(14) 

0(21)-Ca(I)-0(23) 94.80(6) C(3)-C(2)-C(I) 120.64(16) 

0(22)-Ca(1)-0(23) 87.68(6) C(4)-C(3)-C(2) 117.97(16) 

0(11)-Ca(1)-0(23) 76.89(5) C(3)-C(4)-C(5) 123.00(16) 

0(21)-Ca(I )-0(24) 81.27(7) C(3)-C(4)-N( I ) 118.64(16) 

0(22)-Ca( I )-0(24) 98.09(7) C(5)-C(4)-N(1) 118.35(16) 

0(11)-Ca(1)-0(24) 147.64(6) C(4)-C(5)-C(6) 118.19(16) 

0(23)-Ca(1)-0(24) 72.19(6) C(5)-C(6)-C( I).  120.67(16) 

0(21)-Ca(I )-0(2) 95.14(5) 0(2)-C(7)-0(1) 121.79(15) 

0(22)-Ca(1)-0(2) 81.95(5) 0(2)-C(7)-C(1) 119.55(14) 

0(11)-Ca(1)-0(2) 136.46(5) 0(1)-C(7)-C(1) 118.66(14) 

0(23)-Cti(1)-0(2) 144.57(5) 0(2)-C(7)-Ca(1) 60.20(8) 

0(24)-Ca(1)-0(2) 75.86(5) 0(1)-C(7)-Ca(1) 61.S5(S) 

0(21)-Ca( I )-0(1) 85.38(5) C(1)-C(7)-Ca(1) 174.52(11) 

0(22)-Ca( I )-0(1) 92.68(4) C(17)-O(I 1)-Ca( 1 ) 154.42(12) 

0(1 I)-Ca( I )-0(1) 86.24(4) 0(13)-N(I 1)-0(14) 123.26(17) 

0(23)-Ca(1)-0(1) 163.13(5) 0(13)-N(11)-C(14) 118.37(17) 

0(24)-Ca(1)-0(1) 124.33(5) 0(14)-N(I 1)-C(14) 118.36(16) 

0(2)-Ca( I )-0( I) 51.84(4) C(12)-C(I 1)-C(16) 119.22(15) 

0(21)-Ca(1)-C(7) 91.67(5) C(12)-C(11)-C(17 120.91(15) 

0(22)-Ca( I )-C(7) 85.65(5) CO 6)-C( I I )-C(17) 119.86(14) 

0(11)-Ca(1)-C(7) 111.27(5) CO 3)-C(12)-C(11) 120.64(16) 

0(23)-Ca(1)-C(7) 169.41(5) C(14)•C(13)-C(12) 118.31(16) 

O(24)-Ca(1)-C(7) 100.62(5) C(15)-C(14)-C(13) 122.68(16) 

0(2)-Ca(1)-C(7) 25.85(4) C(15)-C(14)-N(1 1) 118.55(16) 

0(1)-Ca(I)-C(7) 26.06(4) C(13)-C(14)-N(I 1) 118.76(16) 

C(7)-0(1)-Ca(1) 92.09(10) C(14)-C(5)-C(16) 118.24(16) 

C(7)-0(2)-Ca(I) 93.95(10) C(15)-C(16)-C(1 1) 120.89(15) 

0(4)-N(1)-0(3) 122.40(17) 0(I 1)-C(17)-0(12) 125.63(15) 

0(4)-N( I )-C(4) 118.42(17) 0(11)-C(17)-C(11) 117.74(15) 

O(3)-N(1)-C(4) 119.18(16) 0(12)-C(17)-C(1 1) 116.62(14) 

ranging frdin 1.880 to 2.511 A (Fig. 3), and all these 
0.-H contacts are shorter than the sum of their van 
der Waals radii 42 . The geometric parameters of these 
interactions are summarized in Table 3. A careful 
analysis of the structure reveals that 1 is involved in 
H-bonding interactions with three of the four waters 

021, 022 and 023 functioning as H donors while the 
carboxylate and nitro oxygens function as H-
acceptors. The free uncoordinated 0 atom of the 
monodentate 4-nba ligand (012) and one of the 
coordinated 0 atom of the bidentate 4-nba (01) in 1 
are linked to the coordinated water 022 of a 
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Table 3 — Hydrogen-bonding geometry (A) for [Ca(1-1 20)4(4-nba) 2 1 1 

