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Synopsis 

SYNOPSIS 

The thesis entitled "Supramolecular Assemblies of Amine-based 

Compounds in Combination with Different Counter Systems Ranging from 

Inorganic Anions, a Heteropoly Anion and Substituted Organic Acids", consists of 

six chapters: (1) Introduction; (2) Supramolecular Structures of Ortho-

phenylenediamine and Diaminodiphenylether with Inorganic Acids: the Resultant 

Bilayer, Helices and Self assembled Networks; (3) Anions as Templates in 

Supramolecular Structures of 2,3-diaminophenazinium cations and hydrates: the 

Resultant Water Clusters and Helical Self Assembled Networks Demonstrating Total 

Spontaneous Resolution; (4) Hybrid Organic-inorganic Materials: Supramolecular 

Assemblies based on Anderson Type Heteropolyanion and Organic Amine Cations; (5) 

Supramolecular Assemblies of Ortho-phenylenediamine and 4,4'-

Diaminodiphenylether with Organic Acids: The Resultant Adducts, their Networks and 

Properties; (6) Co-crystallization of N,N-dimethylformamide with Benzene Substituted 

acids: Interplay of Strong and Weak Hydrogen Bonding Motifs. 

The work, described in this thesis, is exploratory in nature and is arranged in the 

order the investigations that were carried out. Except the first chapter (Introduction), all 

chapters are sub-divided into Introduction, Experimental section, Results and 

Discussion, and Conclusions followed by References. 

Chapter 1 

Introduction 

This chapter presents a general overview on some particular topics that have 

close relevance to other chapters of this thesis. The introduction broadly covers various 

aspects of "Supramolecular Chemistry", the role of intermolecular interactions to 

prepare a desired crystal structure of interest. 1  Description of hydrogen bonding 

patterns and graph set theory, proposed by Margaret C. Etter is briefly discussed. The 

three hydrogen bonding rules with their examples are described. 2  Importance of small 

water clusters stabilized in molecular structures with relative importance to water 

hexamer is highlighted. 3  Total spontaneous resolution, it's meaning, applications and 

its stabilization through homo chiral helical self assembly is an important discussion in 

this thesis . 4  Literature reports on Ortho-phenylenediamine, 5  4,4-diaminodiphenylether 6 

 and 2,3- diaminophenazine7  with their properties and applications are described. Brief 



Synopsis 

introduction / general understanding of the polyoxometalate (POMs) are discussed in 

connection with organic inorganic hybrid materials. 8  A general view on recent progress 

of different POM based solid-state materials including their applications and properties 

have also been mentioned. 

Chapter 2 

Supramolecular 	Structures 	of 	Ortho-phenylenediamine 	and 
Diaminodiphenylether with Inorganic Acids: the Resultant Bilayer, Helices and 
Self assembled Networks 

Sulfate and perchlorate salts of organic diamines (ortho-phenylenediamine and 

4,4, diaminodiphenylether) have been described in this chapter to examine the 

variability and richness in the supramolecular structures of these compounds. Four 

compounds have been reported; except compound 3, all the other three compounds (1, 

2 and 4) consists solvent water molecules in their asymmetric units. These water 

molecules play significant role in stabilizing different supramolecular architectures. 

Compound ([C6119N21C104•H20) (1) exhibits a stack of bilayers with their 

hydrophobic heads (phenyl rings) exposed to the exterior and the polar ends of the 

cation are embedded in the interior (Figure 2.1 left), where strong 0—H...0 and N—

H•••0 hydrogen bonding interactions between amine and water hydrogens forms the 

bilayer and , weak C—H•••0 hydrogen bonds with JI-JI interactions forms the stacks of 

these bilayers. Compound ([C61110N2]SO4.1.5H20) (2) consists a flip-flop chain of 

water tetramers. This water chain stabilizes the sulfate anion helices that are formed 

through non-covalent non hydrogen bonded 0...0 contacts with a distance of 

2.9413(16) A (Figure 2.1 right). 

Figure 2.1 left: Bilayer formed through 0—H...0 and N—H•••0 hydrogen bonding interactions of compound 1, 
middle: helical back bones formed through 0•••0 contacts in compound 2 left: ball and stick model of the same. 
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In compound ([H3N(C6H40C6R4)NH31.SO4) (3), there is no water molecule 

present in the crystal lattice; hence only N-H•0 hydrogen bonding interactions are 

possible. These interactions witnessed to form an intricate three dimensional waves 

(trough and crest) like networks netted with amine-sulfate interactions (Figure 2.2 left). 

In Compound ([H3N(C6H40C6H4)NH3]-2C104•H20) (4), the water molecules interact 

with the perchlorate anions by restricting the known anion-cation interactions. These 

interactions lead to form an cation-water-anion network (Figure 2.2 right), instead of 

wave like network in compound 3, as shown in the figure. 

Figure 2.2 left: wave like network formed between anion and cation in compound 3 rights: cation -water-anion 
network formed due to o-H• "0 hydrogen bonding interactions between water and acid of compound 4. 

Chapter 3 

Anions as Templates in Supramolecular Structures of 2,3-diaminophenazinium 
cations and hydrates: the Resultant Water Clusters and Helical Self Assembled 
Networks Demonstrating Total Spontaneous Resolution 

In this chapter, the 2,3-diaminophenazine with corresponding anions were 

isolated by the disproportion reaction of OPDA in presence of a strong acid. Compound 

1 with no anion gives two dimensional water sheets. The anions act as the stopper for 

the extension of water cluster as we can see without anions the water-water interactions 

resulted in the formation of 2D layer. In contrast compound 2 with nitrate anion gives 

two dimensional water tape and compound 3 with sulfate anion gives a discrete linear 

water trimer. 

Compound 4 with perchlorate anion crystallizes in non-centrosymetric chiral 

space group P21 (a polymorphic compound of 5 reported in the literature with P2i/n 

Space group). The crystal structure of compound 4 witnesses two types of homochiral 

supramolecular helical assemblies, running parallel to crystallographic b-axis: type I, 

N4-H4B-N2 inter-phenazinium cationic interactions form one type of homochiral 

III 



Perchlorate anion (P2 1) 
mono-protonation 

Synopsis 

(left-handed) helices (Figure 3.1, middle); type II, N3—H3A-03 and N3—H3B•03 

hydrogen bonding interactions, which involve —NH2 groups of the phenazinium cation 

and oxygen of perchlorate anion, stabilize other type of homochiral (right-handed) 

helices (Figure 3.1, right). 

b 

 

t 
Nitrate anion 
mono-protonation 

Perchlorate anion (P2 1In) 
mono-protonation 

4, 

r '''' 	(.1  
.... 

... 	

N. 
Perchlorate anions (P2 1 /c) 
di-protonation 

ir4c- 	•-14c 
Scheme 3.1. The topologies of varoius solvent water molecules in 1 -6, water sheet, water tape, linear water 
trimer, zig-zag water chian, and water dimer in last two compunds. 

The CD studies reveals the existence of other enantiomeric form (red curve) at 

pH 3 (Figure 3.1 left). 
• 
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Synopsis 

Figure 3.1. Left: CD spectra: black, a bunch of crystals of compound 4, obtained at pH 1.2. (Red, a bunch of crystals 
4, isolated at pH3); Middle. Type I, inter-phenazinium cationic interactions form one type of homochiral (left-
handed) helices; Right. Type U, cation and perchlorate anion oxygen, stabilizes another type of homochiral (right-
handed) helices in compound (4) 

Chapter 4 

Hybrid Organic-inorganic Materials: Supramolecular Assemblies based on 
Anderson Type Heteropolyanion and Organic Amine Cations 

The organic ligands like amines can be protonated in acidic medium and so that 

they can act as cations. The Anderson-type POM cluster is basically a heteropolyanion, 

which needs cations for the charge complimentary. The cations, e.g., protonated OPDA 

and 2,6-diaminopyridine etc, act as cations in the supramolecular assembly consisting 

of organic-inorganic materials. The organic ligands interestingly not only balance the 

charge but also play a significant role in the construction of one to three dimensional 

solids by the hydrogen bonding interactions e.g., 0—H•0, N—H— 0 and C—H•0. The 

crystal packing of the compound [C6H10N2]2[HAI(OH)6M060181.4H20 (1) compound 

[C5H8N3]4 [Al(OH)61■106018] CI.8H20 (2) and compound [ C5H8N3] 2 [NaA1(011)6 

Mo6018]•2H20 (3) are purely based on supramolecular interactions. Different 

architectures are obtained by changing the positions of —NH2- functional group on the 

benzene ring. Interestingly compound 3 formed a coordination polymer with sodium 

cation as shown in the Figure 4.2, right. 
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Figure 4.1 left: polyhedral representation of an Anderson anions Right: 3D supramolecular network formed by 
Anderson anions, water molecules and orthophenylene diammonium cations of compound 1. 

Figure 4.2 left: Illustrating the N—H•••0 hydrogen bonding interactions between protonated amine and Anderson 
anion and its network in compound 2. Right: Coordination polymer formed between Anderson anion and sodium 
cation in compound 3. 

Chapter 5 

Supramolecular 	Assemblies 	of Ortho-phenylenediamine 	and 	4,4'- 
Diaminodiphenylether with Organic Acids: The Resultant Adducts, their 
Networks and Properties 

Molecular recognition is the process where we can build supramolecular 

assemblies of different chemical species with the help of specific non-covalent 

interactions like hydrogen bonding interactions, aromatic 7C-7C stacking, steric repulsion, 

and van der Waals forces. Equimolar reactions of Ortho-phenylenediamine (OPDA) 

and 4,4, diaminodiphenylether (4,4-DADPE) with organic acids like trimesic acid 

(TMA), 3,5-dihydroxybenzoic acid (DHBA), 4-nitrobenzoic acid (PNBA) and 3,5- 

dinitrobenzoic acid (DNBA) produce molecular adducts of 1 to 6. Amine are known to 

disrupt the well known R2 (8) homo synthon. In all the compounds (1 -6) the disruption 
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of the above said synthon is observed by both the amines. A new class of resulting 

compounds and their corresponding networks has been discussed in this chapter. 
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b. R3 (10) 
	c. motif A R24  (8) 	d. motif B R4 (12) 

Scheme 5. 1. Left; Common R; (8) synthon and its disruption by methanol, Right: the disruption of carboxylic acid 

motif by the other amine reported in the literature. b) R33  (10) pattern; c) R42  (8) pattern, motif A; d) R4 (12) 

pattern motif B. 

Figure 5.1. Left: The disruption common R 22  (8) synthons of trimesic acid with protonated OPDA in compound (1). 

Right: The disruption common R22  (8) synthons of para-nitrobenzoicacid with protonated OPDA in compound (2) 

Figure 5.2. Left: The disruption common R 22  (8) synthons of 3,5-dinitrobenzoate (DNBA) with protonated OPDA 

to form a anion-cation-cation-anion ring motif 4 (16) in compound (3). Right: The disruption common R Z (8) 

synthons of benzoate with protonated 4,4, diaminodiphenylether (4,4-DADPE) +  in compound (4) 
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Figure5.3. Left: the supramolecular network formed by 3,5-dihydroxybenzoate (DHB) —  with OPDA cation of 
compound (5). Right: The zipper type of network formed by benzoate with 4,4-DADPE cation of compound (6) 

Compound 7 is the product of a condensation reaction which involves an 

intramolecular imine—enamine cyclization promoted by 3,5-dihydroxybenzoic acid with 

OPDA yielding a seven-membered 1,5-benzodiazepine. This compound 7 crystallizes 

in orthorhombic, non-cetrosymmetric chiral space group P212121 which contain 

protonated 1,5-benzodiazepine cation and a 3,5-dihydroxybenzoate in its asymmetric 

unit which demonstrate a homo chiral left handed molecular helix. In the formation of 

helix, the imine nitrogens play active role by donating its hydrogens to hydroxyl 

oxygen 04 on one side and carboxylate oxygen 01 on the other side to get the helical 

back bone with the pitch length of 9.924 A, which is identical to crystallographic b cell 

parameter as shown in the Figure 5.4. 

Figure 5.4. Left: Helical back bone formed by imine nitrogens and hydroxyl oxygen 04 on one side and carboxylate 
oxygen 01 on the other side in compound (7). Left: helical representation of the same along crystallographic b axis. 

Chapter 6 

Co-crystallization of N,N-dimethylformamide with Benzene Substituted Acids: 
Interplay of Strong and Weak Hydrogen Bonding Motifs 

The influence of the solvents is remarkable in the formation of different type of 

three-dimensional structures depending upon the types solvent of crystallization. We 

investigate here the hydrogen-bonding arrays created by the co-crystallization of N,N- 
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dimethylformamide with 3,5-dinitrobenzoic acid (compound [C7114N206] [C3H7N0]) 

(1), 4-nitrobenzoic acid (compound [C7115N04].[C311 7N0]) (2) and 3,5- 

dihydroxybenzoic acid (compound [C711604].[C3H7N0]) (3) and their resulting 

networks. The description of crystal structures in terms of networks is one of the most 

promising systematic approaches to communicate structural information in a precise 

fashion as network structures attracts great attention due to their potential applications 

in material science as functional solid materials as well as fascinating architectures. 

And it is interesting to note 3,5-dinitrobenzoic acid DMF solvate demonstrates total 

spontaneous resolution and exhibits solid state SHG capability of 1.5 times of Urea. In 

all three compounds, the formation of the common R 22  (8) synthon head-to-tail 

carboxylic acid—acid graph-set motif is prevented. Instead, the carboxylic acid group 

interacts directly with DMF molecules in an R; (7) graph-set pattern, with a 

combination of strong 0-14-0 and weaker C—H...0 hydrogen bonds. 

Scheme 1. Common R2
2  
 (8) synthon head-to-tail 
	

Figure 6.1 R Z (7) motif formed by DMF molecules 

carboxylic acid—acid motif. 	 with 3,5-dinitrobenzoicacid,(1) 

Figure 6.2 Common R22  (7) synthon between DMF and para-nitrobenzoicacid (2) Left: RZ (7) motif formed by DMF 

molecules with 3,5-dihydroxybenzoicacid (3) 

The presence of DMF as the co-crystallization solvent can limit the 

dimensionality of the resulting solid-state structure, compared with that of the parent 

benzene ploy carboxylic acid (TMA) and its other solvent-inclusion clathrates. 

"The thesis ends with some recommendations for future work" 
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Chapter 1 

Introduction 

1.1. Supramolecular Chemistry 

In its method, chemistry is a science of interactions, of transformations and of 

models. In its object, the molecule and material, chemistry expresses its creativity. 

Chemical synthesis has the power to produce new molecules and materials with 

different properties.' 

For more than 150 years, since the synthesis of urea by Friedrich Walller in 

1828 2, molecular chemistry has developed a vast array of highly sophisticated and 

powerful methods for the construction of ever more complex molecular structures by 

making or breaking of covalent bonds between atoms in a controlled and precise 

fashion. Molecular chemistry thus has established its power over the covalent bond. 

The time has come to do the same for non-covalent intermolecular forces. Beyond 

molecular chemistry based on the covalent bond, lies the field of supramolecular 

chemistry, whose goal is to gain control over the intermolecular bond. The importance 

of supramolecular chemistry can easily be realized by taking an example of functional 

supramolecular system, e.g., a cell membrane (Figure 1.1). 3  This is an assembly / 

aggregation of lipid layers, which selectively allows the other components to pass 

through it. In other words, it demonstrates the interplay of molecular self-organization 

(assembly) and molecular recognition: assembling structures whose function is based 

on their organization. Therefore, scientific challenge to understand / mimic natural 

structures should focus on molecular assemblies (instead of, on single molecular 

performance). 

The concept and the term supramolecular chemistry were introduced in 1978 by 
z. 

J.-M. Lehn. 4  It is defined as, "just as there is a field of molecular chemistry based on 

the covalent bond, there is a field of Supramolecular chemistry, the chemistry of 

molecular assemblies and of the intermolecular bond". It is represented in the 

schematic way. 4 From this scheme, it is learnt that, in supramolecular chemistry, one 

1 
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Chapter 1 

makes higher level aggregates (supermolecules) from smaller entities (molecules) using 

intermolecular interactions as the glue. According to Ian Dance `supramolecular 

chemistry' has three different meanings: (a) intermolecular interactions; (b) applied 

coordination chemistry; (c) a strategy of controlled organization of multiple separate 

components. 5  

FUNCTIONAL 
COMPONENTS 

Supramolecular chemistry is one of the most vigorous and fast growing fields in 

chemical sciences and it can be understood that supramolecular chemistry is highly 

interdisciplinary field of science covering the chemical, physical and the biological 

features of the chemical species of greater complexity than molecules themselves that 

are held together and organized by the means of intermolecular (non-covalent) binding 
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interactions. Its interdisciplinary nature has brought wide ranging collaborations 

between physicists, theorists, computational modelers, crystallographers, organic and 

inorganic solid state chemists, biochemist and biologists. It is also a relatively young 

discipline. Its concepts and roots may be traced from the beginning of modern 

chemistry itself. 

There are three main branches of supramolecular chemistry: one in which 

hydrogen bonding plays a key role, 6  another in which weaker non-covalent interactions 

such as steric repulsion, 7C-7C stacking of aromatic rings and van der Waals forces are the 

main forces, and third in which coordination of ligands to metal ions is the central 

idea. 7  Self-assembly through these types of weak interactions leads to well-organized 

organic and inorganic supramolecular structures, which can be applied in areas such as 

selective clathration, 8  molecular recognition9  and catalysis. I°  Recent progress 

demonstrates that some supramolecules can also be applied as precursors or templates 

in the preparation of nanomaterials. 11 A wide variety of intermolecular interactions 

have been harnessed to build helical molecular assemblies in which hydrogen bonding 

is the method of choice in many cases. 12  

This year, 2007, marks two special anniversaries in the field of Supramolecular 

Chemistry. Firstly, it is the fortieth anniversary of the publication in the Journal of the 

American Chemical Society of the synthesis and cation binding properties of crown 

ethers by Charles J. Pedersen. 13  Secondly, in 1987, the trailblazing work of Donald J. 

Cram, I4  Jean-Marie Lehn. 15  (who coined the term `Supramolecular Chemistry') and 

Charles J. Pedersen was recognized by the award of the Nobel Prize in Chemistry "for 

their development and use of molecules with structure-specific interactions of high 

selectivity" 

To honor this special occasion, RSC published a special issue of Chemical 

Society Reviews, where Jean-Marie Lehn, highlighted the developments of 

Supramolecular Chemistry. In his words "Supramolecular chemistry has developed 

over the last forty years as chemistry beyond the molecule. Starting with the 

investigation of the basis of molecular recognition, it has explored the implementation 

of molecular information in the programming of chemical systems towards self-

organization processes that may occur either on the basis of design or with selection of 
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their components. Supramolecular entities are by nature constitutionally dynamic by 

virtue of the lability of non-covalent interactions. Importing such features into 

molecular chemistry, through the introduction of reversible bonds into molecules, leads 

to the emergence of a constitutional dynamic chemistry, covering both the molecular 

and supramolecular levels. It considers chemical objects and systems capable of 

responding to external solicitations by modification of their constitution through 

component exchange or reorganization. It thus opens the way towards an adaptive and 

evaluative chemistry, a further step towards the chemistry of complex matter". 16  

1.2. Intermolecular interactions 

The properties of a crystalline material are the result of molecular arrangements 

in the crystal lattice, which is controlled by the intermolecular interactions. The crystal 

structure of a molecule is the free energy minimum resulting from the optimization of 

several attractive and repulsive intermolecular interactions with varying strengths, 

directional preferences and distance-dependence properties. Hence, understanding the 

nature and strength of intermolecular interactions is of fundamental importance in 

supramolecular chemistry. Intermolecular interactions in organic compounds can be 

classified as isotropic, medium range forces, which define molecular shape, size and 

close packing; and anisotropic, long range forces, which are electrostatic and involve 

heteroatom interactions." In general isotropic forces include C•••C, C•••H and H•••H 

interactions and anisotropic interactions include ionic forces, strongly directional 

hydrogen bonds (0—H•••0 and N—H•••0), weakly directional hydrogen bonds (C—H•••0, 

C—•••X, where X is a halogen and 0-14•••n) and other weak heteroatom 

interactions such as halogen•••halogen, sulfur -halogen, nitrogen•••halogen and so on. 

Among all intermolecular interactions hydrogen bonding is the most reliable and 

directional interaction and it plays a vital role in the molecular recognition process and 

crystal engineering. 18  

The hydrogen bond D-1-1•••A is formed when the electro-negativity of donor D relative 

to H in the D—H covalent bond is such as to withdraw electrons and leave the proton 

partially unshielded so that it can interact with the lone-pair or polarizable it electrons 

on the acceptor A. Hydrogen bonds are of three types: very strong or ionic hydrogen 

bonds (0-1+-0-, Ok—H•••0) with partial covalent character with energy of 15-40 kcal/ 
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mol, strong or conventional hydrogen bonds (0—H•••0, 0—H•••N, N—H•••0) with energy 

of 4-15 kcal/mol and weak or unconventional hydrogen bonds (C—H•••0, C—H•••N, O-

H•••T) with energy of 2-4 kcal/mol. The total energy of the hydrogen bond may be 

partitioned into electrostatic, charge transfer, polarization, dispersion, and electron 

repulsion with the major contribution varying, depending on whether the hydrogen 

bond is strong (mostly electrostatic), weak (electrostatic), and very strong (mostly 

covalent). The strongest hydrogen bond is comparable in strength to the weakest 

covalent bond (Table 1.1). 19  

Table 1.1 Some properties of very strong and weak hydrogen bonds. I9  

Very Strong Strong Weak 

Bond energy 15-40 4-15 <4 

Bond lengths D—A 	H•••A D—A < H•••A D—A << H...A 

D•-A range (A) 2.2-2.5 2.5-3.0 3.0-4.5 

H•-A range (A) 1.2-1.5 1.5-2.2 2.2-3.5 

D—H•••A angles range (°) 175-180 130-180 90-180 

IR vs  relative shift (%) > 25 5-25 <5 

Effect on Crystal packing Strong Distinctive Variable 

Covalency Pronounced Weak Vanishing 

Electrostatic contribution Significant Dominant Moderate 

1.3. Hydrogen Bond Patterns — Graph Set Theory by Etter 

These patterns are formulated by Margaret Etter; the purpose of graph-set assignments 

is to define the morphology of hydrogen-bonded arrays. Kuleshova and Zorkii 2°  were 

the first to apply graph theory 21  to organic crystal structures, while Wells 22  and 

Hamilton and Ibers 23  had developed accounting schemes for hydrogen bonds. The 

process of assigning a graph set begins with identification of the number of different 

types of hydrogen bonds, as defined by the nature of the donors and acceptors in a 

hydrogen bond, that are present in the structure of interest. The set of molecules that are 

hydrogen bonded to one another by repetition of just one of these types of hydrogen 

bonds is called a motif and is characterized by one of four designators that indicate 
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whether the motif is infinite or finite, and cyclic or not. For motifs generated from 

intermolecular hydrogen bonds, these designators are C (chain), R (ring), and D (dimer 

or other finite set), while S denotes an intramolecular hydrogen bond. The number of 

donors (d) and acceptors (a) used in each motif are assigned as subscripts and 

superscripts; respectively, and the size or degree of the motif (corresponding to the 

number of atoms in the repeat unit) is indicated in parentheses e.g., Gda  (n). Basic graph 

sets are of the lowest degree, and complex graph sets describe patterns of higher degree. 

Unitary or first-level graph set N 1  is a list of all motifs (one type of hydrogen bond) in 

the structure, binary or second-level N2 describes patterns of two hydrogen bonds, and 

N3 describes patterns of three H-bonds. The same hydrogen bond array may be 

analyzed in more than one graph set notations, e.g., a-glycine has C2 (6), C2 (10), and 

R44  (16) graph set patterns depending on the complexity with which the structure is 

analyzed. Graph sets are useful in identifying different hydrogen-bond patterns in 

especially in polymorphs. 24  

Margaret Etter also formulated hydrogen bond rules; these rules are as follows. 

These rules correlate functional groups in neutral organic molecules with hydrogen 

bond patterns in crystals. 1) All good proton donors and acceptors are used in hydrogen 

bonding. 2) Six-membered-ring intramolecular hydrogen bonds form in preference to 

intermolecular hydrogen bonds. 3) The best proton donors and acceptors remaining 

after intramolecular hydrogen-bond formation will form intermolecular hydrogen bonds 

to one another. There is a ranking of hydrogen-bond donors and acceptors in a crystal, 

and pairing takes place in a hierarchical fashion. These rules may be exploited in the 

design of cocrystals. 24  

Recent literature reveals that supramolecular chemistry, or chemistry beyond 

molecules, has provided a wide canvas for a variety of studies of molecular materials in 

the solid state. During the last two decades, the field of supramolecular chemistry has 

altered the way in which chemists think about crystals. Instead of focusing on 

molecular geometry, with a tendency perhaps to overlook the way in which the 

molecules are arranged in three-dimensional space, the approach is now to think 

`supramolecularity' with a higher hierarchy of a crystalline arrangement in mind. The 
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need for this awareness 'making crystals with a purpose' has perhaps been most visible 

within the inorganic chemistry. During recent years, a plethora of eloquent research has 

been conducted in this discipline, resulting in an extensive array of helices, one-

dimensional coordination polymers, two-dimensional grids, three-dimensional lattices 

and water clusters in the crystalline lattice. 25  The most common strategy is that of 

rational design, which utilizes molecular building blocks nucleophilic spacers that have 

been encoded with the information necessary to pre-determine the overall structure of 

the resulting product. 

1.4. Small Water Clusters in the context of Supramolecular Chemistry 

Recent literature reveals that supramolecular chemistry plays a very important 

role in understanding small water clusters in crystalline hydrates, which are perfect 

means to characterize structural changes and bonding mechanisms in passing from 

isolated molecules to bulk state. 26  Hydrogen-bonding, that involve water molecules 

along with other noncovalent interactions, is capable of guiding the self-assembly 

processes in chemical systems. 27  Moreover, water is a commonly used solvent in the 

synthesis of crystals containing hydrogen bonding building blocks owing to the 

inherent polar nature of those molecular units. Since it has the capability, both to accept 

and to donate hydrogen bonds, its incorporation into the final hydrogen bonded 

network should be no surprise. 

Water is a major constituent of the earth and it plays an important role in many 

natural systems. Water transport is a fundamental requirement for all life processes, and 

its elucidation in biological systems have captured much attention in recent years. 28 

 There has been an extensive investigation of water structures, as water chains are 

prevalent in biological systems, where helical protein matrixes act as stabilizing host 

and such that they are more useful in transport of ions. 29  The understanding of water in 

natural process is still challenging to chemists. Studies on small water clusters and their 

non-covalent interactions are significant because these stabilize the supramolecular 

systems both in solution and in the solid state and there is a clear need to understand 

how such aggregates influences the overall structures of their surroundings. 3°  

Even though hydrogen-bonding interactions and their fluctuations may give rise 

to the understanding the bulk properties of water, the correct evaluation of these 

I 
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interactions has been the major impediment in our understanding of the "anomalous" 

behavior of water. The lattice of a crystal host provides an alternative environment for 

the stabilization of a variety of supramolecular water clusters. 31-49  Water clusters from 

( -I20)2 to (H20)10032  have been characterized in the crystalline host including discrete, 

chains, layer water clusters. 

(a) Discrete chains, i. e. acyclic connected molecules, Dn. 

> X 
D2 

(b) Discrete rings, Rn. 	

0 0 0 
R3 	R4 	R5 	R6 	R8 	R9 

(c) Infinite chains in one-dimension involving no rings, Cn. For each motif we draw 
the extended projection and a view along the growth axis of the chain. 

C2 	 C3 

- 

C4 	 C6 

Figurel.2. Various patterns of water clusters, described by Infants and Motherwell based on available 
data from Cambridge Structural Database (CSD) 

Infantes and Motherwell have described the patterns of water clusters within the 

Cambridge Structural Database (CSD), and they have classified them as discrete rings 

and chains, infinite chains and tapes, and layer structures as presented in Figure 1.2. 33 

 Discrete water clusters include octadecamer,34  hexadecamer, 35  pentadecamer34 

 dodecamer," decamer," octamer,31 ' 38 hexamer,39  tetramer, 4°  and dimer. 41  Atwood and 

co-workers isolated water decamer in the crystalline hydrate where the water cluster 

was comparable to smallest subunit of ice modification /c This water decamer was 

followed by characterization of many water clusters in crystalline hosts. Hexameric 

water clusters are one, which have received much attention due to the fact that the 

water hexamer acts as the transition state from 2D to 3D geometry. Stabilization of a 

range (low to high energy) of conformations of this particular type of water cluster is 

possible in crystalline hydrates. For instance, the chair conformation of water hexamer 
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is stabilized in one organic host and the high-energy cyclic planar form is formed in 

another organic host. The surrounding hydrogen bonding interactions around the water 

cluster makes this difference. 1D chain arrangements of water molecules are of interest 

due to their occurrence in the several biological processes related to the water ion 

transport. 

Repeating unit of discrete water cluster like hexamer, 42  tetramers, 43 

dodecamer 44  etc make the extended water chains, 45  tape, 46  layers. Although liquid water 

should contain different small water clusters, the formation of different 2D water 

morphologies may be possible due to a small change in the host framework. So the 

systematic variation of the backbones and determination of the corresponding water 

layers will improve the understanding of the structures of water in diverse chemical 

environments. Very recently, Mascal et al. have written a popular article on water 

oligomers in crystalline hydrates by choosing 17 random recent publications that 

describe unprecedented assemblies of water molecules and compared these structures 

against those already in the CSD. 47  

Considerable amount of work have been published from our laboratory on water 

clusters ranging from water dimers ,41e through tetramers, 404  to nonamer.48  A new 

type of water pipe, made up of with 28 lattice water molecules, which was identified in 

supramolecular channels, formed in a polyoxometalate-based inorganic—organic hybrid 

compound has recently been reported. 49  

1.5. Emerging Properties originated from intermolecular interactions in 

crystalline state: Total Spontaneous Resolution through Homochiral Helices 

Chirality, which is inherent in helical chemical entities in numerous biological 

systems, is not only an essential element of life but also plays key roles in advanced 

materials (such as optoelectronic devices) and in catalysis (enantio-selectivity). 5° 

 Reaction systems that lead to the isolation of homochiral (one-handed) crystals (totally 

asymmetric state) from an achiral compound (chirally symmetric state) are thus of 

general interest. 51  However, the synthesis, which brings about total spontaneous 

resolution, yielding only homochiral crystals from an achiral molecule, is extremely 

rare 52 and unpredictable a priori since the factors determining the process are less 

understood. 51  Supramolecular interactions are significant in crystal chirality, because 
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minute structural changes at molecular level can induce the dramatic changes beyond 

the pertinent molecule affecting the equilibrium between racemates and conglomerates. 

In the context, few terms that are relevant to chirality of a chemical system are 

described below: 

Conglomerate: An equimolar mechanical mixture of crystals, each one of which 

contains only one of the two enantiomers present in a racemate. 53  

Spontaneous Resolution: The process of separation of enantiomer on crystallization of 

a racemate is called spontaneous resolution. 54  

Pitch: The pitch of a helix is the length of one complete helix turn, measured along the 

helical axis. 

Homochiral: A chiral substance is enantiopure or homochiral when only one of two 

possible enantiomers is present (presence of only one handed helices through out the 

molecular structure is considered to be homochiral). 

Heterochiral: Heterochiral with respect to formation of helices means the presence of 

both (right and left) handed helices in a particular molecular structure making the 

compound achiral. 

Helix: A helix is characterized by a helical axis, a screw sense (i.e., chirality), and pitch 

(rate of axially linear to angular movement). Ideally, the axis is a straight line, and the 

two kinds of motion are circular and linear at a constant distance r from the axis, 

producing a cylindrical (constant radius), palindromic (constant pitch) helix. A helix 

may be right-handed (designated P) or left-handed (M) according to whether the 

rotation is clockwise or anticlockwise when the helix is considered to wind from the 

viewer's eye toward a point distant from the viewer. 

1.6. The Aim of the Present Research 

The ongoing research on small water clusters in crystalline hydrates of simple 

inorganic compounds and organic-inorganic hybrid compounds in our laboratory 

prompted us to investigate more on supramolecular interactions in the crystals of 

simple organic and organic-inorganic hybrid compounds. We have already learnt from 

literature that the intermolecular interactions in a crystal play a significant role in 

obtaining remarkable solid state properties that include chirality, non-linear optical 
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properties etc. Keeping this view as a background, the present thesis deals with 

interactions of a range of simple amines and a substituted amine, like ortho-

phenylenediamine (OPDA), 4,4,-diaminodiphenylether (DADPE) and 2,6- 

diaminopyridine (in their protonated forms / cationic forms) with simple inorganic 

anions, for example, SO42-, C104, NO3 etc and substituted organic acids. We have 

also attempted to investigate the supramolecular interactions of these amines with 

polyoxometalate anion, e.g., Anderson heteropolyanion to obtain a new class of 

organic-inorganic hybrid materials of immense catalytic importance. The resulting 

compounds display interesting versatility in supramolecular aspects. It is remarkable to 

observe how a simple achiral organic molecule undergoes total spontaneous resolution 

through the stabilization of homochiral helices. In this thesis work, we also have tried 

simple co-crystallization from very simple organic acids in a common organic solvent. 

At last we have succeeded to demonstrate that an achiral organic molecule, on co-

crystallization with DMF solvent at room temperature, gives rise to a novel assembly in 

the resulting crystals that exhibit SHG activity in its crystalline state. The compounds 

obtained at aqueous medium stabilize different water clusters ranging from discrete 

water dimers, tetramers and hexamers. These water clusters (tetramer in particular) help 

to stabilize a left handed helical self assembly via 0...0 non-covalent interactions. 

The synthesis and structural characterization of many new supramolecular 

hydrogen bonding assemblies of organic and inorganic molecular components in 

crystalline hydrates would be the main objective of this thesis. The aesthetically 

beautiful supramolecular contacts would be the major visualization throughout this 

presentation including numerous color artworks. 
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Chapter 2 

Supramolecular Structures of ortho-Phenylenediamine and 
4,4-Diaminodiphenylether with Inorganic Acids: the 
Resultant Bilayer, Helices and Self assembled Networks 

2.1. Introduction 

Investigations of compounds possessing organic cations and inorganic or 

organic anions are of considerable interest, not only because they provide interesting 

supramolecular networks, but also because of their ability to exhibit novel structural 

features such as helices that are formed with an appropriate choice of the cation and the 

anion. The supramolecular networks become especially interesting when the cation and 

anion can participate in hydrogen bonding interactions. Hydrogen bonding has indeed 

been recognized as the most powerful force to generate supramolecular assemblies of 

molecules.' Supramolecular assembly of organic amines and inorganic acids involving 

a tetrahedral oxoanion have not been studied adequately. Examples of amine salts of 

H3PO42' 3  and H2SeO44  are known in the literature. In this chapter, we have described 

the investigations of sulfate and perchlorate salts of organic diamines of ortho-

phenylenediamine (OPDA) and 4,4,-diaminodiphenylether (DADPE), to examine the 

variability and richness in the supramolecular structures of these compounds. 

Recently, Alfredo Mederos and co-workers reported the important aspects of 

the aromatic diamines taking into account their possible applications such as trace 

analysis of metal ions and other species based on catalysis of the oxidative coloration 

system, the development of biosensors coated with poly(o-phenylenediamine) and their 

mutagenic and toxic character. 5  The fluorimetric determination of epinephrine with 

OPDA has been developed. 6  OPDA has also been used as fluorescence system in the 

enzymatic assay of serum uric acid. ?  In recent years, H202 detecting biosensor glucose 

oxidase-modified-P-o-PDA-coated Pt (Pt: P-o-PDA: GOO have been reported as 

interference 'free', having a high enzyme activity and a low response time, making 

them suitable for detecting glucose directly in biological systems. 8-1°  
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Very recently, Wang and co-workers reported that the reduction of HAuCla by 

ortho-phenylenediamine leads to the formation of gold nanoparticles with the 

occurrence of OPDA oligomers first, and then gold nanoparticles, produced serve as 

active catalysts to catalyze the oriented oxidative polymerization of other OPDA 

monomers by HAuCl a  along the oligomers produced, resulting in the formation of poly 

OPDA nanobelts. 1 1  

4,4'-Diaminodiphenylether is generally considered as a carcinogen since it has 

been shown to cause liver and thyroid cancers, and lymphoma in animals. 4,4'- 

diaminodiphenylether is used in material science to prepare the polyimide thin films by 

vapor deposition polymerized method in order to analyze the characteristics required 

for the inter-layer insulation films of semiconductor devices. 12  4,4-Diaminodiphenyl 

ether is also used to prepare a Schiff base, bis(N-salicylidene- 4,4-diaminodiphenyl) 

ether with a phenyl ether spacer (-C6H40C6H4-) which is self-assembled in the 

presence of metal ions, leading to a double-helical dinuclear supramolecular motif 

described by Noboru Yoshida and co-workers. 13  4,4-Diaminodiphenylether can be 

utilized to prepare Polyimide Langmuir-Blodgett Films. These materials have some 

special interests because of the importance of polyimide ultrathin films in 

microelectronics and in liquid crystalline optical cells. 14  Photodiodes can be prepared 

by the introduction of dye, electron donor, and acceptor functional groups into the 

polyimide Langmuir-Blodgett films. I5-17  

Recently, Rao and co-workers reported the investigations of the sulfates of 

organic diamines, ethylenediamine, 1,3-diaminopropane, piperazine, and 1,4- 

diazabicyclo[2.2.2]octane (DABCO). 18  Gimeno co-workers have described anions as 

templates in coordination and supramolecular chemistry by highlighting the (a) anion-

templated synthesis of systems with well-defined molecular weights; this includes 

macro cycles and cages, interlocked species (such as catenanes and rotaxanes), helical 

assemblies and other selected examples, (b) anions as templates in polymeric systems; 

this includes metal-organic frameworks, molecularly imprinted polymers and other 

selected examples, such as liquid crystalline materials. 19  

However there are not many reports on these two amines in terms of 

supramolecular interactions point of view. We have described, in this chapter, sulfate 
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and perchlorate salts of organic diamines (ortho-phenylenediamine and 4,4,- 

diaminodiphenylether) for the first time, giving importance to the supramolecular 

structures. 

Compounds discussed in this chapter are: 

1. [C6H9N2]C104 •H2 0 (1) 

2. [C611101s12]SO4-1.5 H2O (2) 

3. [I-13N(C6H40C6H4)NH3] -SO4 (3) 

4. [H3N(C6H4OC6H4)NH3].2C104.1120 (4) 

2.2. Experimental 

2.2.1. Materials 

Ortho-phenylenediamine was purchased from Lancaster, where as 4,4- 

diaminodiphenylether was purchased from FLUKA Chemika. Ferric sulfate was 

purchased from Loba chemicals. Distilled water was used as solvent in synthesis. All 

chemicals were of analytical grade and were used without further purification. 

2.2.2. Physical Measurements 

Micro-analytical (C, H, N) data were obtained with Perkin-Elmer Model 240C 

elemental analyzer and FLASH EA 1112 Series CHNS analyzer. Infrared spectra were 

recorded by using KBr pellets on a Jasco-5300 FT-IR spectrophotometer. NMR 400 

MHz, TGA analysis was performed on a Mettler Toledo Star System thermal analyzer 

under nitrogen atmosphere at a scan rate of 10 °C 

2.2.3. Synthesis of [C6H9N2]C104•H20 (1) 

Compound 1 was synthesized by taking ortho-phenylenediamine (2.00 g, 18.52 

mmol) in 30 mL of water. The insoluble amine started dissolving on slow addition of 

concentrated perchloric acid. The pH of the solution was adjusted to 1.2 by dropwise 

addition of concentrated perchloric acid. The resulting solution was kept at room 

temperature without disturbing. White needle-shaped crystals of compound 1 were 

obtained after two weeks. Crystals were filtered and washed with cold water until the 

red mother liquor, coated on crystals, was washed off completely. These crystals are 
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suitable for single crystal X-ray structure determination. Yield: 0.93 g (22% based on 

ortho-phenylenediamine). Anal. Calcd (Found) (%): C, 31.77 (32.01); H, 4.85(4.79); N, 

12.35(12.29) 'H NMR (400 MHz, DMSO-d6): d 6.8-7.0 (4H, m, aromatic protons). IR 

(KBr pellet, v(cm -1 )): 3450, 2852, 2582, 1624, 1500, 1087, 754, 626, 513, 449. 

2.2.4. Synthesis of [C61110N2]SO4 1.5 H2O (2) 

An aqueous solution of ferric sulfate (2.60 g, 6.50 mmol) was added to an 

aqueous solution of ortho-phenylenediamine (2.00 g, 18.52 mmol) and the pH of the 

resulting solution was adjusted to 1.2 by dropwise addition of concentrated sulfuric 

acid. The red reaction mixture was filtered and the filtrate was left undisturbed at room 

temperature for 24 h. Colorless plate-shaped crystals of compound 2, suitable for 

single-crystal X-ray structure determination, were filtered off and washed with cold 

water and dried at room temperature Yield: 1.54 g (18 %). Anal. Calcd (Found) (%): C, 

30.89(31.04); H, 5.62(5.51); N, 12.01(12.19); S, 13.75(14.01). IR (KBr pellet, ii(cm -I )): 

3455, 2920, 2602, 1630, 1579, 1541, 1504, 1375, 1317, 1155, 1068, 966, 756, 607, 

528, 449. 'H NMR (400 MHz, DMSO-d6): d 6.8-7.0 (4H, m, aromatic protons). 

2.2.5. Synthesis of [H3N(C6H40C6H4)NH31-SO4 (3) 

Compound 3 was synthesized by taking 4,4-diaminodiphenylether (0.50 g, 2.50 

mmol) in 50 mL of water. The insoluble amine started dissolving on slow addition of 

concentrated sulfuric acid. The pH of the solution was adjusted to 1.2 by dropwise 

addition of concentrated sulfuric acid. The resulting solution was left undisturbed at 

room temperature. White block-shaped crystals of compound 3, suitable for single 

crystal X-ray structure determination separated after two weeks. Crystals were filtered 

and washed with cold water at room temperature. Yield: 0.6 g (80% based on 4,4- 

diaminodiphenylether). Anal. Calcd (Found) (%): C, 48.31(47.76); H, 4.73(3.85); N, 

9.39(8.35); S, 10.75(11.34). IR (KBr pellet, ii(ctn -I )): 3638, 3488, 2903, 2610, 2064, 

1888, 1744, 1634, 1505, 1264, 1161, 1071, 1026, 878, 833, 606, 505, 428. 
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2.2.6. Synthesis of [H3N(C6H40C6H4)NH3]•2C104•1120 (4) 

Compound 4 was synthesised by taking 4,4-diaminodiphenylether (0.5 g, 2.50 

mmol) in 30 mL of water. The insoluble amine started dissolving on slow addition of 

concentrated perchloric acid. The pH of the solution was adjusted to 1.2 by dropwise 

addition of concentrated perchloric acid. The resulting solution was left undisturbed at 

room temperature. White needle-shaped crystals of compound 4, suitable for single 

crystal X-ray structure determination, crystallized after ten days. The crystals were 

filtered and washed with cold water at room temperature. Yield: 0.67 g (64 % based on 

4,4-diaminodiphenylether). Anal. Calcd (Found) (%): C, 34.38 (35.12); H, 3.85 (2.96); 

N, 6.68 (6.21). IR (KBr pellet, u(cm -1 )): 3449, 2919, 2587, 2230, 2020, 1894, 1628, 

1546, 1497, 1260, 1086, 878, 826, 693, 627, 480. 

2.3. Crystallographic Study 

Single crystal X-ray data for all the four compounds (1, 2, 3 and 4) were 

collected on a Bruker SMART APEX CCD area detector system [X(Mo-Ka) = 0.71073 

A] (1 and 2) at 100K, (3 and 4) at 298K respectively, graphite monochromator with a o) 

scan width of 0.3 ° , crystal-detector distance 60 mm, collimator 0.5 mm The SMART 

software was used for the intensity data acquisition and the SAINTPLUS Software 2° 

 was used for the data extraction. In each case, absorption correction was performed 

with the help of SADABS program, 21  an empirical absorption correction using 

equivalent reflections was performed with the program. The structure was solved using 

SHELXS-97, and full-matrix least-squares refinement against F 2  was carried out using 

SHELXL-97. 22  All non-hydrogen atoms were refined anisotropically. Aromatic and 

methyl hydrogens were introduced on calculated positions and included in the 

refinement riding on their respective parent atoms. The hydrogen atoms of protonated 

amine cations and water molecules were located in the difference Fourier maps and 

their positions were refined isotropically. Relevant crystallographic details and data 

collection strategies for compound 1, 2, 3 and 4 are provided with Tables 2.1. All 

calculations of hydrogen bonding interactions listed in the tables were done with 

PLATON23  and the software used to prepare the material is WinGx v1.70.01 (L. 

Farrugia, 2005). The DIAMOND24  software was used for molecular graphics. 
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Table 2. 1. Crystal data and structure refinement for compound 1, 2, 3 and 4 

Compound 1 	 Compound 2 

Formula 	 C6H 1 1C1N205 	Ci2H26N4011S2 

Fw 	 226.62 	 466.49 

T (K) 	 100(2) 	 100(2) 

A. (A) 	 0.71073 	 0.71073 

Crystal system 	 Monoclinic 	 Monoclinic 

Space group 	 P21/c 	 P21 1 c 

a (A) 8.0344(5) 26.946(2) 

b (A) 5.3244(3) 9.5581(9) 

c (A) 22.1466(13) 7.5203(7) 
/3  (0) 99.1480(10) 93.2080(10) 

V (A3) 935.35(10) 1933.8(3) 

Z 4 4 

Pealed (g cm 3) 1.609 1.602 

P(ntn-1 ) 0.409 0.342 

F (000) 472 984 

Crystal Size (mm) 0.42 x 0.32 x 0.10 0.38 x 0.30 x 0.12 

20 range/deg 1.86 to 28.28 2.26 to 28.25 

Reflections collected 10315 21667 

Unique reflections 2243 4646 

Completeness to 20 (%) 96.8 97.4 

Tmax, Tmin 0.9603 and 0.8471 0.9601 and 0.8810 

Parameters 2243 / 0 / 127 4646 / 0 / 334 

GOF (F2) 1.067 1.132 

R1 , wR2 [I> 2 crail 
R1 = 0.0375 
wR2 = 0.1038 

R1 = 0.0382 
wR2 = 0.1009 

R1 , wR2 (all data) R1 = 0.0394 
wR2 = 0.1016 

R1 = 0.0394 
wR2 = 0.1016 

Largest cliff. Peak and hole (e•A -3) 0.528 and -0.597 0.409 and -0.686 
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Compound 3 	Compound 4 

Formula 

FH, 

T (K) 

X (A) 

Crystal system 

Space group 

C12H141\1205 S 	C121-116N2010C12 

298.31 	 419.17 

298(2) 	 298(2) 

0.71073 	 0.71073 

Monoclinic 	 Monoclinic 

P21/c 	 P21/c 

a (A) 5.5831(4) 10.3140(19) 

b (A) 27.8132(19) 19.915(4) 

c (A) 10.1162(6) 17.008(3) 

P(°) 122.392(3) 90.10 

V (A 3) 1326.46(15) 3493.6(11) 

z 4 8 

Pcalcd (g cm 3) 1.494 1.594 

,u (mm 1 ) 0.266 0.428 

F (000) 624 1728 

Crystal Size (mm) 0.44 x 0.30 x 0.20 0.44 x 0.13 x 0.09 

20 range/deg 1.46 to 26.11 1.57 to 26.00 

Reflections collected 8522 18770 

Unique reflections 2626 6794 

Completeness to 20 (%) 99.6 98.8 

Tmax, Tram 0.9488 and 0.8921 0.9625 and 0.8341 

Parameters 2626 / 0 / 181 6794 / 4 / 490 

GOF (F2) 1.060 0.915 

R1, wR2 [1>2o-(1)] R1= 0.0436 R1 = 0.0571 
wR2 = 0.1188 wR2 = 0.1277 

R1, wR2 (all data) R1 = 0.0485, R1 = 0.1031 
wR2 = 0.1226 wR2 = 0.1443 

Largest cliff. Peak and hole (e•A -3) 0.343 and -0.475 0.426 and -0.316 
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2.4. Results and Discussion 

Synthesis 

The compounds 1 -4 were synthesized in moderate yields from the simple 

protonation reaction of OPDA (1 and 2) and DADPE (3 and 4) at — pH 1.2 in aqueous 

medium at room temperature in the presence of those respective acids. The schematic 

representations of these reactions are shown in Scheme 1. 

Infrared Spectra 

The infrared spectra of the compounds (1 -4) were recorded in the range of 

4000-400 cm-I . The IR data are given in the experimental section. For compounds (1-

4), the peak observations in the range 2920-2852 cm -I  are most likely due to the N-H 

stretching of NH3 +  group. Likewise the compounds 1, 2, and 4 exhibits the broad 

stretching frequencies at 3450, 3455, and 3449 cm -I  due the 0-H stretching vibration of 

H2O. But the compound 3 does not show any 0-H stretching vibration, it clearly 

indicates the absence of water. The compounds 1 and 4 exhibit the strong/sharp peaks 

such as 1087, 1086 cm I,  can be assigned as 0-C1=0 stretching vibration based on 

C104 anion. The stretching vibrations at 1155 and 1161 cm -I  correspond to —S=0 

stretching of SO42-  anion for compounds 2 and 3 respectively. 
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2.4.1. Crystal Structure of Compound 1 

White needle-shaped crystals of compound 1 were synthesized from an acidic 

aqueous solution containing ortho-phenylenediamine and perchloric acid. Compound 1 

was characterized by routine analysis and unambiguously by single crystal X-ray 

structure determination. Compound 1 crystallizes in the cetrosymmetric monoclinic 

P2 1 /c space group with all atoms located in general positions. The X-ray crystal 

structure of 1 shows a monoprotonated ortho-phenylenediammonium cation, a water 

molecule and a perchlorate anion in its asymmetric unit (Figure 2.1), and there are four 

such units in the unit cell (Z = 4) and the relevant parameters are tabulated in the Table 

2.1. The observed C—C and C—N bond lengths as well as the bond angles of the cation 

are in the normal range and are in good agreement with those observed for the 

corresponding compounds reported in the literature. 25  The bond lengths as well as the 

bond angles of the anion are also in the normal range and are in good agreement with 

those reported in the literature. 26 The four C1-0 bond lengths range from 1.4292(12) to 

1.4368(13) A and the six 0—C1-0 bond angles range from 109.19(9) to 110.39(9) 

degree , which are close to the tetrahedral values (Appendix—I) 

04 

Figure 2.1 Thermal ellipsoidal plot of compound [C6H9N2JCI04•H20 (1) with atom labeling scheme. 
Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which are shown as 
circles of arbitrary radius. 

These components are interlinked by strong 041-.0 and N—H•••0 types of 

hydrogen bonds involving amine and water hydrogens. Whereas all three hydrogen 

atoms of the protonated amine (N2) are involved in hydrogen bonding interactions with 

surrounding water and perchlorate oxygen atoms, only one hydrogen of the other amine 

(N1) gets hydrogen bonded to the perchlorate anion, as shown in Figure. 2.2. The 

relevant hydrogen bonding parameters of compound 1 are summarized in Table 2.2. 
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These intermolecular interactions (Figure. 2.2) lead to the formation of a bilayer 

consisting of two layers with their hydrophobic heads (phenyl rings) exposed to the 

exterior and the polar ends of the cation are embedded in the interior (Figure 2.3). 

• 04#4 

t 

03#31. 
Awe. H5B • • 

H2B 

	

N2 • 	02#2 
H2C 	2A 

H1A 
N1 

02 

04 	 03 

Figure 2. 2. Hydrogen bonding environment around amine with symmetry codes. #1: 1-x,-y,-z; 
#2: x,1+y,z; #3: 1+x,y,z; #4: 1 -x,1 -y, -z. 

Table 2.2. Hydrogen bonding parameters (A, deg) of compound 1 

d(D—H) d(11•••A.) D(D•••A) ZDHA 
N2—H2C•01 0.89 2.21 2.992(18) 146.2 
N2—H2B•••05 0.89 1.89 2.771(18) 171.5 
N1—H1A•••04#1 0.89 2.25 3.109(19) 176.1 
N2—H2A...02#2 0.96 2.11 2,984(18) 167.3 
05—H5B•03#3 0.79(4) 2.03(4) 2.818(2) 170(3) 
05—H5A•••04 #4 0.76(4) 2.44(4) 3.114(2) 149(3) 
C3—H3•••05 #2 0.93 2.51 3.291(2) 142 
Symmetry transformations used to generate equivalent atoms: #1: 1-x,-y,-z; #2: x, l+y,z; 
#3: 1+x,y,z; #4: 1-x,1-y,-z. 

In general, in the cell membrane, the phospholipids organize themselves in a 

bilayer to hide their hydrophobic tail regions and expose the hydrophilic regions to 

water27  (Scheme 1). This organization is spontaneous, meaning it is a natural process 

and utilizes many non-covalent interactions, including hydrogen-bonding interactions. 

Interestingly, ortho-phenylenediammonium cation, perchlorate anion and a crystal 

water molecule organize themselves in a bilayer to expose the hydrophobic regions (the 

04#11110%46  
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phenyl rings) to the exterior forming a hydrophilic interior of perchlorate anions and 

water molecules, as presented in Scheme 2. 

Figure 2. 3. Formation of the bilayer from two layers that get linked via N1—H1 -.04 hydrogen bond 
in the interior region. 

2.4.1.1. The construction of double layer: The double layer is constructed by N—H-0 

type hydrogen bonds in the hydrophilic region in the interior. The formation of the 

double layer can be described by two layers (in the crystallographic ab-plane) that 

approach each other along the crystallographic c-axis. The nitrogen atom (N1) of the 

NH2 group of one layer donates its hydrogen (H1A) to the oxygen (04) of the 

perchlorate anion of other layer forming N1—H1A-04 hydrogen bond with H•0 bond 

distance of 2.25 A and vice versa as shown in the Figure 2.3. 