D-11 —A d(D-H) d(H.-A) d(D.•A) <DHA Symmetry code 

021-H 10 -.012 0.840 1.933 2.745 162.29 I -x. y+I/2, -z+I /21 

021-I-120.02 0.840 1.866 2.680 162.73 [-x, y- 1/2. -z+ I /2] 

022-H30 •--012 0.840 I .SSO 2.695 163.18 [-x. 	-z 

022-H40 	01 0.840 1.882 2.700 164.04 [-x. -y+2, -7, 1 

0234150 -.04 0.840 2.282 3.043 150.80 lx+ I , -y+5/2, z+ 1 /2 1 

023-H60 -.013 0.840 2.511 3.104 128.47 [-x+1, y+I/2, -z+1/21 

Fig. 5 — Mixed organic-inorganic zigzag H-bonded chain formed by hydrogen acceptors bonds of the nitro group (023-HSO"04 and 
023-H60-013) with coordinated water (023). Black=C, Pink=H, Bluc=N, Orange=0=Brown=Ca 

Fig. 6 —Three-dimensional II- bonded network showing 041-0 interactions in the crystal lattice viewed along c-atis. I I atoms attached 
to C arc omitted for clarity. Black=C. Pi nk=11, 	Orange=0=Brown=Ca 
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Fig 7 — A view of the extended supramolecular architecture of lstabilized by 11-11 stacking interactions along c. Black=C. Pink=1-1 
Blue=N, Orange=0=Brown=Ca 

neighbouring Ca(II) with the aid of short H-bonds at 

around 1.88 A (Fig. 4). The same contacts are 

observed between the second Ca(II) and the first due 

to the linking of the carboxylate 0 atoms with the 

coordinated water 022 of the first Ca(II) in a head to 

tail fashion, leading to the formation of H-bonded 

dimers. The psuedo dimers, thus formed, are further 

linked along a with the aid of H-acceptor bonds 
formed by the nitro oxygens 04 and 013 in two 

different complex molecules on either side of 1 with 

the • coordinated water 023 of 1 resulting in the 

formation of a mixed organic-inorganic zigzag H-

bonded chain along a (Fig. 5). The H-donor bonds of 

the third water 021 further extend the network along 

b completing the supramolecular architecture of 1. 

(Fig. 6). An analysis of the ring interactions reveals 

that the structure of 1 is further stabilized by rc-n 

stacking interactions (Fig. 7). The DTA thermogram 

of 1 exhibits three signals at 113°C (endo), 266°C 

(exo) and 427°C(exo) corresponding to removal of 

three moles of water, phase change and 

decomposition process, respectively. Based on TG-

DTA studies, isothermal weight loss studies were 

performed in a temperature-controlled oven at various 

steps in the temperature range 100-260°C. Initially, it 

was observed that heating the compound at 100°C on 

a water bath resulted in mass loss corresponding to 

three moles of water. The IR spectrum of 1 recorded 

after further heating it to 150°C is very similar to thai 

of 1 and the presence of water can be evidenced b) 

the strong O-H signal. However, the profile of this 
signal is different as compared to 1. No further mass 

loss was observed, on heating (-15 min) the complex 

1 at several temperatures till 240°C. When 1 was 

heated at 250°C, a mass loss of 16.4% equivalent to 
the removal of four moles of water was observed, 

resulting in the formation of the anhydrous compound 

[Ca(4-nba)2] clearly indicating that the last water 

molecule is held tightly and its removal requires 

higher temperature. It is likely that the coordinated 

water 022, which is involved in the formation of 

dimers is held strongly and this is probably 

responsible for the high temperature required for its 

removal. Equilibration of 2 over water results in the 

formation of 1 as evidenced by IR spectra. This 

phenomenon of de- and rehydration has also been 

observed for hydrated 4-nitro as well as 4- 

aminobenzoate complexes of Mg(II) in previous 

work 
n. 

Conclusions 
In the present work, we have described the 

synthesis, thermal behaviour, de- and rehydration 

characteristics and supramolecular structure of a 
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