2.4.1.2. The construction of single layer: Each layer, which runs parallel to the 

crystallographic ab-plane, is made up of protonated amine groups (NH3 +) that interact 

with solvent water molecules and perchlorate anions. Protonated amine nitrogen N2 

donates its H1A to perchlorate oxygen (N2—H2A-02) with H-0 bond distance of 

2.11 A and H2C to other perchlorate oxygen (N2—H2C-01) with H-0 bond distance 

of 2.21 A respectively. But the same nitrogen donates its third hydrogen (H2B) to water 
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oxygen (N2—H2B••05) with H•..0 bond distance of 1.89 A. This water oxygen (05) in 

turn donates its both the hydrogens to oxygen atoms of two perchlorate anions 03 and 

04 (05—H5B•••03 and 05—H5A•••04) with H-.0 bond distance of 2.03 A and 2.44 A 
respectively, and acts as a connecting link between protonated amines and perchlorate 

anions to form a layer as shown in the Figure 2. 4. 

Figure 2. 4. Two-dimensional layer structure formed by perchlorate anions, water molecule and 
amine via N—H•-0 and 0—H-.0 hydrogen bonding interactions. 

The cation hydrogens, which interact with the oxygens of perchlorate anions 

and water molecules of the same plane, the phenyl rings are standing perpendicular to 

this layer as hydrophobic heads. Here the layered network can be described as 

hydrophilic ends. The non-protonated amines (NH2 groups) are not involved in the 

construction of a 2-D layer structure (Figure 2. 4); however, these amine groups are 

actively engaged in forming the double layer as explained above (Figure 2. 3). In the 

layer network, two types of hydrogen bonded rings are observed: eight-membered and 

ten-membered. The smaller ring (8-membered) has an internal diameter of ca. 5.3 A 
(across two corners) and is formed by two perchlorate anions, one water molecule and 

an NH3+  group. The larger ring (10- membered), which has an internal diameter of 8.3 

A , is made up of two water molecules, two perchlorate anions and two NH3 +  groups. 

In the crystal structure of 1, the double layers are stacked in a "head to head" 

fashion resulting in alternative hydrophobic and hydrophilic zones, as shown in Figure 

2.5. In the hydrophobic zone, there are inter-bilayer JI-JI interactions. Besides these JI- 
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JI interactions, the bilayers interact with each other via C—H•0 hydrogen bonding 

interactions (C3—H3-02), with H••0 bond distance of 2.51 A, involving phenyl ring 

hydrogen and water oxygen as shown in the Figure 2. 5. 

Figure 2. 5. Packing of the double layers in the crystal of 1 showing alternative hydrophobic and 
hydrophilic zones. 11-11 interactions are shown in black arrows: C t-Ct  (centroid-to-centroid distance) = 
4.972 A and MPS = 3.542 A 

In summary, the crystal structure of [C6H9N2]C104 • H 2O (1), shows the 

abundance of a hydrogen bonding supramolecular bilayer with hydrophobic (phenyl 

rings) exterior and hydrophilic interior. In view of this it is of interest to investigate the 

effect of sulphate anion, on supramolecular behavior of host molecule (instead of 

perchlorate anion) as both the anions possess the tetrahedral geometry. 

2.4.2. Crystal structure of Compound 2 

Colorless plate-shaped crystals of 2 were synthesized from an acidic aqueous 

solution containing ferric sulfate, ortho-phenylenediamine and sulfuric acid. Compound 

2 was characterized by routine analysis, TGA studies and unambiguously by single-

crystal X-ray structure determination. The X-ray crystal structure of compound 2 

reveals that it crystallizes in the cetrosymmetric monoclinic P2 1/c space group with all 

atoms located in general positions. The X-ray crystal structure of 2 shows two 

crystallographically independent ortho-phenylenediammonium cations, two 
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crystallographically independent sulfate anions and three crystal water molecules in its 

asymmetric unit (Figure2.6), thus this account for a sesquihydrate. And there are four 

such units in the unit cell (Z = 4) and the relevant parameters are tabulated in the Table 

2.1. The observed C—C and C—N bond lengths as well as the bond angles of the cation 

are in the normal range and are in good agreement with those observed for the 

corresponding compound 1 reported in this chapter and literature. The bond lengths as 

well as the bond angles of the anion are also in the normal range and are in good 

agreement with those reported in the literature. 18  The four S-0 bond lengths of two 

anions range from 1.4597(11) to 1.5037(11) A and the six O—S—O bond angles of the 

two anions range from 107.60(7) to 111.49(7) degree, which are close to the tetrahedral 

values (Appendix—I). 
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Figure 2.6 Thermal ellipsoidal plot of compound IC 6H1oN2 1SO4 -1.5 H2O (2) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, 
which are shown as circles of arbitrary radius. 

Interestingly, all the hydrogen atoms of the cation (ammonium —NH3 + 

 hydrogens) are actively participates in N—H•••0 hydrogen bonding interactions 

exclusively with sulphate anion oxygen atoms (Figure 2. 7). The relevant hydrogen 

bonding parameters are described in Table 2.3. 

2.4.2.1. Interactions between water molecules: All three solvent water molecules 

interact with each other forming an extended water structure, which can be described as 

a chain of corner-shared water tetramers, alternatively having same conformations as 

shown in Figure 2.8. 
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Table 2.3. Hydrogen bonding parameters (A, deg) of compound 2 

D-H-A d(D-H) d(H•••A) D(D".A) LDHA 

N1-H1A-02#2 0.90(3) 1.92(3) 2.8113(18) 167(2) 

N1-H1B•01#1 0.88(3) 1.94(3) 2.8001(18) 165(2) 

N1-H1C•.02 0.89(2) 2.03(2) 2.8709(18) 156(2) 

N2-H2A-04 #1 0.93(3) 1.81(3) 2.7449(18) 174(2) 

N2-H2B•••03 #3 0.88(3) 2.02(3) 2.8809(19) 165(2) 

N2-H2C•-01 0.90(2) 1.91(2) 2.7953(18) 171(2) 

N3-H3A-05#2 0.91(2) 1.98(2) 2.8680(18) 164(2) 

N3-H3B•05 0.91(3) 1.90(3) 2.8059(18) 176(2) 

N3-H3C•06#4 0.89(3) 1.95(3) 2.8344(18) 171(2) 

N4-H4A•06 0.88(3) 1.97(3) 2.8394(18) 171(2) 

N4-H4B•-08#5 0.92(2) 1.94(2) 2.8469(18) 168(2) 

N4-H4C•••07#4 0.91(3) 1.83(3) 2.7280(18) 170(2) 

09-H9A-010#6 0.95(6) 1.82(6) 2.755(2) 170(5) 

09-H9B-011 0.84(5) 1.93(5) 2.764(2) 174(5) 

010-H10A•09 0.79(5) 2.06(5) 2.811(2) 159(4) 

010-H10B•••05 0.80(3) 2.03(3) 2.831(18) 172(3) 

011-H11A... 02 0.75(3) 2.11(3) 2.857(19) 174(3) 

011-H11B-09#2 0.81(4) 2.04(4) 2.824(2) 164(4) 
Symmetry transformations used to generate equivalent atoms: #1: 1-x, 2-y, 1-z.; #2: x, 1.5-y, 0.5+z.; #3: 
x, 2.5-y, 0.5+z.; #4: -x, 1-y, 1-z; #5: x, 0.5-y, 0.5+z; #6 x, 1.5-y, -0.5+z. 
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Figure 2. 7. Hydrogen bonding interactions that involves -NH 3+  groups, 5042_ anions and H2O 
molecules in compound 2 #1: 1-x, 2-y, 1-z; #2: x, 1.5-y, 0.5+z; #3: x, 2.5-y, 0.5+z; #4: -x, 1-y, 1- 
z; #5: x, 0.5-y, 0.5+z. 
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Figure. 2. 8. Representation of the flip-flop water chain running parallel to the crystallographic c axis: 
top, wire-frame representation; bottom, ball-and-stick representation. Atoms with additional labels are 
related by symmetry transformation to generate equivalent atoms #2: x, 1.5-y, 0.5+z; #6 x, 1.5-y, -
0.5+z. 

This can be called a flip-flop water chain in the sense that the supramolecular 

plane of each water tetramer, along the chain, is perpendicular to the planes of its 

adjacent water tetramers. The hydrogen bonding parameters for this water chain is 

tabulated in Table 2.3. Similar water chain has recently been reported in other 

molecular crystalline hydrates. 28  

Figure 2. 9. Sulfate anion helices: left, ball-and-stick representation of left and right handed helices; 
middle, wire-frame representation of helical back bones of left and right-handed sulfate helices; 
right, superimpose space-filling model of a left-handed sulfate helix. 
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2.4.2.2. Stabilizing sulfate anion helices: In the present system, the above said water 

chain plays a significant role in stabilizing sulfate anion helices that are formed through 

0•••0 contacts. There are two types of helices observed, one is formed exclusively by 

S1 sulfate anions with 01-.04 distance of 2.9413(16) A° between two S1 sulfate 

anions (Figure 2. 9 left); the second type of helices is formed by S2 sulfate anions with 

06-.07 separation of 2.9463(16) A° between two S2 sulfate anions. Both left and right 

handed helices are observed in these two types. In the crystal, the sulfate helices and 

the water chains seem to exist by a cooperative effect, both interacting with each other. 

The sulfate helices (running parallel to the crystallographic b axis) remain 

perpendicular to the water chains that run parallel to the crystallographic c axis as 

shown in Figure 2.10. 

Figure 2. 10. A perspective view of left- and right-handed sulfate helices interacting with water 
chains those are perpendicular to sulfate helices. 

Along the helix, each sulfate anion is hydrogen bonded to a water tetramer of 

the water chain (Figure. 2.11 left). Two different arrangements (e.g., front and back of 

the helix) of the chain of the water tetramers (Figure2.11 right) are involved in 

constructing a sulfate helix. A sulfate anion, hydrogen bonded to a water tetramer of the 

front chain, undergoes 0-.0 interaction to a sulfate anion that is hydrogen bonded to a 

water tetramer of the back chain and so on (Figure 2.11 right); thus each sulfate helix 

touches both front and back water chains alternatively while it proceeds. The careful 

inspection on the surrounding of a sulfate helix reveals two unique features: (i) the 

33 



Chapter 2 

supramolecular planes of two water tetramers that connect two successive sulfate 

anions in a helix are perpendicular to each other (Figure 2.11) and (ii) there is a slight 

displacement of the same water tetramers (that connect two successive sulfate anions) 

with respect to each other. 

k-08. 	 k""140. 

011 
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si 	. _ .__ 
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, 

*4 	Pc41°11 	1:44.  

Figure 2. 11. Left, Sulfate helix showing that each sulfate anion is hydrogen bonded to a water tetramer (part 
of the flip-flop water chain). Right, Water chain and sulfate helices showing, how the flip-flip water chains 
induce helicity in supramolecular aggregation of sulfate anions. 

These two factors might be responsible for twisting the node connecting two 

sulfate anions in the sulfate helix. This twisting was measured (as S-0•••0—S dihedral 

angle that resulted from two interconnecting sulfate anions) to be 68° and is 

accountable to induce the helicity among sulfate anions. 

Figure 2. 12. Hydrogen bonding situation of —NH3 +  hydrogens with left- and right-handed sulfate anion 
helices. Atoms with additional labels are related by symmetry transformation to generate equivalent 
atoms. 
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Along the sulfate helix, the 0•••0 separation between two sulfate anions is 

2.9413(16) A° in S1 helix and 2.9463(16) A° in S2 helix, which is shorter than the sum 

of their van der Waals radii (r vaw: 0, 1.52A°) indicating a strong non-covalent 0•••0 

interaction. All three hydrogen atoms around each of the protonated (tertiary) nitrogen 

atoms (of ortho-phenylenediammonium cation) are nicely located from difference 

Fourier maps and their positions are isotropically refined. These located hydrogens 

remained stable during successive refinement stages. Interestingly, all three hydrogens 

of each protonated nitrogen atom are exclusively hydrogen bonded with its surrounding 

sulfate anion oxygen atoms (not with water oxygens) as shown in Figure 2.12. More 

specifically, the ortho-phenylenediammonium cation with its two —NH3 +  groups is 

involved in hydrogen bonding interactions with both left- and right-handed sulfate 

anion helices, each —NH3 +  group, two hydrogens interact with one handed helix and the 

third hydrogen with other handed helix (Figure 2.12). Same situation was observed for 

other crystallographically independent ortho-phenylenediammonium sulfate. In 

summary, the generation of supramolecular helices requires a reliable non-covalent 

motif that can provide the desired connectivity of the building blocks in a predictable 

manner. Hydrogen bonds, metal coordination, and JI—JI stacking interactions are often 

utilized in this regard. Simple non-covalent 0...0 interactions (in less than 3 A° 0/0 

separation, which do not include these H-bond, metal coordination and JI—JI stacking 

interactions) involved in a supramolecular helical construction is not yet explored. We 

succeeded to demonstrate supramolecular organization of water molecules and creation 

of sulfate anion helices through non-covalent non-hydrogen bonded 0•••0 contacts and 

various functionalities offered by water chain. We have shown that a simple compound 

possessing organic cations and inorganic anions can provide novel structural features 

that may serve in understanding the basic principles of supramolecular chemistry. 

Having knowledge of the supramolecular structures in the compounds of 1 and 

2, we wished to increase the dimensionality of the supramolecular structures. Thus we 

have attempted to synthesize the compounds with other amines like meta- and para-

phenylenediamines. Unfortunately our efforts to get single crystals from these reactions 

were not successful. Then we have selected 4,4-diaminodiphenylether (DADPE) as the 

other alternative for our studies as this amine is not explored much for supramolecular 
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studies point of view. 4,4-Diaminodiphenylether consists an oxygen atom between two 

phenyl rings as a spacer; this helps to have the flexibility at molecular level so that we 

can expect the structural diversity at supramolecular level. 

2.4.3. Crystal structure of Compound 3 

White needle-shaped crystals of compound 3 were obtained by dissolving 4,4- 

diaminodiphenylether in water, containing concentrated sulfuric acid. Compound 3 

crystallizes in monoclinic P21/c space group and its structure consists of a sulphate 

(SO42)-  dianion and a di-protonated ammonium [H3N(C61-140C6H4)NH3] 2÷  cation in its 

asymmetric unit. There are four molecules in the unit cell (Z = 4) and the relevant 

parameters are tabulated in Table 2.1. 

The observed C—C, C-0 and C—N bond lengths as well as the bond angles of 

the cation are in the normal range and are in good agreement with those observed for 

the corresponding compounds reported in the literature. 29  The bond lengths as well as 

the bond angles of the anion are also in the normal range and are in good agreement 

with those reported in the literature. 18  The four S-0 bond lengths range from 

1.4591(15) to 1.4873(14) A and the six 0—S-0 bond angles range from 108.00(8) to 

110.55(9) degree, which are close to the tetrahedral values (Appendix—I). 

Figure 2.13 Thermal ellipsoidal plot of compound IH 3N(C6H40C6H4)NH31•SO4 (3) with atom 
labeling scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, 
which are shown as circles of arbitrary radius. 

The structure can be visualized as generated by chains of protonated ammonium 

cations [H3N(C6E140C6H4)NH3] 2+  and SO42" anions interacting with adjacent chains via 

hydrogen bonding interactions to form a layer in the be-plane. The layers are stacked 

along the crystallographic a-direction via hydrogen bonding interactions to give a three 
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dimensional hydrogen bonded assembly. The detailed description of the hydrogen 

bonding interactions as well as self assembly has been described below. 

All the ammonium hydrogens are involved in strong N—H-0 (intra as well as 

intermolecular) hydrogen bonding interactions of which H(1A) and H(2C) are 

associated with bifurcated hydrogen bonding interactions. Interestingly C—H-0 (intra 

as well as intermolecular) hydrogen bonding interactions are also present. The relevant 

hydrogen bonding parameters are tabulated in the Table 2.4. The dihedral angle of 4,4- 

diammoniumdiphenylether cation is 69.37°. The hydrogen bonding environment 

Table 2.4. Hydrogen bonding parameters (A, deg) of compound 3 

D—H—A d(D—H) d(H.-A) D(D-..A) ZDHA 

N1—H1A-04#3 0.89 2.52 2.973(2) 113 
N1—H1A•05#3 0.89 2.08 2.883(2) 150 
N1—H113•02#2 0.89 1.98 2.853(2) 167 
N1—H1C•03#1 0.89 1.82 2.684(2) 165 
N2—H2A-02 0.89 1.89 2.778(2) 175 
N2—H2B-04#5 0.89 1.86 2.723(2) 164 
N2—H2C•02#4 0.89 2.59 2.916(2) 102 
N2—H2& 03#4 0.89 1.94 2.805(2) 162 
C5—H5-02#2 0.93 2.49 3.242(2) 138 
C9—H9-04 0.93 2.48 3.212(2) 136 
Symmetry transformations used to generate equivalent atoms: #1: 1/2-x,1/2+y,3/2-z; #2: 
112+x, 1 /2-y,- 1 /2+z; #3: 1 /2+x, 1 /2-y,- 1 /2+z; #4: 1 -x,-y, 1-z ; #5 -x,-y,l-z. 

Figure 2.14. The hydrogen bonding atmosphere around each cation (left) and sulfate anion (right) with 
symmetry codes. #1 = 1/2-x,1/2+y,3/2-z ; #2 = -112+x,1/2-y,-1/2+z ; #3 = 1/2+x,1/2-y,-1/2+z ; #4 = 1- 
x,-y,l-z ; #5 = -x,-y,l-z. 
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around each cation is shown in the Figure 2.14 (left), with the relevant symmetry codes. 

The H•••0 bond lengths are in the range of 1.82-2.59 A in N-H•••0 hydrogen bonds and 

the H•••0 distances in the C-H•••0 hydrogen bonds are in the range of 2.48-2.49 A. 

2.4.3.1. Hydrogen bonding environment around SO42-  anion: The hydrogen bonding 

environment around each SO4 2-  anion is much interesting to explain. The SO4 2-  anion is 

surrounded by six cations with ten hydrogen bonding interactions, out of which two are 

week C-H•••0 interactions as shown in the Figure 2.14 (right). Here 02 of the SO42-

anion interacts intramolecularly with H2A (N2-H2A.. .02) with •••0 bond distance of 

1.89 A, and intermolecularly with H1B (N1-H1B•-02), H2C (N2-H2C•••02) with 

H••0 bond distance of 1.98 A and 2.59 A respectively. It also participates in week C-

H••0 hydrogen bond formation (C5-H5-.02) with H••0 bond distance of 2.49 A; so 

all in all, 02 participates in four hydrogen bonds (Figure 2.14 right). Even 04 also 

interacts intermolecularly with H1A (N1-H1A•••04), H2B (N2-H2B•••04) with H••0 

bond distance of 2.52 A and 1.86 A respectively and intramolecularly with H9 (C9-

H9•••04) with H••0 bond distance of 2.48 A. 

Figure 2.15. N—H...0 and C—H-0 hydrogen bonding interactions of cation and anion lead to form 
chains along b axis are shown, where 04 is acting as connecting link between those chains. 

But 03 interacts intermolecularly only with two hydrogens that are H1C (N1- 

H1C...03) and H2C (N2-H2C•••03) with H••0 bond distance of 1.82 A and 1.94 A 
respectively. Interestingly 05 is involved in one hydrogen bond formation (N1- 

H1A-.05) with H•••0 bond distance of 2.08 A. So H(2C) of N2 and H(1A) of N1 

38 



Chapter 2 

shows bifurcated hydrogen bonding interactions, where N1—H1A hydrogen bonded to 

04, 05 and N2—H2C are hydrogen bonded to 02, 03 of SO42-  anion respectively. Due 

to these interactions the cations and anions propagate through crystallographic b axis as 

chain type network. The cations of the same plane are connected as shown in the Figure 

2.15, where 04 oxygen of the SO4 2-  anion acts as connecting link between two such 

chains in which N2—H2B...04 as well as C9—H9•04 hydrogen bonding interactions 

are responsible. 

Figure 2.16. The interactions between two layers which are connected through N1—H1A•••03 
hydrogen bonding interactions are shown. 

The hydrogen bonding interaction N1—H1C•03 (Figure 2.16) with H•••0 bond 

distance of 1.82 A is responsible to connect those chains along crystallographic c axis 

allow them to propagate in the third dimension. These interactions lead to form a chain 

type network arrangement running along crystallographic be plane, where SO42-  ion is 

acting as a connecting link between cations in a head to tail fashion as shown in the 

Figure 2.16. The intricate three dimensional hydrogen bonding network is possible due 

to the tetrahedral nature of the SO4 2-  anion as well as 4,4-diammoniumdiphenylether 

cation with 69.37° dihedral angle. As shown in the Figure 2.14 (right), and as per the 

hydrogen bonding interactions explained previously, each SO4 2-  anion is surrounded by 

six cations, which means four in the same plane and other two from different plane 

makes it possible to form three-dimensional network. The C—H...0 interactions by C5 

and C9 can be attributed to the above said dihedral angle. When we view along 

crystallographic b axis, we can witness a wave (trough and crest) like networks netted 

with cation—anion interactions as shown in the Figure 2.17. 
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Figure 2.17. Wave (trough and crest) like networks netted with cation—anion interactions through N—
H-.0 hydrogen bonding interactions are shown. 

In this system each 504 2-  anion is exploited in such an extent that, it is surrounded by 

six cations, which is the highest in number as per the CSD-2006 search. 

2.4.4. Crystal structure of Compound 4 

White needle-shaped crystals of compound 4 ware obtained from an aqueous 

solution containing 4,4-diaminodiphenylether and perchloric acid. Compound 4 is 

crystallized in monoclinic P2 1/c space group and its structure consists of four 

perchlorate (C104) -anions, two di-protonated [H 3N(C6H40C 6H4)NH3]2+  cations and two 

water molecules in its asymmetric unit (Z'=2), and there are four such units in the unit 

cell (Z = 4) and the relevant parameters are tabulated in the Table 2.1. The observed C-

C and C—N bond lengths as well as the bond angles of the cation are in the normal 

range and are in good agreement with those observed for the corresponding compound 

3 reported in this chapter and literature. The bond lengths as well as the bond angles of 

the anion are also in the normal range and are in good agreement with those reported in 

the literature. 26  The four C1-0 bond lengths of four anions range from 1.367(4) to 

1.424(3) A and the six 0—C1-0 bond angles of the four anions range from 105.74(19) 

to 121.3(3) degree, which are close to the tetrahedral values (Appendix—I). 

The hydrogen bonding networks in compound 4 is difficult to represent in terms 

of chains and layers as described in compound 3. All the ammonium hydrogens are 

involved in strong N—H...0 (intra as well as intermolecular) hydrogen bonding 

interactions with H•••0 bond lengths are in the range of 1.80 to 2.56 A of which H(1A), 

H(1C), H(2B), H(3B) , H(3C), H(4A), and H(4C) participate in the bifurcated hydrogen 
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Figure 2.18. Thermal ellipsoidal plot of compound 111 3N(C6H40C6H4)NH3 1.2C104 •H20 (4) with atom 
labeling scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, 
which are shown as circles of arbitrary radius. 

bonding interactions. Interestingly, in the crystal structure there is no week C-11•••0 

hydrogen bonding interactions, where these interactions are observed in the crystal 

structure of 3. The dihedral angles of the two 4,4-diammoniumdiphenylether cations 

are 55.19° and 61.68° respectively which are less than that of the previous structure 3 

(69.37°) . Since it has two water molecules present in its asymmetric unit, strong 0— 

H...0 hydrogen bonding interactions are observed and these crystal water molecules 

play very crucial role in forming the networks as explained below. The basic hydrogen 

bonding network, formed with the help of 0—H•••0 and N—H•••0 hydrogen bonding 

interactions, are shown in the Figure 2.19, and the relevant hydrogen bonding 

parameters are tabulated in the Table 2.5. 

2.4.4.1. Hydrogen bonding interactions formed with water molecules: 

Out of the two water molecules present in the asymmetric unit, 019 donates its 

hydrogens to 015 and 012 of two different C104" anions (C14 and C13) with H•••0 bond 

distances of (019—H19X•••015) 1.93(4) A, and (019—H19Y•••012) 2.13(3) A 

respectively. Where as, the other water molecule (020) donates its hydrogens (H2OX 

and H2OY) to 014, 016 of one C104 anion (C14) and 012 of another C104 anion (C13) 

with H•••0 bond distances of (020—H20X•••014) 2.51(5) A, (020—H20X•••016) 2.38(4) 

A and (020—H20Y•••012) 2.05(3) A respectively, and we can see that the H2OX 

hydrogen is involved in bifurcated hydrogen bonding interaction. These interactions 

self assemble to form the above mentioned hydrogen bonding network which runs 
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Figure 2.19. Hydrogen bonding network formed by two water molecules, anions (C13 and C14) and 
cations (N2 and N4) along crystallographic a axis. 

Table 2.5. Hydrogen bonding parameters (A, deg) of compound 4 

Symmetry transformations used to generate equivalent atom 
1/2+z; #3: - 1 +x,y,z; #4: -x,- 1 /2+y, 1 /2-z; #5 1 -x,- 1 /2+y, 1 /2-z 
1/2+z. 

D(D•••A) 	LDHA 

3.148(4) 	129 
2.888(4) 	134 
2.843(4) 	169 
2.899(4) 	144 
3.042(4) 	119 
3.048(4) 	145 
3.018(4) 	113 
2.940(5) 	156 
3.044(4) 	176 
2.680(4) 	167 
2.845(5) 	142 
3.038(4) 	113 
2.944(5) 	127 
2.960(4) 	133 
3.216(4) 	169 
2.925(6) 	124 
2.874(4) 	170 
3.100(5) 	141 
3.216(5) 	135 
2.783(6) 	175 
2.950(5) 	172 
3.175(6) 	137 
3.181(5) 	161 
2.868(4) 	169  

s: #1: 1-x,-y, 1 -z; #2: x,1/2-y,-
; #6: -x,-y, 1 -z ; #7: -1+x,1/2-y,- 
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along crystallographic a axis, with the help of strong N—H•••0 hydrogen bonding 

interactions. N2—H2B•-011, N2—H2C•••013, N4—H4A•-013 and N4—H4B•-09 are 

involved with H•••0 bond distances of 2.11 A, 2.16 A, 2.34 A and 1.99 A respectively 

to form the above said hydrogen bonding network (Figure 2.19). Out of the four 

perchlorate anions, the two anions (C13 and C14) participate in the formation of this 

network (Figure 2.19). 

2.4.4.2. Hydrogen bonding interactions formed by perchlorate and cation: 

	

N1 	 N3 
*7.4°.__ 3.8 

	

H1C I-11 	6 	: H3 
0 C .03? 0 

* • • 08 
Ito H3C 
4 ---- 	---:- 

• * 6  • 

Figure 2. 20. Left, Hydrogen bonding network leads to form a spiral network by anions (C11 and C12) 
and cations (N1 and N3) along a axis. Right, the same spiral network when we view down through 
crystallographic a axis. 

It is surprising to see another network formed by only C10 4" anions and cations 

without water molecules. The ammonium hydrogens N1—H1A, N1—H1C and N3—H3B, 

N3—H3C are involved in bifurcated hydrogen bonding interactions. N1 donates its two 

hydrogens (H1A and H1C) to perchlorate oxygens. Interestingly both the hydrogens are 

involved in bifurcated hydrogen bonding interactions. N1—H1A interacts with 04 and 

05 of different perchlorates with H•••0 bond distances of (N1—H1A••04) 2.20 A and 

(N1—H1A••05) 2.51 A respectively. Similarly N1—H1C interacts with 02 and 06 of 

above said perchlorates with H•••0 bond distances of (N1—H1C•••02) 2.13 A and (N1— 

H1C-06) 2.51 A respectively. N3 also donates its two hydrogens (H3B and H3C) to 

the perchlorate oxygens; in this case both the hydrogens are involved in bifurcated 

hydrogen bonding interactions. N3—H3C interacts with 03 and 06 of different 

perchlorates with H•••0 bond distances of (N3—H3C•••03) 2.32 A and (N3—H3C•••06) 

2.28 A respectively. Likewise N3—H3B interacts with 04 and 08 of above said 

perchlorates with H•••0 bond distances of (N3—H3B-04) 2.58 A and (N3—H3B•••08) 

2.09 A respectively. Due to these bifurcated hydrogen bonding interactions, these 

cations and anions come opposite to each other and self assembled to form a spiral 

network which runs through crystallographic a axis as shown in the above Figure 2.20. 
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The above described water anion layers (Figure 2.19) are connected to these 

spiral networks from both sides via strong N—H• -0 hydrogen bonding interactions, but 

interestingly now the acceptors are water oxygens with •••0 bond distances of (N2— 

H2A-020) 2.28 A and (N3—H3A•019) 1.80 A respectively, where water molecules 

play crucial role to connect these spiral networks to water-anion layers. These 

assemblies further self assemble to form cation-water-anion framework as shown in the 

Figure 2.21. Both normal and perspective view has been drawn for clarity. 

Figure 2.21. Left, The cation-water-anion framework formed by water anion layers and spiral networks 
via N—H-0 hydrogen bonding interactions (organic part of the cation is omitted for clarity). Right, 
perspective view of the same framework. 

The above described frame-works together self assemble to form a truncated 

anion cation network as shown in the Figure 2.22 (left). The existence of this type of 

network is describes that the crystal structure 4 has all possible hydrogen bond 

opportunities to link the C104 anions, the ammonium and the water hydrogens that 

have been exploited to give rise to a robust hydrogen bonded network which is running 

through crystallographic a axis. 

Both the structures 3 and 4 (sulphate and perchiorate) provide excellent 

examples for supramolecular hydrogen bonded networks formed by organic cations 

with anions and both of which participate in hydrogen bonding. Each of these has a 

unique hydrogen-bonded structure. Further more, in crystal structure 4, H2O plays an 

important role as it is an integral part of the network. 
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Figure 2.22. Comparison between compound 4 and 3, where, only cation anion leads to form a wave 
(trough and crest) like network in 3 (Right), introduction of water molecules restrict the propagation of 
wave like network and lead to form a truncated anion-cation network in compound 4 (left). 

2.4.5. TGA Studies 
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Figure 2.23. The thermo gravimetric analysis (TGA) of compound 2 was recorded with a scan rate of 
3°C per minute, under argon atmosphere. 

We have been studied the TGA studies for compound 2 to observe the water 

loss. In this context, the thermo gravimetric analysis (TGA) of compound 2 was 

recorded with a scan rate of 3°C per minute, under argon atmosphere. At —80°C, a 

weight loss of 10.527% was observed which corresponds to loss of 1.4 water molecules 

(calcd. 1.5 water molecules). But, we have not attempted the TGA studies for 

0,00 
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compounds 1, 3 and 4. Because the compounds 1 and 4 consisting the perchlorate 

anions (basically perchlorate derivatives are explosive nature), where as the compound 

3 does not have water molecules in the crystal lattice. 

2.5. Conclusions: 

Out of the four compounds explained in this chapter, compounds 1, 2 and 4 

contain water molecules in their asymmetric units. In compound 1, the formation of 

single layer was possible due to the presence of a water molecule. In the compound 2 

the three water molecules self-assemble themselves to form an extended water 

structure, which can be described as a chain of corner-shared water tetramers (flip-flop 

water chain) and this water chain plays a significant role in stabilizing the sulfate anion 

helices that are formed through 0•••0 contacts of distance 2.9413(16) A in one helices 

and 2.9463(16) A° in another helices. In compound 3 there is no water molecule 

present, and then there is no strong 0—H•••0 hydrogen bonding interactions, but it 

contains strong N—H•••0 hydrogen bonding interactions which are only responsible to 

form the wave (trough and crest) like networks netted with cation— sulfate anion 

interactions along with the week C-1-1•••0 hydrogen bonding interactions. Interestingly, 

compound 4 contains two water molecules in its asymmetric unit. These two water 

molecules along with two perchlorate anions (C11 and C12) forms a network, which is 

responsible to restrict the propagation of wave (trough and crest) like networks as was 

observed in compound 3. If water molecules are not present in the crystal structure of 4, 

it can be expected to form the same wave (trough and crest) like network as witnessed 

in the compound 3 as both the molecules are same geometry in terms of anions and 

they contain the same dimensionality and molecular flexibility. 
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APPENDIX-I 

Selected bond lengths (A) and bond angles (deg) for [C6H9N2]C104•H20 (1) 

C(1)-N(1) 1.387(2) C1(1)-0(2) 1.4292(12) 
C(1)-C(2) 1.397(2) C1(1)-O(1) 1.4316(12) 
C(1)-C(6) 1.408(2) C1(1)-0(3) 1.4333(13) 
C(2)-N(2) 1.4711(18) C1(1)-O(4) 1.4368(13) 

N(1)-C(1)-C(2) 122.87(13) 0(2)-C1(1)-0(3) 108.53(8) 
N(1)-C(1)-C(6) 120.31(14) 0(1)-C1(1)-0(3) 110.39(9) 
C(3)-C(2)-N(2) 118.61(13) 0(2)-C1(1)-0(4) 109.78(9) 
C(1)-C(2)-N(2) 119.16(13) 0(1)-C1(1)-0(4) 109.73(8) 
0(2)-C1(1)-0(1) 109.19(9) 0(3)-C1(1)-0(4) 109.20(10) 

Selected bond lengths (A) and bond angles (deg) for [C6H10N2]SO4.1.5 H2O (2) 

C(1)-C(6) 
C(1)-N(1) 
C(2)-N(2) 

1.390(2) 
1.4548(19) 
1.4626(19) 

O(1)-S(1) 
O(2)-S(1) 
0(3)-S(1) 

1.4876(11) 
1.4989(11) 
1.4598(12) 

C(7)-C(8) 1.388(2) O(4)-S(1) 1.4736(11) 
C(7)-C(12) 1.389(2) O(5)-S(2) 1.5037(11) 
C(7)-N(3) 1.4591(19) O(6)-S(2) 1.4866(11) 
C(12)-N(4) 1.4633(19) O(7)-S(2) 1.4742(11) 
C(1)-C(2) 1.389(2) O(8)-S(2) 1.4597(11) 

C(2)-C(1)-N(1) 121.98(13) O(3)-S(1)-O(1) 110.29(7) 
C(6)-C(1)-N(1) 118.13(14) 0(4)-S(1)-0(1) 108.70(7) 
C(3)-C(2)-N(2) 119.00(14) O(3)-S(1)-O(2) 110.35(7) 
C(1)-C(2)-N(2) 120.67(13) 0(4)-S(1)-0(2) 108.23(7) 
C(1)-C(6)-C(5) 119.99(15) O(1)-S(1)-O(2) 107.87(7) 
C(8)-C(7)-N(3) 118.32(14) O(8)-S(2)-O(7) 111.49(7) 
C(12)-C(7)-N(3) 121.45(14) O(8)-S(2)-O(6) 110.50(7) 
C(11)-C(10)-C(9) 120.16(15) O(7)-S(2)-O(6) 109.17(7) 
C(11)-C(12)-N(4) 119.09(14) O(8)-S(2)-O(5) 109.86(7) 
C(7)-C(12)-N(4) 120.99(14) O(7)-S(2)-O(5) 108.11(7) 
O(3)-S(1)-O(4) 111.29(7) O(6)-S(2)-O(5) 107.60(7) 
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Selected bond lengths (A) and bond angles (deg) for [H3N(C6H40C6H4)NH3].SO4(3) 

C(1)-C(6) 1.367(3) C(9)-C(10) 1.380(3) 
C(1)-C(2) 1.378(4) C(10)-N(2) 1.452(2) 
C(1)-O(1) 1.389(3) O(2)-S(1) 1.4873(14) 
C(4)-N(1) 1.456(2) 0(3)-S(1) 1.4824(14) 
C(7)-O(1) 1.382(3) O(4)-S(1) 1.4649(15) 
C(7)-C(8) 1.383(3) O(5)-S(1) 1.4591(15) 

C(6)-C(1)-C(2) 120.7(2) C(7)-0(1)-C(1) 121.8(2) 
C(6)-C(1)-0(1) 116.1(2) 0(5)-S(1)-O(4) 110.35(9) 
C(2)-C(1)-0(1) 122.7(2) 0(5)-S(1)-0(3) 110.55(9) 
C(3)-C(4)-C(5) 120.49(19) 0(4)-S(1)-0(3) 109.17(9) 
C(3)-C(4)-N(1) 120.25(18) 0(5)-S(1)-0(2) 109.71(8) 
C(5)-C(4)-N(1) 119.13(17) 0(4)-S(1)-0(2) 109.03(8) 
C(12)-C(7)-0(1) 125.2(2) 0(3)-S(1)-0(2) 108.00(8) 

Selected bond lengths (A) and bond angles (deg) for 111 3N(C6H40C6H4)NH3 •2C104•H20 (4) 

C(1)-0(17) 1.381(4) 0(1)-Cl(1) 1.406(3) 
C(4)-N(1) 1.462(4) 0(2)-Cl(1) 1.407(3) 
C(7)-0(17) 1.398(4) 0(3)-C1(1) 1.379(3) 
C(10)-N(2) 1.485(4) 0(4)-C1(1) 1.407(3) 
C(13)-0(18) 1.385(4) 0(13)-C1(4) 1.401(3) 
C(16)-N(3) 1.466(4) 0(14)-C1(4) 1.383(4) 
C(19)-0(18) 1.408(4) 0(15)-C1(4) 1.367(4) 
C(22)-N(4) 1.465(4) 0(16)-Cl(4) 1.370(3) 

C(2)-C(1)-0(17) 123.6(3) C(23)-C(22)-N(4) 119.1(3) 
C(6)-C(1)-0(17) 115.7(3) C(1)-0(17)-C(7) 119.8(2) 
C(3)-C(4)-N(1) 119.7(3) C(13)-0(18)-C(19) 121.3(3) 
C(5)-C(4)-N(1) 120.2(3) 0(8)-C1(2)-0(5) 114.5(3) 
C(8)-C(7)-0(17) 122.8(3) 0(8)-C1(2)-0(6) 109.6(2) 
C(12)-C(7)-0(17) 115.6(3) 0(5)-C1(2)-0(6) 105.74(19) 
C(11)-C(10)-N(2) 119.0(3) 0(8)-C1(2)-0(7) 107.55(19) 
C(9)-C(10)-N(2) 118.4(3) 0(5)-C1(2)-0(7) 108.75(19) 
C(18)-C(13)-0(18) 114.7(3) 0(6)-C1(2)-0(7) 110.65(19) 
C(14)-C(13)-0(18) 124.6(4) 0(10)-C1(3)-0(9) 115.6(3) 
C(15)-C(16)-N(3) 120.0(3) 0(10)-C1(3)-0(12) 110.3(2) 
C(17)-C(16)-N(3) 119.4(3) 0(9)-C1(3)-0(12) 107.8(2) 
C(24)-C(19)-0(18) 123.9(3) 0(10)-C1(3)-0(11) 107.2(3) 
C(20)-C(19)-0(18) 114.0(3) 0(9)-C1(3)-0(11) 106.4(2) 
C(21)-C(22)-N(4) 120.1(3) 0(12)-C1(3)-0(11) 109.5(2) 

50 



Chapter 3 

Anions as Templates in Supramolecular Structures of 2,3- 
Diaminophenazinium Cations and Hydrates: the Resultant Water 
Clusters and Helical Self Assembled Networks Demonstrating 
Total Spontaneous Resolution 

3.1. Introduction 

Molecular assembly in crystals is directed by the concomitant influence of a 

variety of intermolecular interactions. The resulting organization in the crystal along 

with the molecular characteristics determines the attributes of the materials. When a 

host system contains water, its structure and function can also be markedly influenced 

by hydrogen-bonding interactions between water and host molecules.' Thus, the 

structural information of small water clusters in diverse environments is a key to 

gaining an insight into the roles of structured water in biological and chemical 

processes. 2  For example, the interactions between water and host can be important for 

the crystallization of proteins 3a  and for the stability of metal—organic complexes. 3b  This 

has prompted extensive studies of various small water clusters in recent years, 4-9 

 including trimer,5  tetramer, 6  pentamer, 7  hexamer8  and octamer. 9  

Among all the water clusters, water hexamer is of more interest, as it is a 

dominant form in ice and bulk water. The hexamer represents the transition from two 

dimensional cyclic to three dimensional cage structures. 2°  Theoretical calculations 

have revealed the existence of several isomers of (H20)6 clusters, of which the five 

lowest energy isomers are cage, prism, book, boat, and cyclic forms, which are almost 

isoenergetic. At low temperature, lowest energy conformation is cage, followed by 

book, prism, ring and bag conformations (with in 0.7 Kcal mo1 -1 )•2°.  At high 

temperatures, all the conformations are nearly isoenergetic. The kind of structures, that 

were detected experimentally, strongly depends on the physical and chemical 

environment. In the ring conformations, chair isomer is particularly significant as it is 

the building block of ice Ih modification and it appears to be relevant to liquid water. 
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Till now chair, 1°  boat," book' 2  and planar' 3  ring conformations have been stabilized in 

the various organic and inorganic crystalline hosts. Only few water layer structures 

have been reported in molecular crystalline hydrates. Controlling the water clusters 

dimensionality in different crystalline molecular hosts is a subject of research since 

supramolecular interaction of the lattice water molecules depending on host 

compounds. 

Each of these solid-state properties is influenced by solid state structure; the 

component molecules must have both the requisite molecular structure and the correct 

orientation with respect to one another in the crystal lattice. The design of new solid-

state materials, therefore, must be concerned with controlling both molecular and 

supramolecular structure. Current levels of synthetic methodology make it possible to 

synthesize organic compounds with a wide variety of structures and associated 

chemical and physical properties. Chirality for example, which is inherent in helical 

chemical entities in numerous biological systems, is not only an essential element of 

life but also plays key roles in advanced materials (such as optoelectronic devices) and 

in catalysis (enantio-selectivity). 14  Reaction systems that lead to the isolation of 

homochiral (one-handed) crystals (totally asymmetric state) from an achiral compound 

(chirally symmetric state) are thus of general interest. I5  However, the synthesis, which 

brings about total spontaneous resolution, yielding only homochiral crystals from an 

achiral molecule, is extremely rare 16  and unpredictable a priori since the factors 

determining the process are less understood. 15  Supramolecular interactions are 

significant in crystal chirality, because minute structural changes at molecular level can 

induce the dramatic changes beyond the pertinent molecule affecting the equilibrium 

between racemates and conglomerates. 

Our efforts in this direction demonstrate that the molecular structure of 2,3- 

diaminophenazine moiety stabilizes different water cluster morphologies just by 

varying the anions. We have studied water-water interactions in the series of 2,3- 

diaminophenazinium compounds that includes neutral phenazine without anion, 

univalent nitrate anion with three water molecules, bivalent sulfate anion with four 

water molecules, a perchlorate anions with one water molecule and two perchlorate 

anions with two water molecules. 
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Compounds Discussed in this Chapter are: 

1. [C1211101s14] • 4 H2O 
	

(1) 

2. [C12H11N4] • NO3. 3 H2O 
	

(2) 

3. [C12111 21s14] • 504.3 H 2O 
	

(3) 

4. [C12111 1N4) • C104. H2O 
	

(4) 

5. [C121-1111■14] • C104. H2O 
	

(5) 

6. [C121112N4] • 2[C104] • 2 H2O 
	

(6) 

3.2. Experimental 

3.2.1. Materials 

As described in the earlier chapters, ortho-phenylenediamine was purchased 

from Lancaster, where as Cu(C104)2•4H20, NiC12•6H20, NaN3 and ferric sulfate were 

purchased from ACROS organics, Merck and S. D. Fine Chemicals respectively. 

Distilled water was used as solvent in synthesis. All chemicals were of analytical grade 

and were used without further purification. 

3.2.2. Physical Measurements 

As described in Chapter 2 

3.2.3. Synthesis of [C12H10N4] • 4 H2O (1) 

An aqueous solution (20 mL) of ortho-phenylenediamine (OPDA) (0.216 g, 

2.00 mmol) was added to aqueous solution (20 mL) of NiC12 • 6H20 (0.50 g, 2.10 

mmol). The resulting blue color solution on treatment with aqueous solutions (20 mL) 

of NaN3 (0.140 g, 2.10 mmol) changes into green color solution. The green needle 

shaped crystals of [Ni 11(C6118N2)(N3)21-, separated upon standing at room temperature 

for 24 hours. The filtrate of above reaction mixture was kept room temperature, after 

ten days red needle shaped crystals were obtained and identified as a compound 1. IR 

(KBr pellet, v(cm-1 )): 3435, 3293, 3187, 1647, 1491, 1337, 1223, 1138, 845, 758, 580. 

3.2.4. Synthesis of [C12H11N4] • NO3. 3 H2O (2) 

Compound 2 was synthesized by taking ortho-phenylenediamine (2.00 g, 18.5 

mmol) in 30 mL of water and pH of the reaction mixture was adjusted to 1.2 by 
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dropwise addition of concentrated nitric acid. The resulting solution was kept at room 

temperature without disturbing. After two weeks, the deep red needle shaped crystals of 

compound 2 were obtained; these crystals are suitable for single crystal X-ray studies. 

Yield: 1.93 g (32 % based on OPDA). Anal. Calcd (Found) (%): C, 44.04 (42.01); H, 

5.24 (4.69); N, 21.40 (23.36). IR (KBr pellet, 1)(cm -1 )): 3370, 3152, 1680, 1624, 1528, 

1352, 1235, 1148, 847, 756, 585. 

3.2.5. Synthesis of [C121412N4] • SO4. 3 H 2O (3) 

An aqueous solution of ferric sulfate (2.60 g, 6.50 mmol) was added to an 

aqueous solution of ortho-phenylenediamine (2.00 g, 18.5 mmol) and the pH of the 

resulting solution was adjusted to 1.2 by dropwise addition of concentrated sulfuric 

acid. The red reaction mixture was filtered and the filtrate was kept undisturbed at room 

temperature for 24 h. Colorless plate-shaped crystals of compound 2 (described in 

Chapter 2) were separated out by filtration. The resulting filtrate was kept for two 

weeks and resulting deep red needle shaped crystals of compound 3, suitable for single 

crystal X-ray studies, were separated. Yield: 0.52 g (7.75 % based on OPDA). Anal. 

Calcd (Found) (%): C, 39.77 (38.34); H, 5.01 (4.56); N, 15.46 (16.72); S, 8.85 (7.29). 

IR (KBr pellet, v(cm')): 3438, 3046, 1620, 1534, 1109, 1053, 862, 804, 758, 615. 

3.2.6. Synthesis of [C12H11N4] • C104. H 2O (4) 

Compound 4 was synthesized by taking 3.00 g (27.8 mmol) of ortho-

phenylenediamine in 50 mL of water with stirring. The insoluble amine started 

dissolving on slow addition of concentrated perchloric acid. The pH of the solution was 

adjusted to 1.2 by dropwise addition of concentrated perchloric acid, resulting in an 

orange colored solution that was covered with an aluminum foil taken in a conical 

flask. On standing this covered conical flask over a period of 15 days at room 

temperature, long red needle shaped-crystals of compound 4, suitable for single crystal 

X-ray analysis were crystallized. Yield: 1.12 g (12.3 % based on OPDA). Anal. Calcd 

(Found) (%): C, 43.85(43.57); H, 3.99(4.10); N, 17.04(16.85). IR (KBr 

3430, 3356, 3229, 1670, 1620, 1523, 1371, 1240, 1086, 760, 727, 609 and 584. 'H 

NMR (CD3OD): 6 (ppm) 6.9 (4H, NH2), 7.68 (2H, aromatic), 7.88 (4H, aromatic). 
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3.2.7. Synthesis of [C121-1111N14] • C104. H2O (5) 

Compound 5 which is a polymorphic form of compound 4, requires 

[Cu(OPDA)2](C104)2 as a starting material. [Cu(OPDA)2] (C104)2 was synthesized by 

following the procedure described in literature." 2.67 g of Cu(C10 4)2 • 4H20 was 

dissolved in 5 mL of ethanol. The resulting solution was added to ortho-

phenylenediamine (1.00 g), dissolved in 20 mL ethyl acetate solution. This resulted in 

the precipitation of violet crystalline compound [Cu(OPDA)2] (C104)2. The violet 

crystalline precipitate was filtered and dried under vacuum. 

0.40 g of the above violet crystalline precipitate [Cu(OPDA)2](C104)2 was 

dissolved in CH3CN taken in a beaker. Un-dissolved mass was removed by filtration. 

The resulting filtrate was taken in a beaker and kept uncovered for one week at room 

temperature, whereby the dark red needle shaped-crystals were separated out. The 

identity of these crystals was established as the crystals of compound 5 by comparing 

the unit cell parameters of the relevant crystal with those of the reported compound.' 8a  

The matching of both the unit cell parameters confirmed the identity of compound 5, 

prepared by us. The IR data and elemental analysis of compound 5 identical with 

compound 4. 

3.2.8. Synthesis of [C121-112N4] • 2[C104] • 2 H2O (6) 

Compound 6 was synthesized by taking ortho-phenylenediamine (2.00 g, 18.5 

mmol) in 30 mL of water. The insoluble amine started dissolving on slow addition of 

concentrated perchloric acid. The pH of the solution was adjusted to 1.2 by dropwise 

addition of concentrated perchloric acid. The resulting solution was kept at room 

temperature without disturbing. Initially white needle-shaped crystals of compound 1 

(described in Chapter 2) were filtered off, and then the resulting filtrate was kept 

undisturbed at room temperature. From the same reaction mixture red needle shaped 

crystals of compound 6 which are suitable for single crystal X-ray structure 

determination were obtained after three weeks. Yield: 1.12 g (12.3 % based on OPDA). 

Anal. Calcd (Found) (%): C, 43.85(43.57); H, 3.99(4.10); N, 17.04(16.85). IR (KBr 

pellet, u(cm-1 )): 3433, 3249, 1623, 1533, 1486, 1293, 1088, 758 
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Table 3. 1. Crystal data and structure refinement for compound 1, 2, 3, 4, 5 and 6 

Compound 1 Compound 2 Compound 3 

Formula C121-1101\1404 C121-111N506 C121-118N4075 

Fi„ 274.24 321.26 362.36 

T (K) 298(2) 298(2) 298(2) 

X. (A) 0.71073 0.71073 0.71073 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pca21 P2 1 /c P21/n 

a (A) 16.731(7) 8.9108(8) 7.1271(8) 

b (A) 18.101(7) 35.561(4) 11.7032(13) 

c (A) 4.7934(19) 4.7938(9) 18.042(2) 
/(0)  90 91.531(11) 93.775(2) 

V (A 3 ) 1451.7(10) 1518.5(4) 1501.6(3) 

4 4 4 

Pcalcd (g CM 
3
) 1.255 1.405 1.603 

,u (mm ' ) 0.097 0.115 0.263 

F (000) 568 664 760 

Crystal Size (mm) 
0.45 x 0.22 x 
0.08 

0.45 x 0.28 x 
0.12 

0.42 x 0.21 x 
0.08 

20 range/deg 2.43 to 28.23 2.86 to 24.98 2.08 to 28.28 

Reflections collected 8627 2689 17040 

Unique reflections 3198 2409 3597 

Completeness to 20 (%) 93.7 90.2 96.2 

Tmax, Tmin 0.9923 0.9576 0.9863 0.9499 0.9793 0.8976 

Parameters 3198 / 1 / 181 2409 / 0 / 208 3597 / 0 / 265 

GOF (F2) 0.895 0.857 0.997 

RI, wR2 f7>217(I)J RI = 0.0617 RI = 0.0550 R1= 0.0555 
wR2 = 0.1048 wR2 = 0.0992 wR2 = 0.1155 

R1, wR2 (all data) RI = 0.3134 RI = 0.3001 R1= 0.0879 
wR2 = 0.1932 wR2 = 0.1582 wR2 = 0.1270 

Largest cliff. Peak 
and hole (e•A-3 ) 

0.217 and -0.146 0.180 and -0.143 0.382 and -0.300 
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Compound 4 Compound 5 Compound 6 

Formula C121-113C1N405 C12}{1 3C1N405 C121-116C12N4O10 
F„, 328.71 328.71 447.19 
T (K) 100(2) 298(2) 298(2) 
X (A) 0.71073 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21 P2i/n P21/c 
a (A) 11.7242(14) 11.041(3) 7.0914(9) 
b (A) 4.8263(6) 4.9457(13) 19.131(2) 
c (A) 11.9548(14) 25.540(7) 13.6164(16) 
fi ( 0)  94.633(2) 99.217(4) 106.981(6) 
V (A 3 ) 674.25(14) 1376.6(6) 1766.7(4) 
Z 2 4 4 

Pcalcd (g cm 3) 1.619 1.586 1.681 

,u (mm-1 ) 0.316 0.309 0.432 
F (000) 340 680 920 

Crystal Size (mm) 0.42 x 0.28 x 
0.12 

0.46 x 0.28 x 
0.08 

0.45 x 0.18 x 
0.08 

29 range/deg 1.71 to 25.96 1.62 to 25.96 1.89 to 25.96 
Reflections collected 3706 8888 15367 
Unique reflections 2389 2626 3147 
Completeness to 29 (%) 99.8 97.7 91.2 
Tmax, Tmin 0.9631 0.8788 0.9757 0.8707 0.9663 0.8294 
Parameters 2389 / 1 / 251 2626 / 2 / 223 3147/7/273 
GOF (F2) 1.044 0.919 0.989 

R1, wR2 [I>26(1)] R1 = 0.0497 
wR2 = 0.0961 

R1 = 0.0561 
wR2 = 0.1562 

R1 = 0.0593 
wR2 = 0.1384 

R1, wR2 (all data) R1 = 0.0603 
wR2 = 0.1008 

R1 = 0.0733 
wR2 = 0.1745 

R1 = 0.0941 
wR2 = 0.1581 

Largest cliff. Peak 
and hole (e•A.-3 ) 0.291 and -0.303 0.487 and -0.282 0.447 and -0.305 
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3.3. Crystallographic Study 

Single crystal X-ray data for all the six compounds (1, 2, 3, 4, 5 and 6) were 

collected on a Bruker SMART APEX CCD area detector system at 298 K (compound 4 

at 100K). Data acquisition, empirical absorption correction, solution, refinement, 

molecular graphics and other details are as described in the chapter 2. 

3.4. Results and Discussion 

Synthesis 

All the six compounds were synthesized in moderate yields from the simple 

disproportionation reaction of OPDA in the presence of either transition metal ions or 

concentrated acid in aqueous medium at room temperature. I9  The proposed mechanism 

to get the 2,3-diamino phenazine are shown in a schematic way (Schemel) and the 

compounds 1 to 6 are obtained as shown in another scheme 2. 

H 
I■1 — H 2B7 M 

N—H 
H 

HB = HCI04, H2SO4 HNO 3, M = Cu 2+  Fe3+  and Ni2+  

NH 

NH 

NH 

 

NH 

 

NH" 2H+  

NH2 	 N 	NH" 
Scheme!. Proposed mechanism of disproportionation reaction of OPDA in the presence of either 
transition metal ions or concentrated acid (conjugate base). 

Infrared spectra 

The infrared spectra of the six compounds were recorded in the range of 4000-

400 cm-I . The selected IR data are given in the experimental section. The IR spectra of 

compounds 1-6 shows the IR bands in the region of 3370-3430 cm' which represent 

the presence of NH2 functionalities and O-H stretching frequency of H2O. The aromatic 
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C=N bands of the phenazine moiety in compounds 1 -6 appear in the range of 1680-

1620 cm-1 . The compound 2 exhibits the band at 1352 cm-1  due to the 0—N=0 

frequency of nitrate anion. Similarly the compounds 3 exhibits the strong/sharp peak at 

1109 cm-1 , can be assigned to —S=0 stretching of SO4 2-  anion. The compounds 4, 5 and 

6 exhibit the strong peak in the range 1088-1086 cm -1  of 0-C1=0 bands indicates the 

presence of C104 anion. 

i\t' ie, 
2 • 

iz = 
N  

6.4,. 
2°  

NW . 3H 20 

1 g = P `SOIL t)'5 tAv 	$0 
o 	- c11' 0,\5+1, 

NH2  9/c\-  ". 

1 
N + 	NH2  

N+ 	

Ni

NH2 
F1 	SO42". 3H 20 

Scheme 2. The synthetic scheme to obtain compounds 1 to 6. 

3.4.1. Crystal structure of Compound 1 

Red needle shaped crystals of compound 1 were obtained as by product from 

the synthesis of [Ni II(C6H8N2)(N3)21, complex. Compound 1 was characterized by 

routine analysis and unambiguously by single crystal X-ray structure determination. 

Compound 1 crystallizes in the orthorhombic Pca21  space group with all atoms located 

in general positions. The X-ray crystal structure of 1 shows a 2,3-diaminophenazine 

molecule along with four crystal water molecules in its asymmetric unit (Figure 3.1), 

and there are four such units in the unit cell (Z = 4) and the relevant parameters are 

tabulated in the Table 3.1. The observed C—C and C—N bond lengths as well as the 

bond angles of the 2,3-diaminophenazine molecule are in the normal range and are in 

good agreement with those observed for the corresponding compounds reported in the 

literature. 18  (Appendix—II). 
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2,3-Diaminophenazine molecule consists of two terminal amine groups which 

actively participates in N-H•••0 and N-H•••N hydrogen bonding interactions. These 

interactions along with crystal water molecules resulting in an interesting 

supramolecular assembly. We are not able to locate the water hydrogens from the 

difference Fourier map and hence the H-.0 bond distances between water molecules 

are not tabulated. 

004 4 

03 

  

02 
.1?  ) 0 1 

Figure 3.1. Thermal ellipsoidal plot of compound ICl2H10N41 • 4 H2O (1) with atom labeling scheme. 
Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which are shown as 
circles of arbitrary radius (water hydrogens are not shown). 

Thus the hydrogen bonding interactions among crystal water molecules are 

represented by 0•••0 interactions with 0•••0 bond distances in the range of 2.820 to 

2.900 A. The hydrogen bonding interactions between 2,3-diaminophenazine molecules 

and crystal water molecule involves N-I-I•••0 interactions with H-.0 bond distances of 

2.23 to 2.28 A. The four solvent water molecules interact among themselves 

resulting in the formation of two-dimensional water sheet. The water molecules 01 and 

02 interact with each other with 0•••0 bond distances in the range of 2.820 to 2.843 A 

to form a distorted water hexamer. These water hexamers further forms a two 

dimensional water sheet as shown in the Figure 3.2 (right). The same way 03 and 04 

water molecules also interact with each other with 0•••0 bond distances in the range of 

2.855 to 2.900 A to form another distorted water hexamer and then another two 

dimensional water sheet (Figure 3.2). Water hexamer is the basic unit of each two-

dimensional water sheet and it exhibits distorted chair conformation. The two- 
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dimensional water sheet exhibits honey comb type of arrangement and interestingly the 

two sheets packed one to one when overlay one on each other. 

 

02#8 

CL, 
02#5 

02 

 

 

 

03 C4%. 03#7 	 04#1 • • ij 	Go, 1..„‘  
03#6 	 04 	04#2 

i„ ■ , 

,/• 
c 

Figure 3.2. Left, Distorted water hexamers formed by 01-•02 (top) and 03••04 (bottom) atoms with 
their relevant symmetry codes. #1: x, y, -1+z; #2: 0.5-x, y, -0.5+z; #3: 1-x, -y, -0.5+z; #5: 0.5-x, y, 0.5+z; 
#6: 1-x, 1-y, 0.5+z; #7: 1-x, 1-y, -0.5+z. #8: x, y, 1+z; #9: 1-x, -y, 0.5+z Right, two-dimensional water 
sheet exhibits honey comb type of arrangement constructed by distorted water hexamers running along 
crystallographic ac plane. 

The 2,3-diaminophenazine molecules interact with each other via N—H•N 

hydrogen bonding interactions with H•••N bond distance in the range of 2.39 to 2.59 A. 

The terminal nitrogen N3 donates its hydrogen H3B to terminal nitrogen N3 of other 

2,3-diaminophenazine molecule (N3—H3B•N3) with H-•N bond distance of 2.59 A. In 

the same way, N4 also donates its hydrogen H4B to terminal nitrogen N4 of the 

adjacent 2,3-diaminophenazine molecule (N4—H4B•••N4) with H••N bond distance of 

2.39 A. Due to these N—H•N hydrogen bonding interactions, 2,3-diaminophenazine 

Figure 3.3. Left, N—H•••N and N—H•••0 Hydrogen bonding interactions by 2,3- diaminophenazine 
molecules with relevant symmetry codes, #1: x, y, -1+z: #2: 0.5-x, y, -0.5+z.. Right, crisscross chain 
formed along crystallographic c axis due to N—H•••N hydrogen bonding interactions. 
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molecules continues to form a crisscross chain along crystallographic c axis as shown 

in the Figure3.3 (right). The other hydrogens of this terminal amine (H3A and H4A) 

interact with the water sheets via N—H-0 hydrogen bonding interactions with H•••0 

bond distance of 2.23 to 2.28 A. N3 and N4 donates their hydrogens H3A and H4A to 

02 and 04 (N3—H3A•••02 and N4—H4A•••04) with H•••0 bond distance of 2.28 A and 

2.23 A respectively as shown in the Figure 3.3 (left), where the 2,3-diaminophenazine 

molecules are pillared between the two water sheets running parallel above and below 

as shown in the Figure 3.4. The interactions between 2,3-diaminophenazine molecules 

are shown in red in color, between 2,3-diaminophenazine molecules and water oxygens 

are shown in green in color and between water oxygens are shown in blue in color. 

Figure 3.4. 2,3-Diaminophenazine molecules are pillared between the two water sheets running parallel 
above and below along crystallographic c axis are shown. 

Table 3.2 N-1-1•••0 Hydrogen bonding parameters (A, deg) for compound 1 

D—H•••A d(D—H) d(H•••A) D(D•••A) ZDHA 
N3—H3A•••02#1 0.89 2.28 3.134(8) 171 
N3—H3B••N4 0.89 2.42 2.743(8) 103 
N3—H3B•••N3#2 0.89 2.59 3.203(9) 129 
N4—H4A. • .04#1 0.89 2.23 3.090(9) 179 
N4—H4B•••N3 0.86 2.41 2.743(8) 104 
N4—H4B•••N4#2 0.86 2.39 3.155(8) 148 
Symmetry transformations used to generate equivalent atoms: #1 x, y, -1+z; #2: 1/2-x, y, - 
1/2+z. 

62 



Chapter 3 

Table 3.3 Hydrogen bonding parameters of water molecule in the compound 1 

D(D•••A) (A) D(D•••A) (A) 

01.-02 2.843(7) 03 •••03#6 2.856(5) 
01•01#9 2.872(5) 03 --03#7 2.856(5) 
01•01#3 2.872(5) 03•• 04#1 2.900(8) 
02••02#5 2.820(6) 04 -.04#2 2.855(6) 
02•02#8 2.820(6) 04•• 04 2.855(6) 
02•01#3 2.843(7) 04•• 03#6 2.900(8) 
#1: x, y, -1+z; #2: 0.5-x, y, -0.5+z; #3: 1-x, -y, -0.5+z; #4: 1-x, -y, 0.5+z; #5: 0.5-x, y, 0.5+z; #6: 1-x, 
1-y, 0.5+z; #7: 1-x, 1-y, -0.5+z. #8: x, y, 1+z; #9: 1-x, -y, 0.5+z The average 0•••0 distance is 
2.845(A) in the case of hexamer I and 2.8703 (A) in the case of hexamer II  

The supramolecular network of the compound 1 shows presence of alternate layers of 

water sheet and 2,3-diaminophenazine network. 

3.4.2. Crystal structure of compound 2 

The deep red needle shaped crystals suitable for single crystal X-ray studies 

were synthesized by the protonation of aqueous ortho-phenylenediamine solution with 

concentrated nitric acid. Compound 2 crystallizes in centrosymetric monoclinic, P2i/c 

space group with all atoms located in general positions. The X-ray crystal structure of 2 

shows that it consists of mono-protonated 2,3-diaminophenazinium cation, a nitrate 

anion along with three crystal water molecules in its asymmetric unit (Figure 3.5), and 

there are four such units in the unit cell (Z = 4) and the relevant parameters are 

tabulated in the Table 3.1. The observed C—C and C—N bond lengths as well as the 

bond angles of the 2,3-diaminophenazinium cation are in the normal range and are in 

good agreement with those observed for the corresponding compounds reported in the 

literature. I8  The bond lengths as well as the bond angles of the anion are also in the 

normal range and are in good agreement with those reported in the literature. The three 

N-0 bond lengths range of 1.177(7) to 1.235(7) A and the three 0—N-0 bond angles 

range from 118.3(8) to 122.0(9) degree, (Appendix—II). 

Interestingly hetero nitrogen atom (N1) gets protonated in this structure. Here 

also we were not able to locate the water hydrogens from the difference Fourier map 

and hence the H•••0 bond distances between water molecules are not tabulated. Thus 

the hydrogen bonding interactions among crystal water molecules are represented by 

0•••0 interactions with 0••0 bond distances in the range of 2.777 to 2.881 A. The 
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hydrogen bonding interactions between cation and anion involves N—H•••0 hydrogen 

bonding interactions with •••0 bond distances of 2.04 to 2.49 A. Only one crystal 

water molecule (06) accepts hydrogen from ring nitrogen (N1) with H•••0 bond 

distances of 1.84A.- 
44. 

05 

07 
	

06 

Figure 3.5. Thermal ellipsoidal plot of compound [C12H11 N4] • NO3  • 3 H2O (2) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which are 
shown as circles of arbitrary radius (water hydrogens are not shown). 

3.4.2.1. Hydrogen bonding interactions of water molecules: 

The hydrogen bonding environment of water molecules, that exists in crystal 

system is shown in the Figure 3.6. The three solvent water molecules (05, 06 and 07) 

interact among themselves results in the formation of a distorted cyclic water hexamer 

and then these cyclic water hexamers further interact to form an extended taper like 

water structure. The interactions among water molecules are represented by 0•••0 

interactions with 0••0 bond distances in the range of 2.777 to 2.881 A. Here also, 

cyclic water hexamer is the basic unit. In comparison to the compound 1, introduction 

of anion (nitrate) brings about change in water structure from two dimensional sheets to 

tape, as some of the water hydrogen bonding sites are occupied by the anion, thereby 

restricting the extension of water cluster from two dimensional sheets to tape. 

3.4.2.2. N—H•0 hydrogen bonding interactions of cation: 

Presence of amine groups and nitro oxygen give rise to supramolecular network, 

given below is the hydrogen bonding environment around 2,3-diaminophenazinium 

cation (Figure 3.7). In this case most of the hydrogen bonding sites of 2,3- 
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diaminophenazinium cation are occupied by nitrate anion. The ring nitrogen of the 

2,3-diaminophenazinium cation donates its hydrogen H1Z to water oxygen 06 

Table 3.4 Hydrogen bonding parameters among water molecule in the compound 2 

D(D••A) 

05-06#5 
06•••07 
07-07#6 
07-.06 
06-.05 
07•07#6 

 

(A) 

2.88 1(9) 
2.807(0) 
2.868(5) 
2.807(6) 
2.777(9) 
2.868(5) 

 

  

#5: x, y, -1+z; #6; x, 1.5-y, 0.5+z. The average 0...0 
distance is 2.817 A. 

Table 3.5 N-H...0 Hydrogen bonding parameters (A, deg) of compound 2 

D-H...A 

N1-H1Z•06#1 
N3-H3A- .0 1 #2 
N3-H3A...02#2 
N3-H3B-02#3 
N4-H4A...03#4 
N4-H4B•••02#3 
N4-H4B-.03#3 

d(D-H)  

0.96 
0.86 
0.86 
0.86 
0.86 
0.86 
0.86 

d(H.-A) 

1.84 
2.04 
2.3 8 
2.02 
2.02 
2.30 
2.49 

D(D•-A) 	ZDHA 

2.794(7) 	169 
2.896(8) 	171 
2.997(7) 	129 
2.868(7) 	167 
2.830(1 1) 	156 
3.155(7) 	176 
3.155(11) 	134 

Symmetry transformations used to generate equivalent atoms: #1: 1+x,y,l+z ; 
#2 : 1+x,y,2+z ; #3 : 1-x,-y,2-z ; #4 : x,y,l+z.  
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Figure 3.6. Left, Distorted water hexamers formed by 05, 06 and 07 atoms with their relevant 
symmetry codes, #5: x, y, -1+z; #6; x, 1.5-y, 0.5+z. Right, two-dimensional water tape constructed by 
distorted water hexamers running along crystallographic be plane. 
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(N1—H1Z•06) with H••0 bond distance of 1.84 A as shown in the Figure 3.7. Both the 

terminal amines of the cation donates its hydrogens to nitrate anions, interestingly H3A 

of N3 and H4B of N4 participates in bifurcated hydrogen bonding interactions. N3 

donates its hydrogen H3A to 01 and 02 of the same anion (N3—H3A•-01 and N3— 

H3A.- .02) with H•••0 bond distance of 2.04 A and 2.38 A respectively. It donates its 

other hydrogen H3B to 02 of the other anion (N3—H3B•.02) with H•••0 bond distance 

of 2.02 A. The same anion accepts hydrogens H4B from the other amine (N4—H4B•••02 

and N4—H4B••03) with H•••0 bond distance of 2.30 A and 2.49 A respectively. This 

amine (N4) donates its other hydrogen H4A to oxygen (03) of another anion (N4— 

H4A-03) with H•••0 bond distance of 2.02 A. 

Figure 3.7. N—H•••0 Hydrogen bonding interactions of 2,3- diaminophenazinium cation with 
nitrate anion and water molecule with relevant symmetry codes, #1: 1+x,y,l+z ; #2 : 1+x,y,2+z ; 
#3 : 1-x,-y,2-z ; #4 : x,y, 1+z. 

The supramolecular network of compound 2 clearly shows that nitrate anions 

act as stoppers for the extension of water cluster. The hydrogen bonding interactions of 

2,3-diaminophenazinium cation along with water taper and nitrate anion results in the 

formation of three dimensional supramolecular network as shown in the Figure 3.8. 

Larger water clusters have 3D geometries, whereas the small water clusters, (H20)n 

(n=2, 3, 4, 5) adopt planar conformation. The water hexamer acts as the transition state 

from 2D to 3D geometry. Many energy minima conformations of water hexamer are 

proposed theoretically they are ring-, book-, bag-, cage-, and prism-like structures as 

discussed in the introduction part. In above two examples water forms polymeric water 

clusters consisting of cyclic hexameric units (distorted chair conformation). 
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Figure 3.8. A three dimensional network formed due to N—W 0 and 0—}1•••0 hydrogen bonding 
interactions of 2,3- diaminophenazinium molecules with nitrate anion and water molecules. 

3.4.3. Crystal structure of compound 3 

Deep red needle-shaped crystals of 3 were synthesized from an acidic aqueous 

solution containing ferric sulfate, ortho-phenylenediamine and sulfuric acid. Compound 

3 crystallizes in the centrosymetric monoclinic P2 i/c space group with all atoms located 

in general positions. The X-ray crystal structure of 3 consists a di-protonated 2,3-

diaminophenazinium cation, sulfate anion and three crystal water molecules in its 

asymmetric unit. The observed C—C and C—N bond lengths as well as the bond angles 

of the 2,3-diaminophenazinium cation are in the normal range and are in good 

agreement with those observed for the corresponding compounds reported in the 

literature. 18  The bond lengths as well as the bond angles of the anion are also in the 

normal range and are in good agreement with those reported in the literature. The four 

S-0 bond lengths range from 1.4547(18) to 1.4852(17) A and the six 0—S-0 bond 

angles range from 108.31(11) to 109.41(11) degree, which are close to the tetrahedral 

values (Appendix—II). Both the hetero nitrogen atoms of 2,3-diaminophenazine 

molecule are protonated resulting in a di-cation compensating the di-anionic charge of 

sulfate anion (Figure 3.9). 
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Figure 3.9. Thermal ellipsoidal plot of compound 1C121112N4] • SO4 • 3 H 2O (3) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which are 
shown as circles of arbitrary radius. 

3.4.3.1. Hydrogen bonding interactions of water molecules and anion: 

All the three water molecules of compound 3 actively participate in hydrogen 

bonding interactions by donating their hydrogens, not only to their analogous water 

molecules but also to the oxygens of sulfate anion. 05 donates one of its hydrogen H5A 

to the other water oxygen 06 (05—H5A••.06) with H•••0 bond distance of 2.06 A, and 

other hydrogen H5B to sulfate oxygen 04 (05—H5B•••04) with H•••0 bond distance of 

1.72 A. But interestingly, 06 donates its both the hydrogens to the oxygens (03 and 

01) of two different sulfate anions (06—H6A...03 and 06—H6B...01) with H...0 bond 

distance of 2.14 A and 1.93 A respectively. 07 donates one of its hydrogen H7A to 02 

of the sulfate oxygen and other hydrogen H7B to water oxygen (06) (07—H7A••02 

and 07—H7B•••06) with H••0 bond distance of 1.89 A and 2.15 A respectively. Out of 

these three water molecules both 05 and 07 involve in three hydrogen bonding 

interactions by donating their hydrogens and accepting one hydrogen from other 

hetero-nitrogen atoms of cation. But 06 water molecules involve in four number 

hydrogen bonding interactions by donating its two hydrogens and accepting two 

hydrogens interestingly from other water molecules as shown in the Figure 3.10 (left). 

These interactions lead to form a two dimensional sheet of water and anion molecules, 

where 06 oxygen atom of water molecule act as connecting points as shown in the 

Figure 3.10 (right). This shows that linear water trimer is the basic unit in constructing 

this two dimensional sheet. Thus, in comparison with the previous structures the crystal 

structure 3 witnessed a linear water trimer. 
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Figure 3.10. Left, 0-H...0 Hydrogen bonding interactions of sulfate and water molecule lead to form a 
linear water trimer (symmetry codes, #1: 1/2-x,-1/2+y,1/2-z; #4 : -1+x,y,z ; #5 : 1+x,y,z ). Right, 
water-anion grid type of network due to these interactions, which runs along crystallographic ab plane. 

Table 3.6. Hydrogen bonding parameters (A, deg) of compound 3 

D-H•••A d(D-H) d(H•••A) D(D•••A) ZDHA 
N1-H1A...01#1 0.86(2) 2.06(2) 2.900(3) 167(2) 
N1-H1B•••02 0.81(2) 2.11(2) 2.919(3) 174(2) 
N2-H2A•••03#2 0.85(3) 2.00(3) 2.815(3) 163(2) 
N2-H2B•••N1 0.78(3) 2.55(3) 2.795(3) 100(2) 
N2-H2B•••01#1 0.78(3) 2.07(3) 2.836(3) 167(3) 
N3-H3A•••05#3 0.91(3) 1.76(3) 2.664(3) 169(3) 
N4-H4A•••07#2 0.87(3) 1.80(3) 2.668(3) 172(3) 
05-H5A•••06#4 0.83(3) 2.06(4) 2.876(3) 169(3) 
05-H5B•••04#1 0.94(3) 1.72(3) 2.655(3) 170(3) 
06-H6A•••03 0.75(4) 2.14(4) 2.837(3) 155(4 
06-H6B•••01#5 0.85(4) 1.93(4) 2.761(3) 165(3) 
07-H7A•••02 0.87(3) 1.89(3) 2.744(3) 170(3) 
07-H7B•••06#6 0.74(3)  2.15(4) 2.872(3) 169(3) 
Symmetry transformations used to generate equivalent atoms: #1: 1/2-x,-1/2+y,1/2-z; #2 : -
1/2+x,1/2-y,1/2+z; #3 : 1/2-x,1/2+y,1/2-z; #4 : -1+x,y,z ; #5 : 1+x,y,z ; #6: 3/2-x,-1/2+y,1/2-z. 

3.4.3.2. N-H•0 hydrogen bonding interactions in 3: 

Compared to previous structures 1 and 2, the crystal structure of 3 has extra 

hydrogen on hetero-nitrogen atom and the anion is sulfate. The hydrogen bonding 

environment around the cation is as follows. The hetero-nitrogen atoms N3 and N4 
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Figure 3.11. N—H-0 Hydrogen bonding interactions of 2,3- diaminophenazinium cation with 
sulfate anion and water molecule with relevant symmetry codes, #1: 1/2-x,-1/2+y,1/2-z; #2 : -
1 /2+x,11/2+x,1/2-y,1/2+z; #3 : l/2-x,1/2+y,1/2-z. 

donate their hydrogens H3A and H4A to different water molecules (N3—H3A. 05 and 

N4—H4A•-07) with H•-0 bond distance of 1.76 A and 1.80 A respectively as shown 

Figure 3.12 2,3- diaminophenazinium cation self assembled with the anion-water grid-work 
type of network . 

in the Figure 3.11. The terminal amine nitrogens, N1 donate its hydrogens H1A and 

H1B to the oxygens of two different sulfate anions (N1—H1A•-01 and N1—H1B•..02) 

with H•-0 bond distance of 2.06 A and 2.11 A respectively. N2 also donates its 

hydrogens H2A and H2B to the oxygens of two different sulfate anions (N2—H2A...03 

and N2—H2B•..01) with H•••0 bond distance of 2.00 A and 2.07 A respectively. The 

sulfate oxygen 01 accepts hydrogens (H1A and H2B) from both the amines. Due to 
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these N—H•••0 hydrogen bonding interactions, the cations are attached as a beads to 

water-anion grid type network as shown in the Figure 3.12. Compound 3 stabilizes 

linear water trimer. The number of interactions between water molecules and anion 

increases, the dimensionality of water cluster decreases. 

3.4.4. Crystal structure of compounds 4 and 5 

The above three compounds with different water clusters are stabilized 

depending upon anion employed, and all the three compounds belong to achiral space 

group. Compound 4 is 2,3-diaminophenazium perchlorate monohydrate. The chiral 

crystals of compound [C1211111\14] C104•H20 (4) (that all have same handedness, space 

group P21) are obtained from a simple achiral organic salt, 2,3-diaminophenazinium 

perchlorate monohydrate. Helices are most attractive and evocative expressions of 

chirality encountered in different systems ranging from molecular to the 

supramolecular leve1. 20  We have described how the inter-molecular hydrogen bonding 

interactions induce chirality in the crystals of compound 4 through the formation of 

homo-chiral helices. In contrast, the similar type of interactions induces hetero-chirality 

into an achiral polymorph of compound 5. We name this as compound [C121111 1\14] 

C104•H20 (5) that was synthesized by a different procedure (space group P2 1 /n) and 

reported in the past. 18a  Variation in several parameters, employed to the crystal 

preparations, enables us to isolate both enantiomers of compound 4 and thereby rule out 

the presence of any chiral impurities. 

0131 

Figure 3.13. Thermal ellipsoidal plot of compound 4 (left) and 5 (right) [C 12H N 1 • C104  H2Owith 11- 4, • -- - • -2- 
atom labeling scheme. Displacement ellipsoids are drawn at 50% probability level except for the H 
atoms, which are shown as circles of arbitrary radius. 
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Long red needle shaped crystals of compound 4 were obtained from a conical flask that 

was covered with an aluminum foil which contain an aqueous solution of ortho-

phenylenediamine and concentrated perchloric acid. Compound 4 was characterized by 

routine analysis and unambiguously by single crystal X-ray structure determination. It 

is crystallized in monoclinic non-cetrosymmetric; chiral P21 space group with all atoms 

located in general positions. The X-ray crystal structure of 4 reveals that, it consists a 

mono-protonated 2,3-diaminophenazinium cation, one perchlorate anion and one 

crystal water molecules in its asymmetric unit (Figure 3.13 left), and there are two such 

units in the unit cell (Z = 2) and the relevant parameters are tabulated in the Table 3.1. 

The compound 5, a polymorphic form of compound 4, was synthesized by the 

procedure reported in the literature.' 8a  Dark red needle shaped-crystals of compound 5 

were obtained from the reaction mixture of [Cu(OPDA)2] (C104)2 dissolved in 

acetonitrile. The identity of these crystals was established as the crystals of compound 5 

by comparing the unit cell parameters of the relevant crystal with those of the reported 

compound. Compound 5 crystallized in monoclinic P2,/n space group with all atoms 

located in general positions. The X-ray crystal structure of 5 reveals that, it also 

consists a mono-protonated 2,3-diaminophenazinium cation, one perchlorate anion and 

one crystal water molecules in its asymmetric unit (Figure 3.13 right), and there are 

four such units in the unit cell (Z = 4) and the relevant parameters are tabulated in the 

Table 3.1. In both these compounds, the observed C—C and C—N bond lengths as well 

as the bond angles of the 2,3-diaminophenazinium cation are in the normal range and 

are in good agreement with those observed for the corresponding compounds reported 

in the literature. I8  The bond lengths as well as the bond angles of the anion are also in 

the normal range and are in good agreement with those reported in the literature. The 

four C1-0 bond lengths range from 1.417(3) to 1.444(3) A and the six 0—C1-0 bond 

angles range from 108.74(17) to 111.03(19) degree, which are close to the tetrahedral 

values (Appendix—II). 

3.4.4.1. Hydrogen Bonding Interactions of water molecule in compound 4 

Crystal water molecule of compound 4 forms total five hydrogen bonds (Figure 

3.14 left). Water oxygen 05 accepts hydrogens from 2,3-diaminophenazinium hetero-

nitrogen atom N1 (N1—H1A•••05) and adjacent water oxygen 05 (05—H5B•••05) with 

72 



05#1 03#2 

05#1 

Chapter 3 

H•••0 bond distances of 2.787 A and 2.873 A respectively. One of the water hydrogens 

(H5A) undergoes bifurcated hydrogen bonding interactions by interacting with two 

different perchlorate anion oxygens (05—H5A•••01 and (05—H5A•••04) with H•••0 

bond distances of 2.07 A and 2.39 A respectively and other hydrogen (H5B) interacts 

with adjacent water oxygen (05) as shown in the Figure 3.14 (left). 

Figure 3.14. Left, Hydrogen bonding interactions around crystal water molecule. Symmetry 
transformations used to generate equivalent atoms #1: 1-x, -0.5+y, 1-z; #2: 1-x, 0.5+y, 1-z; #5: x, 1+y, z. Right, 
Hydrogen bonding interactions around 2, 3-diaminophenazinium cation. Symmetry transformations used to 
generate equivalent atoms #1: 1-x, -0.5+y, 1-z; 2: 1-x, 0.5+y, 1-z; #3: 1+x, 1+y, z; #8: 2-x, -0.5+y, 2-z. 

Figure 3.15. Hydrogen bonding interactions around perchlorate anion. Symmetry transformations used to 
generate equivalent atoms#1: 1-x, -0.5+y, 1-z; #6: -1+x, -1+y, z; #7: x, -1+y, z. 

3.4.4.2. Hydrogen Bonding Interactions of cation 

2,3-Diaminophenazium cation donates its terminal amine (N3) hydrogens 

(H3A and H3B) to two different perchlorate anions (N3—H3A-03 and N3—H3B•03) 

with H•••0 bond distance of 2.08 A and 2.18 A respectively. The other terminal amine 
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(N4) hydrogen (H4B) interacts with other cation nitrogen (un-protonated hetero 

nitrogen N2) (N4—H4B•••N2) with H••N bond distance of 2.30 A. The protonated 

hetero nitrogen (N1) also donates its hydrogen (H1A) to water oxygen (05) with H•••0 

bond distance of 1.90 A. as shown in the Figure 3.14 (right). The hydrogen bonding 

environment around each perchlorate anion is shown in the Figure 3.15. As mentioned 

earlier, water molecule forms bifurcated hydrogen bonds with perchlorate oxygen 

atoms and also interacts with adjacent water molecules resulting in the formation of a 

zig-zag water chain that runs parallel to the crystallographic b-axis (Figure 3.16). 

Figure 3.16. Zig zag water chain running parallel to the crystallographic b-axis in compound 4. 
Perchlorate anions are represented as green polyhedra. 

3.4.4.3. Formation of helices 

The crystal structure of compound 4 witnesses two types of homochiral 

supramolecular helical assemblies, running parallel to crystallographic b-axis: type I, 

N—H- -1\1 (more specifically, N4—H4B•••N2 with H•••N bond distance of 2.30 A) inter-

phenazinium cationic interactions form one type of homochiral (left-handed) helices 

(Figure 3.17 left); type II, N—H•••0 (in particular, N3—H3A•03 and N3—H3B•••03 

H- •0 bond distance of 2.08 A and 2.18 A) hydrogen bonding interactions, which 

involve —NH2 groups of the phenazinium cation and oxygen of perchlorate anion, to 

stabilize this type of homochiral (right-handed) helices (Figure 3.17 right). The screw-

pitch gauges of both the spirals are 4.826 A which is equal to crystallographic b-

parameter of the unit cell of compound 4. Type II helices, that run along 

crystallographic b axis, are parallel to water chain (shown in Figure 3.16). These 

helices (type II) and water chain interact laterally forming a chainlike arrangement (on 

the ac plane) when view down crystallographic b axis as shown in Figure 3.18. 

r 
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Remarkably, only one handed helices of each kind are stabilized inducing asymmetry 

into the relevant crystal. The "induced helicity" in the crystal has to be preserved and 

transmitted through out the network in order to bring about spontaneous resolution. 

Zig-zag water chain mediates the interaction among these helices (type II) resulting in a 

supramolecular extended structure consisting alternately of type-II helices (indicated by 

square shaded region), and zig-zag water chain (represented by circular shaded region) 

as shown in the Figure 3.18. 

Figure 3.17. Left, type I, N-1-1...N inter-phenazinium cationic interactions lead to form homochiral (left-
handed) helices. Right, N-H•••0 hydrogen bonding interactions, which involve cation hydrogens and 
oxygen of perchlorate anion, lead to form other homochiral (right-handed) helices. 

Table 3.7 Hydrogen bonding parameters (A, deg) of compound 4 

D-H•A d(D-H) d(H•-A) D(D•••A) LDHA 

N1-H1A•••05 0.90 1.90(5) 2.787(4) 168(5) 
N3-H3A•••03#1 0.92(4) 2.08(4) 2.969(4) 161(4) 
N3-H3B•••N4 0.81(5) 2.48(4) 2.788(5) 104(3) 
N3-H3B-.03#2 0.81(5) 2.18(5) 2.908(5) 150(4) 
N4-H4A•-01#3 0.90(4) 2.47(4) 3.180(5) 137(4) 
N4-H4A••02#2 0.90(4) 2.59(5) 3.316(5) 139(4) 
N4-H4B•••N2#4 0.88(5) 2.30(5) 3.154(5) 165(4) 
05-H5A•••01 0.91(5) 2.07(5 2.913(4) 154(5) 
05-H5A•••04#1 0.91(5) 2.39(5) 2.903(4) 116(4) 
05-H5B•••04#6 0.80(6) 2.56(6) 2.929(4) 110(5) 
05-H5B-.05#6 0.80(6) 2.08(6) 2.873(5) 169(5) 
Cl -H15...02#5 0.94(4) 2.45(4) 3.259(4) 145(3) 
C5-H17••04#1 0.92(4) 2.55(4) 3.460(4) 171(3) 
Symmetry transformations used to generate equivalent atoms: #1: x, 1+y,z; #2: -x,3/2+y,1-z; 
#3: -x,1/2+y,1-z; #4: -x,1/2+y,-z; #5 x,y,-1+z; #6 1-x,1/2+y,1 -z. 
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Figure 3.18 Hydrogen bonding interactions between type II helices and water chain, both run along 
crystallographic b axis. 

In compound 5, type I helices (as observed in 4, Figure 3.17. left) are also 

found, but in a hetero-chiral (both left- and right-handed) manner giving rise to the 

achiral crystal (Figure 3.19. right). The Type II helices that are formed in compound 4 

via perchlorate-amine interactions are not registered in the crystal structure of 

compound 5. Instead, a type of perchlorate-amine interactions is observed forming a 

tetrameric arrangement (shaded region in Figure 3.19. right) and these do not extend to 

helical chains of type II as are observed in the crystal structure of compound 4. Even 

the zig-zag water chains that interconnect type II helices in compound 4 do not exist in 

compound 5, thereby terminating uninterrupted extension of supramolecular 

interactions in the crystal of 5. This probably restricts the transmission of "induced 

chirality" making the relevant crystal (compound 5) achiral. 

Figure 3.19. An array of type I and type II helices which are inter-connected by cation molecule in 
compound 4. Right, Assembly of heterochiral helices in compound 5. 

The above mentioned extended structures (Figure 3.18.) are again connected 

through inter-cationic hydrogen bonding N—H•••N interactions (represented by shaded 

region, Figure 3.20.), forming an intricate hydrogen bonding network bearing two types 
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of hydrogen bonded homochiral helices (type II, already described as above and type I, 

vide infra) and a zig-zag water chain. 

Figure 3.20. Supramolecular network in compound 4 involving NA-1.-N, NA-1•-0, 0-1-1•••0 hydrogen 
bonding interactions. 

Compounds 4 and 5 are polymorphs with molecular formula [C12H1 iN4] C104 

• H2O, but compound 4 crystallizes in chiral space group P21 where as compound 5 

crystallizes in achiral space group P21/n. Chirality of the product is decided based on 

the supramolecular packing of product crystal. In compound 4, inter-cationic helices 

(type I) pack in a homochiral fashion (left handed) making it a chiral compound. In 

compound 5, inter cationic helices pack in a heterochiral manner (both handed) creating 

this an achiral compound as shown in the Figure 3.21 (right). Comparison of hydrogen 

bonding interactions in compounds 4 and 5 depicts in the Table 3.8. 

3.4.4.4. The role of the water chain 

The role of the water chain in crystal structure of 4 in forming a continuous 

arrangement (which may be important for spontaneous resolution) is significant. This is 

evident by the fact that the chiral crystals of 4, on heating at 100°C, loose their chirality 

and becomes CD inactive. This is consistent with TG analysis showing that the lattice 

water comes out around 100°C. The clear distinction between compounds 4 and 5 in 
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N2#4 

N4 

Figure 3.21. Left, Inter-cationic helices (type I, left handed) in compound 4. Middle, N-H•••N hydrogen bonding 
interactions. #4: 2-x, 0.5+y, 2-z; #5: x, 1+y, z. Right, Inter-cationic helices in compound 5 showing both handed 
helices. 

Table 3.8 Comparison of hydrogen bonding interactions in compounds 4 and 5 

Compound 4 
	

Compound 5 

I) N—H•••N interactions 
leading to helical assemblies 

2) 0—H••0 interactions 
between water and perchlorate 

3) 0—H...0 interaction 
between Water molecules 

Homochiral helices (one 
handed helices) 

Water forms bifurcated 
hydrogen bonding with 
perchlorate anion 

Water forms a zig-zag 
chain 

Heterochiral helices (both 
handed helices) 

Water forms single hydrogen 
bond (not bifurcated) 

Water forms a dimer 

4) N—H•••0 interaction 
between phenazinium amine 
hydrogen and perchlorate 
oxygen  

Forms homochiral 
	

Forms a tetrameric unit (no 
helices opposite handed helices) 
to N-1-1...N helices 

terms of their supramolecular interactions, that brings about chiral and achiral products 

respectively, provides us a direction towards molecular-level understanding of why the 

crystals of 4 are homochiral. However, one can not really know why the phenomenon 

emerges in the first place. There is no way to address this uncertainty, but comparison 

of polymorphs, that may differ only slightly in lattice energy, is perhaps the closest that 

we can come at the moment. In order to understand the reaction condition, at which the 

other enantiomer prevails (in principle, a crystal form expected "half the time" from 

one preparation to the next), we carried out a series of experiments by varying the 

following factors: concentration, stirring rate, stirring direction, pH of the reaction 

medium, temperature etc. We found that "pH of the reaction medium" is the important 
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parameter in obtaining both enantiomers of compound 4: at the pH range 1.2 — 1.5, one 

enantiomer exists and in the pH range of 2.0 — 3.0, the other enantiomer prevails 

(Figure 3.22). The other factors (mentioned above) do not play role in this regard. 

600 	 650 	 700 
	

750 

Wavelength (nm) 

Figure 3.22. Circular dichroism (CD) spectra: black, a bunch of crystals of compound 4, obtained at pH 
1.2. Red, a bunch of crystals 4, isolated at pH3. 

3.4.4.5 CD studies: A long needle-shaped single crystal of compound 4, obtained at pH 

1.2, shows positive feature in the circular dichroism (CD) curve. This CD experiment 

was repeated from several synthesis slots at pH 1.2. In order to analyze total 

spontaneous resolution for this enantiomer of compound 4 crystals (Flack x parameter 

= 0.04(9)) at pH 1.2, CD spectra were recorded on a bunch of crystals (several lots), 

instead of a single crystal (because presence of two enantiomorphic forms will be CD 

silent). Appearance of positive CD spectra (Figure 3.22. black curve) that are similar to 

that of a single crystal proves the homogeneity in crystallization, i.e., all crystals in the 

particular synthesis belong to a single enantiomeric form. When the same synthesis was 

performed at pH 3, a single crystal of compound 4, obtained, was too small to record its 

CD spectrum (unlike a long needle, isolated at pH 1.2). Thus, a bunch of crystals, 

synthesized at pH 3.0, exhibit negative CD curve (Figure 3.22. red curve) that not only 

attribute to the other enantiomeric form of the compound 4 (in comparison with 

enantiomeric form at pH 1.2), but also the homochiral crystallization of this 

enantiomer. It was repeated several times from numerous synthesis slots at pH 3.0. 

3.4.5. Crystal structure of compound 6 

From the reaction mixture of ortho-phenylenediamine and concentrated 

perchloric acid, colorless, plate-shaped crystals of ortho-phenylenediammonium 
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perchlorate C6H9N2 • C104 • H2O (reported in chapter 2) appeared initially. Then red 

needle-shaped crystals of compound C121 -112N4 • 2C104 • 21120 (6), were obtained after 

two weeks. Compound 6 crystallizes in the centrosymetric monoclinic P2,/c space 

Table 3.9 Hydrogen bonding parameters (A, deg) of compound 5 

D-H•••A d(D-H) d(1-1.-A) D(D•••A) LDHA 

N1-H1113-.03#1 0.86 2.14 2.949(5) 156 
N1-H11B•••N2 0.86 2.45 2.782(4) 104 
N1-H12A•••03#2 0.86 2.48 3.180(5) 139 
N2-H9A••02#1 0.97(5) 2.32(5) 3.107(6) 138(4) 
N2-H9A...03#1 0.97(5) 2.50(5) 3.419(5) 160(4) 
N2-H10B•••N3#3 0.81(4) 2.49(4) 3.257(4) 159(3) 
N4-H13•••01#4 0.92(4) 1.90(4) 2.812(3) 173(3) 
01-H1...04#5 0.89(5) 2.09(5) 2.968(6) 168(6) 
01-H1 •••05#5 0.89(5) 2.45(8) 3.001(5) 121(6) 
02-H2• -01#4 0.88(5) 1.96(5) 2.775(4) 154(5) 
Symmetry transformations used to generate equivalent atoms: #1: -1+x,l+y,z; #2: 1-x,2-y,-z; 
#3: 1/2-x,1/2+y,1/2-z; #4: 1-x,1-y,-z; #5; x,-1+y,z.  

group with all atoms located in general positions. The X-ray crystal structure of 6 

reveals that, it consists a di-protonated 2,3-diaminophenazinium cation, two perchlorate 

anions and two crystal water molecules in its asymmetric unit (Figure 3.23), and there 

are four such units in the unit cell (Z = 4). The relevant parameters are tabulated in the 

Table 3.1. Thus, from the synthetic point of view, when the concentration of the OPDA 

solution was increased to 0.62M from 0.55M, maintaining the same reaction conditions 

as that of chiral synthesis, initially it resulted in the formation of white crystals of 

C6H9N2 • C104 • 1120 21  and then red needle shaped achiral di-protonated compound 

C12H12N4 • 2C104 2H20 (6). The observed C-C and C-N bond lengths as well as the 

bond angles of the 2,3-diaminophenazinium cation are in the normal range and are in 

good agreement with those observed for the corresponding compounds reported in the 

literature. I8  The bond lengths as well as the bond angles of the anion are also in the 

normal range and are in good agreement with those reported in the literature. The four 

Cl-0 bond lengths range from 1.345(5) to 1.433(3) A and the six 0-C1-0 bond angles 

range from 108.2(2) to 112.4(3) degree, which are close to the tetrahedral values 

(Appendix-II). Compound 6 contain more hydrogen bonding donors and acceptors than 

those of compound 4 and 5. It contains two water molecules, two protonated hetero 
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nitrogens and two terminal amines as donors and two perchlorate anions along with two 

water oxygens as acceptors. These species interact among each other through 

Figure 3.23. Thermal ellipsoidal plot of compound [C12H12N41 • [C10412 • 2 H2O (6) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which are 
shown as circles of arbitrary radius. 

strong N— H•••0 and 0—H•••0 hydrogen bonding interactions supplemented by week 

C—H•••0 hydrogen bonding interactions to form a three dimensional hydrogen bonding 

network as explained below. 

Figure 3.24. Self assembly of anion-water channel which runs through crystallographic a axis formed by 
0—H-0 hydrogen bonding interactions. Right, depicts the channel when viewed down a axis. 

3.4.5.1 0—H-0 hydrogen bonding interactions: One of the water molecules 09 

donates its hydrogen H9B to 01 of perchlorate anion (09—H9B•••01) with H•••0 bond 

distance of 2.03 A. The other hydrogen H9A participates in bifurcated hydrogen bond 
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by interacting with 04 and 07 of two anions (09—H9A•04 and 09—H9B•07) with 

H•0 bond distance of 2.59 A and 2.17 A respectively. Other water molecule 010, 

donates its hydrogen H10A to 04 and 07 of the same anions (010—H10A•04 and 

010—H10A•07) with H•0 bond distance of 2.33 A and 2.41 A respectively. Its other 

hydrogen H1OB interacts with 09 of water oxygen (010—H10B-09) with H•0 bond 

distance of 2.00 A. These interactions lead to form a self assembly of anion-water 

channel which runs through crystallographic a axis (Figure 3.24, right). These channels 

further interact with cations through N—H•0 hydrogen bonding interactions, 

complemented by C—H•0 hydrogen bonding interactions. 

3.4.5.2 N—H-0 and C—H•0 hydrogen bonding interactions: 

Both hetero and terminal nitrogens and ring carbons (C4 and C8) donate their 

hydrogens to above said anion-water channel through N—H•0 and C—I-I•0 hydrogen 

bonding interactions with H•0 bond lengths in the range of 1.86 A to 2.44 A (in the 

case of N—H•0) and 2.52 A to 2.57 A (in the case of C-11•••0 hydrogen bonding 

interactions). These cations interact with the channel along crystallographic bc plane in 

an alternative head to tail fashion as shown in the Figure 3.25, where the anion-water 

channel runs through crystallographic a axis. These layers also interact with the anion-

water channel through out the axis which result in a three dimensional network. 

ci 
Figure 3.25. Left, Interactions of cation, anion and water along crystallographic bc plane forms a layer 
type network, water anion channel runs through crystallographic a axis, these layers by interacting with 
that lead to form a three dimensional network. Perspective view of the 3D view shown in right figure. 
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Table 3.10 Hydrogen bonding parameters (A, deg) of compound 6 

D-H•••A d(D-H) d(H•-A) D(D•••A) ZDHA 

N1-H1X•03 0.93 2.04 2.948(4) 165 
N1-H1Y•05#1 0.80 2.27 3.037(6) 162 
N2-H2X•••05#1 0.922(16) 2.043(16) 2.964(5) 177(4) 
N2-H2Y•••010#2 0.93 2.02 2.932(4) 167 
N3-H3X•••010 0.92 1.96 2.855(4) 165 
N4-H4X-09#3 0.97 1.86 2.797(4) 161 
09-H9A•04#4 0.86(2) 2.59(3) 3.143(5) 123(2) 
09-H9A•07#4 0.86(2) 2.17(3) 2.920(4) 145(2) 
09-H9B•01#6 0.85(4) 2.03(4) 2.871(4) 172(5) 
010-H10A•••04 0.91(3) 2.33(4) 3.066(4) 138(3) 
010-H10A•07 0.91(3) 2.41(3) 3.035(5) 126(3) 
010-H10B•••09 0.90(8) 2.00(8) 2.886(4) 173(10) 
C4-H4•••06#5 0.93 2.52 3.304(7) 142 
C5-H8A•04 0.93 2.57 3.425(5) 153 
Symmetry transformations used to generate equivalent atoms: #1: x,1/2-y,1/2+z; #2: 1- 
x,1/2+y,1/2-z; #3: x,112-y,-112+z; #4: -1+x,y,z; #5 : -1+x,1/2-y,-1/2+z; #6 : 1-x,-y,l-z. 

3.4.6. Control Experiments (Syntheses of compound 4) Varying Important 

Parameters: 

3.4.6.1 Variation of Concentration in Chiral Synthesis: 

Originally we isolated the chiral compound 4 at pH 1.2 that exhibits the positive 

feature in the CD curve (Figure 3.22). In this synthesis, the concentration of OPDA 

(ortho-phenylenediamine) was 0.55M and the reaction flask was covered with 

aluminum foil (during crystallization; time duration 15 days). 

The same synthetic method was then performed with increased concentration of 

OPDA (0.62 M) as per the following description: ortho-phenylenediamine (2.0 g, 18.52 

mmol) was dissolved in 30 mL of water and pH of the solution was reduced to 1.2 by 

dropwise addition of concentrated perchloric acid. The resulting solution was left 

uncovered at room temperature. The colorless crystals of ortho-phenylenediammonium 

perchlorate C 6H9N2 • C104 • H2O 21  appeared first as initial product followed by the 

appearance of red needle-shaped crystals of compound C12H12N4 • 2C104 • 2H20 (6), a 

di-protonated achiral compound (space group: P21/c ). In compound C12H12N4 • 2Cl04 • 

2H20 (6), two hetero-nitrogen atoms get protonated making it a dication which is 

stabilized by two perchlorate anions. 
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3.4.6.2 Variation of pH of the Reaction Medium of Chiral Synthesis: 

The chiral polymorph (compound 4) can be synthesized in the pH range from 

1.2 to 3.0. The core solution, utilized for all the "pH variation reactions", was prepared 

as follows: 3.0 g (27.77 mmol) of ortho-phenylenediamine was dissolved in 50 mL of 

water with stirring. The pH of the solution was then reduced by dropwise addition of 

conc. HC1O4 to the pH of interest. 

3.4.6.2.1 pH 3: The reaction mixture (pH 3) was left undisturbed both in covered (with 

aluminum foil) as well as uncovered condition at room temperature. The orange 

reaction mixture darkened over a period of time and red needle shaped crystals of 

compound 4 crystallized after 7-8 days (2-3 days earlier than the synthesis at pH 1.2). 

The single crystals, isolated at pH 3.0, were very tiny and thereby the single crystal X-

ray data collection was not possible; however we could manage to obtain the unit cell 

parameters. The CD spectrum of single crystal (pH 3.0) could not be recorded due to 

small sized single crystals. A bunch of these crystals exhibit negative feature in their 

CD spectrum (Figure 3.26 left) confirming the isolation of the enantiomorph of the 

crystals obtained at pH 1.2. When we performed this experiment several times using 

the crystals of compound 4 from different synthesis slots at pH 3.0, we got same results 

(as shown in Figure 3.26 left). The CD studies, performed on bunch of crystals 

obtained from both the open and closed slots of this synthesis (pH 3.0), resulted in an 

negative CD curve in contrast to the positive CD of the crystals obtained at pH 1.2. 

Wavelength (nm) 

Figure 3.26. left, CD spectrum of compound 4, obtained at pH 3.0, Right obtained at pH2.5. 
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3.4.6.2.2 pH 2.5: The reaction mixture was prepared as mentioned above and the pH of 

resulting solution was reduced to 2.5 by adding conc. HC1O4 resulting in orange color 

solution. This on standing for a period of 7-8 days in open condition (and 10 to 12 days 

under closed condition) resulted in red needle shaped crystals. The size of the crystals 

was much smaller compared to the crystals obtained at pH 1.2. Thus, single crystal CD 

could not be measured. The CD spectrum for a bunch of these crystals showed negative 

curve (Figure 3.26 right) as shown for the CD of a bunch of crystals of compound 4 

obtained with the pH 3.0 (Figure 3.26 left). Several synthesis slots at pH 2.5 gave 

similar CD feature. 

3.4.6.2.3 pH 2: Here also, the reaction mixture was prepared as mentioned in pH 3.0 

and pH 2.5 synthesis. Only change being the pH of reaction mixture was decreased to 2 

by adding conc. HC1O4. Deep red needle shaped crystals were obtained from this 

reaction also, but smaller in crystal sizes. A bunch of these crystals (pH 2.0) exhibit 

negative CD curve (Figure 3.27 left). The same results were obtained from several 

synthesis slots at pH 2.0. 

500 	550 	600 	650 	700 	750 	800 

Wavelength (nm) 

Figure 3.27. Left, CD spectrum of compound 4 obtained at pH 2.0. Right, obtained at pH 1.5 exhibited 
identical pattern in positive CD obtained at pH 1.2. 

3.4.6.2.4 pH 1.5: 3.0 g (27.77 mmol) of ortho-phenylenediamine was dissolved in 50 

mL of water with stirring. The pH of the solution was reduced by dropwise addition of 

conc. HC1O4  to get pH of 1.5, and the reaction mixture was left at room temperature for 

15 days that afforded red needle shaped crystals. In this synthesis (pH 1.5), the single 

crystals are big enough to record single crystal CD spectra. Both single crystal and 

bunch of crystals exhibited identical pattern in CD spectra (Figure 3.27 right), i.e., 
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positive CD as found in the case of synthesis at pH 1.2. This experiment was also 

repeated from several synthesis slots at pH 1.5. 

3.4.6.3 Variation in Stirring Direction (clockwise and anti -clockwise): We 

employed both variations (clockwise and anti-clockwise) on the synthetic methods of 

chiral compound 4 at pH 1.2 and pH 3.0. We carried out several experiments at both 

1.2 and 3.0 pH. Syntheses at pH 3.0 are always associated with negative feature in the 

CD spectra irrespective of these variations. Likewise, crystals of 4 isolated at pH 1.2 

from many different synthetic slots, all the time, and exhibit positive feature in the CD 

spectra irrespective of these variations (stirring directions and stirring rate). 

Note: "Numerous studies have investigated enantiomeric crystallization induced by 

the presence of optically active compounds, seeds and other asymmetric influences. In 

such cases, the predominance of one chirality is not due to an intrinsic mechanism of 

the symmetry breaking and it does not occur spontaneously. Thus a little chiral 

impurity can cause a single enantiomeric form of a chiral compound. In the present 

study, we have shown successfully that "pH" is an important parameter in isolating 

both enantiomers of chiral compound 4, which we could confirm by solid state CD 

studies. This rule out the possibility of the presence of any chiral impurity in our 

syntheses. Throughout these syntheses, we have used extra pure perchloric acid and 

triple distilled water. 

3.4.6.4 Effect of Temperature on Circular Dichroism of Compound 4: 

The TGA (Thermo gravimetric analysis) curve (Figure 3.28 left) of 

compound 4 indicates the loss of crystal water molecule starts around 45 °C and the loss 

of water molecule is completed by — 100° C. The CD spectrum of a bunch of crystals 

(obtained at pH 1.2) was recorded at room temperature (solid line, Figure 3.28 right) 

followed by heating the same bunch of crystals at 100° C for 3 minutes. Subsequently, 

the CD spectrum was recorded on the dehydrated crystals (dashed line, Figure 3.28 

right). After dehydration, the compound 4 crystals become CD silent as evident from 

the Figure 3.28 right. This supports our molecular level understanding that the zig-zag 

water chain (found in the crystal structure of compound 4) plays a significant role in 

spontaneous resolution. 
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Figure 3.28. Left, TGA / DTA curves for compound 4. TGA is represented in black color and DTA is 
represented in green color. Right, Solid line: CD spectrum of a bunch of crystals of compound 4 
(synthesized at pH 1.2) at room temperature. Dashed line: CD spectrum of same bunch of crystals of 
compound 4 after heating at 100 °C. 

3.5. Conclusions 

The topologies of solvent water molecules in the compounds 1 -6 are two 

dimensional water sheet, water tape, and a discrete water linear trimer in compound 1, 

2, and 3 respectively, zig-zag water chain in compound 4, water dimer in compound 5 

and water-anion channel in compound 6. This whole situation is shown in the Scheme 

3. The nature and strength of the hydrogen bonding network vary from one compound 

to another. The anions act as the stoppers for the extension of water clusters. It is 

observed that; without anions the water-water interactions resulted in distorted cyclic 

water hexamer which is self assembled to form two dimensional water sheets. Then the 

introduction of nitrate anion in compound 2 results in mono-protonated 2,3- 

diaminophenazinium cation. In this case there is a stabilization of distorted cyclic water 

hexamer, then the supramolecular interactions between nitrate anion and water 

molecules lead to form water tape, as some of the water hydrogen bonding sites 

occupied by the anion, thereby restricting the extension of water cluster from two 

dimensional sheets to tape. In compound 3, due to sulfate anion, we obtained di-

protonated 2,3-diaminophenazinium cation. The supramolecular interactions between 

anion and water molecules lead to stabilize linear water trimer. These trimers self 

assemble to form an anion-water grid-square type of network. 

In compound 4, the introduction of perchlorate anion leads to isolate the a 

mono-protonated 2,3-diaminophenazinium cation, which is crystallized in non-

centrosymetric chiral monoclinic P21 space group. Here the water topology is zig-zag 
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water chain, but this zig-zag water chain mediates the interactions among the helices 

(type II) resulting in the supramolecular extended structure consisting alternately of 

type-II helices and zig-zag water chain. 

T7W31/' -.  

Scheme 3: The topologies of various solvent water molecules in 1 -6, water sheet, water tape, linear 
water trimer, zig-zag water chian, and water dimer in last two compunds. 

Therefore water plays a crucial role to preserve and transmit the "induced 

helicity" through out the network in order to bring about spontaneous resolution. The 

water topology in compound 5 is water dimer, which does not result supramolecular 

extended structure, thereby terminating uninterrupted extension of supramolecular 

interactions in the crystal of 5. This probably restricts the transmission of "induced 

chirality" making the relevant crystal (compound 5) achiral. In compound 6, the 

introduction of two perchlorate anions lead to form a di-protonated 2,3- 

diaminophenazinium cation. Though it consist two water molecules, but it results in a 

88 



Chapter 3 

chain of anion-water tetramers, which self assemble to form anion-water channel. We 

have successfully demonstrated the CD studies of compound 4 at various pH 

conditions, concentration and temperature. In the case of compound 4 we have 

achieved the generation of chiral crystals from an achiral molecule in a unique 

synthesis that brings about total spontaneous resolution. Comparison of compound 4 

with its polymorphic form (compound 5) reveals the distinction in their supramolecular 

topologies that provide the molecular level understanding of why the crystals of 4 are 

homochiral (single-nucleation, single-colony crystal growth). We have succeeded, not 

only, to demonstrate the tuning of crystal chirality based on variation in methods of 

relevant crystal preparation but also we are able to isolate both enantiomers of chiral 

compound 4 just by changing the pH of the reaction medium, which was never been 

demonstrated to our knowledge. 
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APPENDIX-II  

Selected bond lengths (A) and bond angles (deg) for [C12H10N4] • 4[1120] (1), 

C(1)-N(4) 1.373(8) C(9)-N(1) 1.370(8) 
C(3)-N(2) 1.360(8) C(10)-N(1) 1.341(8) 
C(4)-N(2) 1.357(8) C(12)-N(3) 1.375(8) 

C(2)-C(1)-N(4) 119.9(7) N(1)-C(9)-C(4) 121.1(7) 
N(4)-C(1)-C(12) 118.4(7) N(1)-C(10)-C(11) 120.3(7) 
N(2)-C(3)-C(2) 118.9(7) N(1)-C(10)-C(3) 122.5(7) 
N(2)-C(3)-C(10) 119.9(7) C(11)-C(12)-N(3) 121.5(8) 
N(2)-C(4)-C(9) 121.5(7) N(3)-C(12)-C(1) 118.9(7) 
N(2)-C(4)-C(5) 120.9(8) C(10)-N(1)-C(9) 117.0(7) 
N(1)-C(9)-C(8) 119.5(7) C(4)-N(2)-C(3) 117.9(6) 

Selected bond lengths (A) and bond angles (deg) for [C12H11N4] • NO 3 . 3[H20] (2) 

C(1)-C(2) 1.391(7) C(10)-N(4) 1.346(6) 
C(4)-N(2) 1.366(7) C(11)-N(3) 1.329(6) 
C(5)-N(1) 1.389(6) N(5)-O(3) 1.177(7) 
C(7)-N(2) 1.333(7) N(5)-O(2) 1.191(7) 
C(8)-N(1) 1.328(6) N(5)-O(1) 1.235(7) 

C(2)-C(1)-C(6) 118.2(6) N(4)-C(10)-C(11) 120.2(6) 
N(2)-C(4)-C(3) 120.3(7) N(3)-C(11)-C(12) 122.6(6) 
N(1)-C(5)-C(6) 117.6(8) N(3)-C(11)-C(10) 119.1(6) 
N(2)-C(7)-C(8) 120.4(6) O(3)-N(5)-O(2) 118.3(8) 
N(1)-C(8)-C(12) 121.3(7) O(3)-N(5)-O(1) 122.0(9) 
N(4)-C(10)-C(9) 117.9(7) O(2)-N(5)-O(1) 119.1(8) 

Selected bond lengths (A) and bond angles (deg) for [C12H12N4] • SO4. 3[H20] (3) 

C(1)-N(1) 1.319(3) O(1)-S(1) 1.4852(17) 
C(2)-N(2) 1.317(3) 0(2)-S(1) 1.4570(18) 
C(4)-N(4) 1.340(3) O(3)-S(1) 1.4633(17) 
C(7)-C(8) 1.408(3) 0(4)-S(1) 1.4547(18) 

N(1)-C(1)-C(6) 121.4(2) N(4)-C(8)-C(9) 122.1(2) 
N(1)-C(1)-C(2) 119.4(2) N(4)-C(8)-C(7) 118.3(2) 
N(2)-C(2)-C(3) 120.8(2) C(10)-C(9)-C(8) 119.6(2) 
N(4)-C(4)-C(5) 117.9(2) O(4)-S(1)-O(2) 110.24(12) 
N(3)-C(7)-C(12) 121.5(2) O(4)-S(1)-O(3) 109.03(11) 
N(3)-C(7)-C(8) 118.5(2) 
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Selected bond lengths (A) and bond angles (deg) for [C1211111N4] • C104. H2O (4) 

C(1)-C(2) 1.365(6) C(9)-N(1) 1.374(5) 
C(2)-C(3) 1.413(6) C(11)-N(1) 1.338(5) 
C(6)-N(3) 1.333(5) C1(1)-0(2) 1.417(3) 
C(6)-C(7) 1.454(6) C1(1)-0(3) 1.444(3) 
C(7)-C(8) 1.366(5) 

C(2)-C(1)-C(10) 120.5(4) N(2)-C(12)-C(11) 121.6(3) 
N(3)-C(6)-C(7) 119.6(4) 0(2)-C1(1)-0(4) 111.03(19) 
N(1)-C(9)-C(10) 117.2(3) 0(4)-C1(1)-0(3) 108.93(17) 
N(2)-C(10)-C(9)  122.1(3) 

Selected bond lengths (A) and bond angles (deg) for [C12H11l‘14] • C104. H2O (5) 

C(1)-N(2) 1.350(4) C(10)-N(4) 1.343(3) 
C(3)-C(10) 1.452(3) C(10)-C(11) 1.382(4) 
C(4)-N(3) 1.348(3) C(11)-C(12) 1.379(4) 
C(4)-C(9) 1.412(3) C(12)-N(1) 1.325(4) 
C(4)-C(5) 1.419(4) C1(1)-0(2) 1.396(3) 
C(5)-C(6) 1.354(4) C1(1)-0(4) 1.386(4) 
C(6)-C(7) 1.404(4) C1(1)-0(5) 1.457(4) 

N(2)-C(1)-C(12) 119.5(3) C(11)-C(10)-C(3) 120.3(2) 
C(1)-C(2)-C(3) 122.3(2) C(12)-C(11)-C(10) 121.3(2) 
N(3)-C(3)-C(10) 122.0(2) 0(3)-C1(1)-0(2) 109.7(2) 
N(4)-C(9)-C(8) 121.4(2) 0(3)-C1(1)-0(4) 113.1(3) 
N(4)-C(9)-C(4) 117.4(2) C(3)-N(3)-C(4) 118.9(2) 
C(8)-C(9)-C(4) 121.2(2) C(10)-N(4)-C(9) 122.7(2) 
N(4)-C(10)-C(3) 116.7(2) 

Selected bond lengths (A) and bond angles (deg) for [C12H12N4] • 2[C104] • 2[H20] (6) 

C(1)-C(2) 1.357(5) C(10)-N(4) 1.344(4) 
C(2)-C(3) 1.386(6) C(11)-N(3) 1.382(4) 
C(6)-N(2) 1.321(4) C1(1)-0(2) 1.414(3) 
C(7)-N(1) 1.320(4) C1(1)-0(3) 1.433(3) 
C(9)-N(3) 1.336(4) C1(2)-0(8) 1.354(6) 

C(2)-C(1)-C(11) 118.6(4) N(3)-C(9)-C(8) 122.4(3) 
C(1)-C(2)-C(3) 121.8(3) N(3)-C(9)-C(10) 118.2(3) 
N(2)-C(6)-C(5) 121.7(3) N(4)-C(10)-C(9) 116.7(3) 
N(1)-C(7)-C(8) 121.3(3) 0(2)-C1(1)-0(1) 110.32(19) 
N(1)-C(7)-C(6) 119.1(3) 0(1)-C1(1)-0(4) 109.7(2) 
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Hybrid Organic-inorganic Materials: 	Supramolecular 
Assemblies based on Anderson Type Heteropolyanion and 
Organic Amine Cations 

4.1. Introduction 

One of the recent advancement in polyoxometalate (POM) chemistry is to 

synthesize hybrid materials that provide a number of applications. 1-3  Generally, in 

these hybrid materials POM anions and organic ligands are glued together via 

supramolecular interactions forming small voids in their assembly, which are 

interesting in perspective of "host-guest chemistry". 4  Type I POM anions have mostly 

been used to support inorganic metal complexes, because charge density of these POM-

surface oxygen atoms can be increased either by reducing some of their metal centers 

(e.g., MovI  to Mov) or replacing higher valent metal centers with lower valent metal 

centers (e.g., MovI  by Viv). 5  On the other hand, type II POM anions that can also 

support the transition metal / complex cations, do not generally exist in their reduced 

forms. The POM clusters, discussed in this chapter, are belonged to Type II category. 

There are several examples that comprise of POM-based hybrid materials having 

1D, 2D and 3D structures. 6-16  In all these compounds, the charge of the POM-linked 

inorganic entity is either neutral or negative; the negative charge, in most cases, is 

balanced by transition metal complex cations. We and others have reported polymeric 

frameworks based on Anderson heteropolyanion. 17-21  We describe here a,unique class 

of examples, in which a "discrete" Anderson-type heteropolyanion and an organic 

amino cation assemble in a supramolecular fashion. The organic cations get protonated 

at low temperature reaction conditions (acidic aqueous medium) and form the non-

covalent interactions with the polyoxometalates. 21  The nucleophilic surface (proton 

acceptors) of the Anderson heteropolyanion accepts hydrogens from the proton rich 

organic ligands. Earlier in the second chapter, we have described the investigations of 

sulfate and perchlorate salts ortho-phenylenediamine (OPDA) and 4,4,- 
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diaminodiphenylether (DADPE). We have also mentioned the supramolecular 

structures of 2,3-diaminophenazinium cations with various anions in the third chapter. 

After examining the supramolecular interactions of the above said amines with 

common acids, we turned our attention to investigate the similar contacts of these 

amine with a heteropolyanion (also known as polyoxometalate, POM), as these POM 

anions are having lot of hydrogen bonding sites. Three such compounds have been 

reported in this chapter. As expected, the strong N—I-I•••0 and week C—H•••0 hydrogen 

bonding interactions are crystallographically observed in the crystals of the compounds 

1, 2 and 3 (see below). In one (compound 2) of these compounds, we have succeeded to 

connect this versatile building unit (POM cluster anion) by an alkaline metal ion to 

form a new type of coordination polymer. Interestingly, all the three compounds 1, 2 

and 3 exhibit versatility in their crystal structures as far as supramolecular interactions 

are concerned. 

Compounds described in this chapter are: 

1. [C6H10N2]2 [HOOH)6M06018] • 4H20 (1) 

2. [C5H8N3]4[Al(OH)6M06018]C1 • 8H20 (2) 

3. [C5H8N3]2[NaAl(OH)6M06018] • 2H20 (3) 

4.2. Experimental 

4.2.1. Materials 

Sodium molybdate (Na2M004.2H20) was purchased from Finar Chemicals and 

aluminum chloride (A1C13.6H20) from SD chemicals. Ortho-phenylenediamine was 

purchased from Lancaster, where as 2,6- diaminopyridine was purchased from Merck. 

Distilled water was used as solvent in synthesis. All chemicals and solvents were of 

analytical grade and were used without further purification. 

4.2.2. Physical Measurements 

As given in chapter 2. 
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4.2.3. Synthesis of [C6H10N2]2[HAROH)6M06018]• 4H20 (1) 

Sodium molybdate (Na2Mo04 . 2H20) (3.50 g, 14.5 mmol) was dissolved in 50 

mL of distilled water to which 10 mL of acetic acid (CH3CO2H) were added followed 

by the addition of hydrous aluminum chloride (A1C1 3 .6H20) (1.50 g, 6.22 mmol) with 

stirring at room temperature. To this reaction mixture, 10 mL acetonitrile solution of 

ortho-phenylenediamine (1.00 g, 9.25 mmol) was added, and then the pH of this 

solution was adjusted to 2.6 with concentrated hydrochloric acid and then it was stirred 

for 10 min. This result in the formation of white turbid solution and this turbidity was 

slowly dissolved on heating, giving rise to a violet-blue clear solution. The clear 

solution was filtered into a 250 mL conical flask, which was kept open for one week at 

room temperature, resulting in pale-yellowish, thin needle-shaped crystals of 1, which 

were filtered, washed with water and dried at room temperature. Yield: 1.2 g (6.4 % 

based on sodium molybdate). IR (KBr pellet, u(cm -1 )): 3337, 1914, 1630, 1501, 1317, 

1285, 1198, 1123, 889, 740, 642, 443. 

4.2.4. Synthesis of [C5H8N3]4[AI(OH)6M060181C1 • 8H 20 (2) 

Sodium molybdate (Na2Mo04 .2H20) (3.50 g, 14.5 mmol) was dissolved in 50 

mL of distilled water to which 10 mL of acetic acid (CH3CO2H) were added followed 

by hydrous aluminum chloride (A1C13 . 6H20) (1.50 g, 6.22 mmol) with stirring at room 

temperature. To this reaction mixture, 10 mL acetonitrile solution of 2,6- 

diaminopyridine (1.00 g, 9.17 mmol) was added, and then the pH of this solution was 

adjusted to 2.7 with concentrated hydrochloric acid under stirring condition. It was 

further stirred for 10 min, whereby a turbid solution was obtained. This turbidity was 

slowly dissolved on heating, giving rise to a clear light blue color solution. The clear 

solution was filtered to a 250 mL conical flask, which was kept open for one week at 

room temperature. Light pink block-shaped crystals of 2, crystallized during this time, 

were filtered, washed with water and dried at room temperature. Yield: 2.1 g (10 % 

based on sodium molybdate). IR (KBr pellet, u(cm -1 )): 3451, 3312, 3193, 1652, 1485, 

1393, 1300, 1169, 907, 652, 442. 
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4.2.5. Synthesis of [C51181•13]2[NaAl(OH)6Mo6018] • 2H20 (3) 

Sodium molybdate (Na2Mo04.2H20) (3.50 g, 14.5 mmol) was dissolved in 50 

mL of distilled water containing 10 mL of acetic acid (CH3CO2H). Hydrous aluminum 

chloride (A1C13 . 6H20) (1.50 g, 6.22 mmol) was subsequently added to this reaction 

mixture with stirring at room temperature. This was then treated with 10 mL 

acetonitrile solution of 2,6-diaminopyridine (1.0 g, 9.17 mmol) and the pH of resulting 

solution was adjusted to 2.4 with concentrated sulfuric acid. It was then stirred for 10 

min. The white turbid, appeared during this time, turned into a clear solution on heating 

for sometime resulting in a clear blue-violet solution. The clear solution was filtered to 

a 250 mL conical flask, which was kept open for one week at room temperature, 

whereby light yellow plate-shaped crystals of 3 appeared. Crystals of 3 were filtered, 

washed with water and dried at room temperature. Yield: 2.87 g (15.6 % based on 

sodium molybdate). IR (KBr pellet, u(cm 1 )): 3423, 3331, 3185, 2159, 1640, 1305, 

1178, 895, 776, 449. 

4.3. Crystallographic Study 

Single crystal X-ray data for three compounds (1, 2, and 3) were collected on a 

Bruker SMART APEX CCD area detector system at 298 K. Data acquisition, empirical 

absorption correction, solution, refinement, molecular graphics and other details are as 

described in the chapter 2. 
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Table 4. 1. Crystal data and structure refinement for compound 1, 2 and 3 

Compound 1 Compound 2 Compound 3 

Formula C12H35A 1Mo6N4O28 C201-132A1C1- C101-126A1M06- 
Mo6N12031 N6Na026 

FH, 1285.05 1574.65 1271.98 

T (K) 298(2) 298(2) 298(2) 

X (A) 0.71073 0.71073 0.71073 

Crystal system Triclinic Triclinic Triclinic 

Space group Pi Pi PI 

a (A) 

b (A) 

c (A) 

a (0) 

6.7273(5) 

10.8850(8) 

11.5181(8) 

93.4770(10) 

8.7519(10) 

11.8278(13) 

12.8077(14) 

71.752(2) 

6.4494(10) 

10.9457(18) 

11.1842(18) 

86.717(2) 
(0)  101.3750(10) 88.733(2) 84.295(2) 

7 (0) 92.3240(10) 86.933(2) 81.331(2) 

V (A3 ) 824.15(10) 1257.3(2) 775.9(2) 

1 1 1 

Pcalcd (g cm 3 ) 2.589 2.080 2.722 

du (mm-1 ) 2.351 1.622 2.505 

F (000) 623 766 612 

Crystal Size (mm) 0.28 x 0.09 x 0.02 0.23 x 0.20 x .18 0.28 x 0.22 x 0.08 

20 range/deg 1.81 to 25.99 1.67 to 26.00 1.83 to 25.95 

Reflections collected 8550 12996 7929 

Unique reflections 3202 4893 3006 

Completeness to 20 (%) 98.9 98.7 99.2 

Tmax, Tram 0.9545, 0.5589 0.7813, 0.7066 0.8442, 0.5406 

Parameters 3202 / 12 / 284 4893 / 11 / 368 3006 / 2 / 270 

GOF (F2) 1.042 1.060 1.087 

RI ,wR2 [I>2 cy(I)] 0.0222, 0.0552 0.0318, 0.0890 0.0196,0.0492 

RI , wR2 (all data) 0.0251, 0.0566 0.0370, 0.0920 0.0211, 0.0499 
Largest cliff. Peak 
and hole (e•A -3 ) 

0.525 and -0.439 0.923 and -0.524 0.417 and -0.626 
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Table 4.2. Average bond lengths (Mo—O) found in the Anderson type of 
heteropolyanion in the compounds 1, 2 and 3. 

M-0 (A) Compound 1 Compound 2 Compound 3 

Mo—Os  1.699 — 1.720 1.696 — 1.724 1.700 — 1.722 

Mo—Ob 1.892 — 1.953 1.915 — 1.964 1.907 — 1.943 

Mo—Os  2.277 — 2.321 2.275 — 2.323 2.258 — 2.305 

A1-0 1.887 —1.904 1.888 — 1.904 1.891 — 1.938 

Na—O 2.346 — 2.459 

4.4. Results and Discussion 

4.4.1. Infrared spectral properties. 

The IR spectra of compounds 1 -3 were measured in the region of 4000-400 cm -1 . 

The IR spectral features were similar in pattern suggesting that an Anderson 

heteropolyanion unit is common to all three complexes. The symmetric and asymmetric 

stretching of the different modes of Mo—O bonds are observed at 950-440 cm -I . The 

usym(M0-0t) stretching frequency is observed in the range of 947-951 cm -I . The broad 

peaks at 3460-3100 cm 1  and the absorptions in the range of 1650-1590 cm 1  are the 

characteristics bands of water molecules. The peaks in the range of 640-540 cm -1 

 correspond to the n(Mo-0— Al3+) moiety and the 450-400 cm 1  range is attributed to 

the 8(Mo—Ot) bending. 

4.4.2. Crystal structure of Compound [C6H10N2]2[HAI(OH)6M06018]• 4H20 (1) 

Pale-yellowish, thin needle-shaped crystals of 1, were synthesized from an 

acidic aqueous solution containing sodium molybdate, acetic acid, aluminum chloride, 

ortho-phenylenediamine and hydrochloric acid. Compound 1 was characterized by 

routine analysis and unambiguously by single crystal X-ray structure determination. 

Compound 1 crystallizes in the cetrosymmetric triclinic PI space group and the Al 3+ 

 sits on a special position. The X-ray crystal structure of 1 shows a half of the molecule 

of Anderson anion, a ortho-phenylenediammonium cation and two water molecules in 

its asymmetric unit (Figure 4.1), and there are two such units in the unit cell and the 
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relevant parameters are tabulated in the Table 4.1. The observed C—C and C—N bond 

lengths as well as the bond angles of the cation are in the normal range and are in good 

agreement with those observed for the corresponding compounds reported in the 

literature. 22  The Mo—O bond lengths are shown in the Table 4.2, which are in the 

normal range and are in good agreement with those reported in the literature. 17-2I  The 

selected bond lengths and bond angles are tabulated in the Appendix—III. 

Figure 4.1. Thermal ellipsoidal plot of compound [C61-1 1 0N2J 2 [HAI(OH)6Mo60181• 4H20(1) with atom 
labeling scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, 
which are shown as circles of arbitrary radius. Atoms shown with (A) are generated through symmetry 
relation and the relevant symmetry codes are: (A) 1 -x,-y+1,-z+1. 

In general, the Anderson heteropolyanion consists of seven edge-shared-

octahedra, six of which are Mo-octahedra arranged hexagonally around the central 

octahedron containing hetero-metal ion (for example Al 3+  in the present three 

compounds) at the center (Figure 4.2 left and middle). Bond lengths and bond angles 

within the Anderson anion of 1 are consistent with values found for other Anderson 

anions. 17-2I  In the crystal structure of 1, molybdenum—oxygen distances, as expected are 

divided into three groups: molybdenum—terminal oxygen, molybdenum—bridging 

oxygen, molybdenum—internal oxygen common to two molybdenum atoms and an 

aluminum ion. 0—H•••0 hydrogen bonding interactions exist among Anderson anions 

(Figure 4.2 right) involving the coordinated hydroxide ions of the central Al(OH) 6 

 moiety and the peripheral terminal and bridging oxygen atoms of the Anderson 

heteropolyanion. More specifically, two coordinated hydroxides on each face of the 

heteropolyanion are involved in hydrogen-bonded interactions (both above and below 

the face of the anion), which extend into a chain that runs along crystallographic a axis 

as shown in the Figure 4.2 right. 

100 



Chapter 4 

Figure 4.2. Left. Ball and stick model. Middle: polyhedral representation of Anderson anion and 
Right: The intermolecular interactions among the Anderson anions. 

The crystal water 014 plays an important role in the construction of the one-

dimensional chain that runs along crystallographic c axis (Figure 4.3, top: viewed along 

the crystallographic a axis). In this supramolecular interaction, the lattice water 014 

donates its one hydrogen atom in bifurcating fashion to 010 oxygen atoms of two 

adjacent Anderson heteropolyanions and donates its another hydrogen atom to 011 of 

one Anderson anion. Along the chain, the linking region contains two such 014 lattice 

b 

Figure 4.3. Top: one-dimensional chain viewed along the crystallographic axis, formed by 014— 
H14A-010, 014—H14B-011 hydrogen bonding interactions Bottom: the illustration of the N2— 
H2Y-014 hydrogen bonding interactions that exists between water molecules, cation and Anderson 
anion along with above said in interactions 
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water molecules. hi addition, the lattice water 014 accepts hydrogen from the organic 

ligands, thus assisting in the stabilization of the one-dimensional chain as shown in the 

Figure 4.3 bottom. 

Interestingly, these hydrogen bonded one-dimensional chains that run along the 

crystallographic c axis, are further interconnected laterally by the ortho-

phenylenediammonium cations (see Figure 4.4) via C—H•0 and N-11•.0 hydrogen 

bonding interactions resulting in an overall supramolecular network. Thus OPDA 

cation has important contributions in the construction of the 3D supramolecular 

network. The —NH3- group of the OPDA cation donates its hydrogens to the terminal 

Figure 4.4. The 3D supramolecular network having well-defined channels (viewed down to 
crystallographic a axis. N—H•••0 and C—H•••0 hydrogen bonding interactions are shown. 

oxygens 08 and 09 of the adjusting Anderson heteropolyanion that belong to one of 

the one-dimensional chain running along crystallographic c axis. In addition to the 

abundance of N—H•••0 hydrogen bonds, there also exists C-H•••0 hydrogen bonding 

interactions. The carbon atom C4 of the cation donates its hydrogen H4 to the bridging 

oxygen 02 of the Anderson anion with the bond length of 2.51 A and bond angle of 

147°. Thus in the crystal structure of 1, the N-1-1••0 and C—H••0 hydrogen bonding 

interactions are manifested due to the presence of the exposed spherical oxygen surface 

of the Anderson heteropolyanion. And these interactions are responsible in the 

construction of the 3D supramolecular network having well-defined channels (viewed 

down to crystallographic a axis in compound 1 as shown in Figure 4.4. 
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Table 4.3. Hydrogen bonding parameters (A, deg) of compound 1 

D-H•••A d(D-H) d(H...A) D(D•-A) ZDHA 

N1-H1X•••01 0.83(3) 1.92(3) 2.731(4) 165(3) 
N1-H1 Y•••07#6 0.87(3) 2.01(3) 2.826(4) 158(3) 
N1-H1Z•••012#3 0.84(3) 2.29(3) 2.953(4) 136(3) 
N1-H1Z••08 #7 0.85(3) 2.23(3) 2.840(4) 130(3) 
N2-H2X•-08 #7 0.85(3) 2.23(3) 3.027(4) 156(4) 
N2-H2X•••09#7 0.85(3) 2.52(4) 2.977(4) 115(3) 
N2-H2Y-.014#8 0.88(3) 2.03(3) 2.899(5) 170(3) 
N2-H2Y...07#6 0.86(5) 2.22(5) 3.017(4) 153(6) 
05-H8-.09#2 0.82(3) 1.87(3) 2.688(3) 171(3) 
04-H9•••03#5 0.79(4) 2.20(4) 2.985(3) 178(5) 
06-H10••013#2 0.80(3) 1.89(2) 2.655(4) 162(3) 
013-H13A••014#4 0.82(2) 2.53(4) 3.096(5) 127(3) 
013-H13A••014#3 0.84(9) 2.17(9) 2.996(5) 168(8) 
014-H14A.-010 0.82(5) 2.34(6) 2.999(4) 138(6) 
014-H14A••010#4 0.82(5) 2.34(6) 2.908(4) 127(6) 
014-H14B•••011#1 0.83(2) 2.05(2) 2.871(4) 169(4) 
C4-H4••02#9 0.93 2.51 3.335(4) 147 
Symmetry transformations used to generate equivalent atoms: #1: 2-x,1-y,l-z; #2: 1+x,y,z; #3: - 
1+x,y,z; #4: 1-x,1-y,-z;  #5: 1-x,1-y,1 -z; #6 2-x,-y,l-z;  #7: 1-x,-y,l-z;  #8: x,-1+y,l+z; #9: x,y,l+z.  

Having knowledge of the interesting 3D supramolecular structures in the 

compound 1, we wished to investigate the supramolecular structures of other 

substituted amines that interact with same Anderson heteropolyanion. We have chosen 

2,6-diaminopyridine as one of the substituted amines that was not explored earlier 

interacting with a POM anion in crystalline state. 

4.4.3. Crystal structure of Compound [C51 -181s13]4[Al(OH)6Mo6018]Cl • 8H20 (2) 

Light pink block-shaped crystals of 2 were synthesized from an acidic aqueous 

solution containing Sodium molybdate, acetic acid, aluminum chloride, 2,6- 

diaminopyridine and hydrochloric acid. Compound 2 was characterized by routine 

analysis and unambiguously by single crystal X-ray structure determination. Compound 

2 also crystallizes in the cetrosymmetric triclinic P 1 space group and the Al 3+  is 

located on a special position. The X-ray crystal structure of 2 shows a half molecule of 

Anderson anion, two monoprotonated 2,6-diaminopyridinium cations, a chloride anion 
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which is situated on special position and four water molecules in its asymmetric unit 

(Figure 4.5), Thus the formula unit of compound 2 has four organic cations, one 

Anderson anion, one chloride anion and eight water molecules. The relevant 

crystallographic data collection parameters are tabulated in the Table 4.1. The observed 

C—C and C—N bond lengths as well as the bond angles of the cation are in the normal 

range and are in good agreement with those observed for the corresponding compounds 

reported in the literature. 23  The Mo—O bond lengths are shown in the Table 4.2, which 

are in the normal range and are in good agreement with those reported in the 

literature.' 7-2'  The selected bond lengths and bond angles are tabulated in the 

Appendix—III. 

N(6) 

0(15) 

Figure 4.5. Thermal ellipsoidal plot of compound IC5H8N3141A1(01-1)6M060181C1 • 8H20 (2) with atom 
labeling scheme. Displacement ellipsoids are drawn at 50% probability level. The H atoms are not shown 
for clarity. Atoms shown with (A) are generated through Symmetry relation and the relevant Symmetry 
codes: (A) -x+1,-y+1,-z+2 

The basic building unit in compound 2 is Anderson heteropolyanion and its 

structure is as discussed in the context of crystal structure description of compound 1. 

The compound 2 has an immense occurrence of the N—H••0 hydrogen bonding 

interactions. There are eight organic amine-protonated cations that hold the 

heteropolyanion through the N—H•0 hydrogen bonds. The nitrogen atoms (N5) from 

two different organic cations donate their hydrogens to the terminal oxygen 0(5) of the 

heteropolyanion from its both faces. The other nitrogens (N6) of the organic cation 

form the non-covalent interactions with the bridging oxygens 0(12) of the Anderson 

anion. The N4 nitrogen of organic cation forms the hydrogen bond contacts with the 
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bridging oxygen 0(6) of the POM anion. The nitrogen atoms Ni and N2 of the other 

organic cation interacts with the bridging oxygen 0(9) and terminal oxygen 0(7) of the 

Figure 4.6. Each Anderson anion interacts with eight organic cations via N—W .0 hydrogen bonding 
interactions in compound 2 

4.0  
ott oP, iv .0 	et" 

Figure 4.7. Lattice water molecules 015 and two 016 that give rise to a 3D supramolecular network 
with well defined channels which accommodate the chloride anions. (color code: water oxygens are 
shown in red, chloride anions are shown in green) 

Anderson anion. These interactions result in a situation such that an Anderson anion 

interacts with eight organic cations around it with the bond lengths in the range of 

2.706-2.947 A (Figure 4.6). 
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The N4 and N6 nitrogen atoms of the organic cation further interacts with 

adjacent POM anions resulting in a chain like arrangements. These chains are further, 

linked laterally by a water tetramer consisting of two 015 and two 016 lattice water 

molecules that produce a 3D supramolecular network with well defined channels that 

accommodate the chloride anion as shown in Figure 4.7. The chloride anion plays 

important role in the charge contributions of the POM anion. We are not able to locate 

the water hydrogens from the difference Fourier map and hence the H•••0 bond 

distances between water molecules are not tabulated. Thus the hydrogen bonding 

interactions among crystal water molecules are represented by 0•••0 interactions with 

0•••0 bond distances in the range of 2.820-2.900 A. 

Table 4.4. Hydrogen bonding parameters (A, deg) of compound 2 

D-H•••A d(D-H) d(H•-A) D(D•••A) ZDHA 

N1-H1A•••07 0.88(4) 1.98(4) 2.846(5) 166(3) 
N2-H2A.•.016#1 0.84(4) 2.21(4) 3.019(9) 161(4) 
N2-H2B•••09 0.87(3) 2.01(3) 2.873(5) 172(3) 
N3-H3A•••07 0.85(4) 2.45(4) 3.116(6) 136(3) 
N3-H3B•••04 #2 0.82(3) 2.23(3) 3.013(6) 160(4) 
N4-H4A•••06 #2 0.84(4) 1.86(4) 2.699(4) 172(3) 
N5-H5A-.05 0.82(2) 2.28(3) 2.955(5) 140(4) 
N5-H5B•••05#2 0.82(4) 2.57(3) 3.269(4) 144(4) 
N6-H6B••012#3 0.86(6) 2.09(5) 2.897(5) 156(6) 
C7-H7•••014 0.93(2) 2.42(3) 3.344(5) 171 
Symmetry transformations used to generate equivalent atoms: #1: x,-1+y,z; #2: 1-x,1-y,l-z; #3: - 
1+x,y,l+z.  

4.4.4. Crystal structure of Compound [C5H8N312[NaAl(OH)6Mo6018] • 2H20 (3) 

Light-yellow plate-shaped crystals of 3 were synthesized from an acidic 

aqueous solution containing sodium molybdate, acetic acid, aluminum chloride, 2,6- 

diaminopyridine and concentrated sulfuric acid. Compound 3 was characterized by 

routine analysis including single crystal X-ray structure determination. Compound 3 

crystallizes in the cetrosymmetric PI space group. In the crystal structure, Al 3+  and 

Na+  ions are located on special positions. The X-ray crystal structure of 3 shows a half 

molecule of Anderson anion, one monoprotonated 2,6-diaminopyridinium cation, a 

sodium cation and one water molecule in its asymmetric unit (Figure 4.8), and there are 
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two such units in the unit cell. The relevant crystallographic data collection parameters 

are tabulated in the Table 4.1. The observed C—C and C—N bond lengths as well as the 

bond angles of the organic cation are in the normal range and are in good agreement 

with those observed for the corresponding compounds reported in the literature. 23  The 

Mo—O bond lengths are shown in the Table 4.2, which are consistent with those 

reported in the literature. I7 1  All other bond lengths and bond angles are tabulated in 

the Appendix—III. 

0(13) 

 

 

• 

  

Figure 4.8. Thermal ellipsoidal plot of compound [C5H8N3] 2 [NaAl(OH)6Mo60 1 81 • 2H20 (3) with atom 
labeling scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, 
which are shown as circles of arbitrary radius. Atoms shown with (A) are generated through Symmetry 
relation and the relevant Symmetry codes: (A) -x+1,-y+2,-z+1 

The crystal structure of the Anderson anion is as discussed above (vide supra). 

The sodium cation exhibits coordination number of 6 with octahedral geometry. Out of 

six oxygen atoms positioned in six vertices of the octahedron around sodium, the 

equatorial positions are occupied by two 09 and two 011 oxygen atoms from two 

different Anderson anions and axial positions are offered by two 012 oxygen atoms 

from two different Anderson anions (which are trans to each other) as shown in Figure 

4.9 (left). All the coordinated oxygen atoms are terminal types. Interestingly, the 

octahedral geometry is exclusively formed by the surface (terminal) oxygens of the 

Anderson anion. Likewise, each sodium cation connects four Anderson anions around 

it and so on. This leads to the formation of the two-dimensional layer-like network as 

shown in the Figure 4.9, (right). This 2D layer is unique in the sense that it is a rare 

example of metal oxygen based coordination polymer of the composition 

[NaA1(OH)6M06018] 2—  and the bi-negative charge of which is neutralized by two 2,6- 
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diaminopyridininum cations per formula unit. In the crystal of compound 3, these 2D 

layers are further laterally linked by 2,6-diaminopyridininum cations and lattice water 

molecule (013) in supramolecular fashion using N—H-0 and 0—H•..0 hydrogen 

bonding interactions. 

Figure 4.9. Left, each sodium cation is surrounded by six oxygens of four Anderson anions with 
symmetry codes #2: 1+x,y,z; #3: 1-x,1-y,l-z; #4: 1-x,-y,l-z. Right, Layer type of network formed the 
sodium cation linkers. Color codes, sodium gray, and Anderson anion are shown in polyhedra. 

The amine groups of the cation donate their hydrogens to the two terminal 

oxygens of the two adjacent polyanions from two different layers. The nitrogen atoms 

Figure 4.10. The one-dimensional hydrogen bonded chain formed by N—H-0 hydrogen bonding 
interactions between organic cation and Anderson anion. 

N2 and N3 additionally are having hydrogen bonding contact with the terminal oxygens 

of the 08 and 09 of the polyanion that leads the one-dimensional chain running 

perpendicular to the above mentioned chain (Figure 4.10). These two chains are 

interconnected by the —NH2 groups of the organic cations through the N—H•••0 
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interactions. In addition to the organic cation, the lattice water, 013 also forms the 

hydrogen bond contacts with the surrounding moiety. It donates its two hydrogens to 

Figure 4.11. 3D supramolecular hydrogen bonded network in compound 3, formed by two-dimensional 
layer-like network of sodium coordination polymer, organic cations and water molecules. along 
crystallographic be plane. 

Table 4.5. Hydrogen bonding parameters (A, deg) of compound 3 

D-H-A d(D-H) d(H-A) D(D-A) LDHA 

N1-H1A-08#5 0.80(3) 2.08(3) 2.840(3) 159(3) 
N2-H2A-08#5 0.82(4) 2.38(4) 3.075(4) 143(4) 
N2-H2B-04#3 0.75(3) 2.13(3) 2.850(4) 162(3) 
N3-H3A-09#5 0.87(4) 2.30(4) 3.136(4) 164(3) 
N3-H3B-05#6 0.80(4) 2.42(4) 3.211(4) 171(3) 
01-H1-07#2 0.73(3) 2.22(3) 2.947(3) 176.2(18) 
02-H2-013#4 0.67(3) 2.08(3) 2.733(4) 165(3) 
03-H3-05#1 0.74(4) 1.98(4) 2.713(3) 175(4) 
013-H13A-06#7 0.83(4) 2.17(3) 2.945(4) 156(5) 
013-H13B-05#1 0.84(5) 2.42(6) 2.965(4) 124(6) 
C4-H4-011#3 0.93 2.43 3.288(4) 154 
Symmetry transformations used to generate equivalent atoms: #1: -1+x,y,z; #2: 1+x,y,z; #3: 1 -x,1 - 

y,1-z; #4: 1-x,-y,1-z; #5: 1-x,1-y,-z; #6: x,y,-1+z z; #7: 1-x,-y,2-z.  

the terminal oxygens 05 and 06 of the two neighboring Anderson type of 

heteropolyanion from two different adjacent chains. This lattice water accepts 

hydrogens from the hydroxyl ions (010) of the polyanion. The combination of both 

these N-H-0 and 0-H-0 hydrogen bonding interactions that involve 2,6- 
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diaminopyridininum cation and water respectively leads to the formation of 3D 

supramolecular network as shown in Figure 4.11. 

4.5. Conclusions: 

In this chapter, we have described three organic-inorganic hybrid compounds 

[C6H1oN2]2[HAROH)6Mo6018]• 4H20 (1), [C 5 H8N3]4 [Al(OH)6M0601 81C1 8H20 (2) 

and [C5H8N3]2[NaAl(OH)6Mo6018] • 2H20 (3) that are based on an Anderson type 

heteropolyanion [Al(OH)6M06018]3—  and two different protonated organic substituted 

amines. In compound 1, the Anderson anions are arranged in a layer like structure with 

the assistance of a lattice water molecule and the ortho-phenylenediammonium cation 

involving N—H•••0 and 0—H•••0 hydrogen bonding interactions and these layers are, in 

turn, linked laterally by 0—H•••0 hydrogen bonds that involve hydroxyl protons and 

terminal and bridging oxygen atoms of heteropolyanion. A new type of three-

dimensional supramolecular network is thus crystallographically observed in the crystal 

structure of compound 1. The crystal structure of compound 2 exhibits an interesting 

supramolecular surrounding of the POM anion, i.e., each Anderson anion is 

supramolecularly linked by eight organic cations, 2,6-diaminopyridinium cations 

around it. This unit undergoes an extensive hydrogen bonding interactions that use both 

0•••0 interactions (among crystal waters, relevant hydrogens could no be located) and 

N—H••.0 bonds lead to another type of three-dimensional structure. This is again 

unique, because a new type of water tetramer is formed which assists the formation of 

3D structure in 2. In the crystal of compound 3, we observed a two-dimensional 

coordination polymer which is constructed solely from the sodium cation and the POM 

anion. This is an exceptional instance in POM chemistry. These layers are again 

laterally attached by supramolecular interactions that involve organic cation and lattice 

water molecules in obtaining a three-dimensional arrangement. These three hybrid 

organic-inorganic compounds that have Anderson polyanions as a common anion 

establish a fact that the POM cluster anion can be functionalized by substituted amines 

and diverse supramolecular structures can be achieved just by taking simple amines in 

simple low pH aqueous synthesis. In other words the surface oxygen atoms of the POM 

anions can be easily activated by organic protonated amine cations. Further studies in 
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this direction are going on in our laboratory including their catalytic activities towards 

organic transformation of industrial importance. 
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APPENDIX-III 

Selected bond lengths (A) and bond angles for [C 61110N2]211-1A1(OH)6Mo60,81.4H20 (1) 

A1(1)-0(6) 1.887(2) Mo(1)-0(8) 1.705(2) 
Al(1)-0(6)#1 1.887(2) Mo(1)-0(7) 1.714(2) 
Al(1)-0(5)#1 1.8870(19) Mo(1)-0(2) 1.8915(19) 
Al(1)-0(4)#1 1.906(2) Mo(1)-0(1) 1.939(2) 
C(1)-C(6) 1.382(4) Mo(1)-0(5)#1 2.277(2) 
C(1)-C(2) 1.394(4) Mo(1)-0(4) 2.321(2) 
C(1)-N(1) 1.452(4) 0(5)-Mo(1)#1 2.2766(19) 

0(6)-A1(1)-0(6)#1 180.000(1) 0(1)-Mo(1)-0(5)#1 71.81(8) 
0(6)#1-A1(1)-0(5) 95.37(9) 0(2)-Mo(1)-0(4) 72.35(7) 
0(6)#1-A1(1)-0(5)#1 84.63(9) 0(5)#1-Mo(1)-0(4) 68.03(7) 
0(6)-A1(1)-0(4)#1 95.35(9) 0(2)-Mo(2)-0(4) 71.65(7) 

0(5)-A1(1)-0(4)#1 85.41(9) 0(11)-Mo(3)-0(1)#1 98.07(10) 

0(6)-A1(1)-0(4) 84.65(9) Mo(3)#1-0(1)-Mo(1) 117.76(10) 

0(6)#1-A1(1)-0(4) 95.35(9) Al(1)-0(4)-Mo(1) 102.05(9) 

0(8)-Mo(1)-0(7) 106.42(11) Al(1)-0(5)-Mo(1)#1 104.30(9) 

0(8)-Mo(1)-0(1) 96.87(10) Mo(1)#1-0(5)-Mo(3) 92.88(7) 

0(7)-Mo(1)-0(5)#1 90.34(9) Al(1)-0(6)-Mo(3) 104.06(9) 

Symmetry transformations used to generate equivalent atoms: #1 -x,-y+1,-z+1 

Selected bond lengths (A) and bond angles for [C5H8N3141111(OH)6Mo60,81C1 8H20 (2) 

C(1)-N(3) 1.331(6) 0(3)-Mo(1) 2.321(2) 
C(1)-N(1) 1.359(5) 0(6)-Mo(2) 1.927(2) 
C(1)-C(2) 1.395(6) 0(9)-Mo(1)#1 1.941(2) 
C(4)-C(5) 1.397(6) 0(10)-Mo(1) 1.705(3) 
C(6)-N(4) 1.335(5) 0(11)-Mo(1) 1.687(3) 
C(8)-C(9) 1.387(7) 0(12)-Mo(1) 1.933(2) 
O(1)-Al(1) 1.888(2) Al(1)-0(1)#1 1.888(2) 
O(2)-Al(1) 1.902(2) Al(1)-0(2)#1 1.902(2) 
O(2)-Mo(2) 2.276(2) Mo(1)-0(9)#1 1.941(2) 
0(2)-Mo(1)#1 2.292(2) Mo(1)-0(2)#1 2.292(2) 
0(3)-A1(1) 1.906(2) 
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N(3)-C(1)-N(1) 117.2(4) 0(1)#1-A1(1)-0(3)#1 94.99(10) 
N(3)-C(1)-C(2) 124.8(4) 0(1)-A1(1)-0(3)#1 85.01(10) 
N(1)-C(1)-C(2) 118.0(4) 0(1)#1-A1(1)-0(3) 84.59(10) 
N(2)-C(5)-N(1) 116.9(4) 0(2)-A1(1)-0(3) 95.41(10) 
N(4)-C(6)-N(5) 116.3(4) 0(1)-A1(1)-0(3) 97.27(13) 
N(4)-C(6)-C(7) 118.8(4) 0(2)#1-A1(1)-0(3) 96.64(12) 
N(4)-C(10)-N(6) 116.7(4) 0(10)-Mo(1)-0(12) 100.79(13) 
N(6)-C(10)-C(9) 124.9(4) 0(11)-Mo(1)-0(9)#1 150.19(11) 
C(5)-N(1)-C(1) 124.3(4) 0(10)-Mo(1)-0(9)#1 158.80(13) 
Al(1)-0(1)-Mo(3) 103.60(10) 0(12)-Mo(1)-0(9)#1 94.25(12) 
Al(1)-0(1)-Mo(2) 103.03(10) 0(11)-Mo(1)-0(2)#1 83.17(10) 
Al(1)-0(2)-Mo(2) 104.36(10) 0(10)-Mo(1)-0(2)#1 72.46(9) 
Al(1)-0(3)-Mo(3) 102.99(9) 0(12)-Mo(1)-0(2)41 67.50(8) 
Al(1)-0(3)-Mo(1) 103.37(10) 0(12)-Mo(1)-0(3) 72.85(9) 
0(1)#1-A1(1)-0(1) 180.000(1) 0(2)#1-Mo(1)-0(3) 83.23(9) 

0(1)#1-A1(1)-0(2)#1 84.98(10) 0(9)-Mo(2)-0(2) 71.91(9) 
0(1)-A1(1)-0(2)#1 95.02(10) 0(6)-Mo(2)-0(2) 92.21(11) 
0(1)-A1(1)-0(2) 84.98(10) 0(6)-Mo(2)-0(1) 
0(2)#1-A1(1)-0(2) 180.000(1) 0(5)-Mo(3)-0(1) 

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+2 

Selected bond lengths (A) and bond angles for [C5H8N3]2[NaA1(OH)61 ■406018] • 2H20 (3) 

Al(1)-0(3)#1 1.8769(18) Mo(2)-0(3)#1 2.3000(18) 
Al(1)-0(2)#1 1.8950(19) Na(1)-0(12)#2 2.3461(19) 
Al(1)-0(1)#1 1.9033(19) Na(1)-0(9)#3 2.3473(19) 
C(1)-N(1) 1.359(4) Na(1)-0(9)#4 2.3473(19) 
C(5)-N(1) 1.362(4) Na(1)-0(11)#4 2.459(2) 
Mo(1)-0(12) 1.702(2) 0(3)-Mo(1)#1 2.2852(18) 
Mo(1)-0(4)#1 1.9429(18) 0(4)-Mo(1)#1 1.9429(18) 
Mo(1)-0(3)#1 2.2852(18) 0(9)-Na(1)#5 2.3473(19) 
Mo(1)-0(1) 2.3048(18) 0(11)-Na(1)#5 2.459(2) 
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0(3)#1-A1(1)-0(3) 180.000(1) 0(5)-Mo(3)-0(2)# 1 157.77(8) 
0(3)#1-A1(1)-0(2)#1 84.34(8) 0(4)-Mo(3)-0(2)# 1 80.65(7) 
0(3)#1-A1(1)-0(1) 85.76(8) 0(7)-Mo(3)-0(2)# 1 73.02(7) 
0(2)#1-A1(1)-0(1) 94.83(8) 0(6)-Mo(3)-0(1)#1 162.72(9) 
0(3)#1-A1(1)-0(1)#1 94.24(8) 0(7)-Mo(3)-0(1)#1 82.70(7) 
0(3)-A1(1)-0(1)#1 85.76(8) C(1)-N(1)-C(5) 124.3(2) 
0(2)-A1(1)-0(1)#1 94.83(8) 0(12)#2-Na(1)-0(12) 180.0 
0(2)#1-A1(1)-0(1)#1 85.17(8) 0(12)#2-Na(1)-0(9)#3 75.85(7) 
N(1)-C(1)-C(2) 118.1(3) 0(12)-Na(1)-0(9)#3 104.15(7) 
N(2)-C(5)-N(1) 116.1(3) 0(12)#2-Na(1)-0(9)#4 104.15(7) 
0(12)-Mo(1)-0(11) 107.02(10) 0(12)-Na(1)-0(9)#4 75.85(7) 
0(12)-Mo(1)-0(10) 101.20(9) 0(9)#3-Na(1)-0(9)#4 180.00(7) 
0(11)-Mo(1)-0(10) 101.56(9) 0(12)#2-Na(1)-0(11)#4 74.78(7) 
0(12)-Mo(1)-0(4)#1 97.33(9) 0(12)-Na(1)-0(11)#4 105.22(7) 
0(11)-Mo(1)-0(3)#1 89.19(8) 0(9)#3-Na(1)-0(11)#4 97.31(7) 
0(10)-Mo(1)-0(3)#1 72.14(7) 0(9)#4-Na(1)-0(11)#4 82.69(7) 
0(4)#1-Mo(1)-0(3)#1 82.90(7) 0(12)#2-Na(1)-0(11)#3 105.22(7) 
0(10)-Mo(1)-0(1) 80.75(7) 0(12)-Na(1)-0(11)#3 74.78(7) 
0(4)#1-Mo(1)-0(1) 71.69(7) 0(9)#3-Na(1)-0(11)#3 82.69(7) 
0(3)#1-Mo(1)-0(1) 68.17(7) 0(9)#4-Na(1)-0(11)#3 97.31(7) 
0(9)-Mo(2)-0(8) 104.49(10) Al(1)-0(1)-Mo(3)#1 101.95(8) 
0(9)-Mo(2)-0(10) 98.01(9) Mo(1)-0(1)-Mo(3)#1 91.72(7) 
0(8)-Mo(2)-0(10) 99.03(9) Al(1)-0(2)-Mo(3)#1 104.67(8) 
0(10)-Mo(2)-0(2)#1 83.51(7) Al(1)-0(2)-Mo(2)#1 104.25(9) 
0(7)-Mo(2)-0(2)#1 72.45(7) Mo(3)#1-0(2)-Mo(2)#1 92.43(7) 
0(9)-Mo(2)-0(3)#1 98.32(8) Al(1)-0(3)-Mo(1)#1 103.79(8) 
0(2)#1-Mo(2)-0(3)#1 67.06(7) Mo(2)-0(9)-Na(1)#5 140.56(11) 
0(5)-Mo(3)-0(4) 100.05(8) Mo(2)-0(10)-Mo(1) 118.27(9) 
0(4)-Mo(3)-0(7) 148.68(8) Mo(1)-0(12)-Na(1) 163.44(12) 
0(6)-Mo(3)-0(2)#1 96.66(9) 

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+2,-
z+1; #2 -x,-y+1,-z+1; #3 -x+1,-y+1,-z+1; #4 x-1,y,z; #5 x+1,y,z. 
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Supramolecular Assemblies of ortho-Phenylenediamine and 
4,4'-Diaminodiphenylether with Organic Acids: The 
Resultant Adducts, their Networks and Properties 

5.1. Introduction 

Every single crystal structure is the result of a delicate balance between a 

variety of intermolecular interactions and study of an individual crystal structure leads 

to the identification of these interactions that are related to its molecular recognition 

process. It is important to acknowledge that every intermolecular force will have some 

influence on the outcome of a crystallization process; it is self-evident that some non-

covalent forces are more significant than others.' Molecular recognition, 2  is the process 

where we can build supramolecular assemblies of different chemical species with the 

help of specific non-covalent interactions, like hydrogen bonding interactions, aromatic 

7C-7t stacking, steric repulsion and van der Waals forces. It has been evolved as a 

powerful tool for the development of novel targeted supramolecular assemblies with 

desired properties. 3'4  The studies toward host—guest assemblies, in which the guest 

molecules are held together in the channels and cavities of host crystal lattices with the 

help of above said non-covalent interactions, have changed the synthetic approach to 

develop crown ethers, 5  cryptands,6  clatherates. 7  

As a result, the synthesis of host structures 8  by using noncovalent interactions, 

have the advantage to fine-tune the desired architectures, evolved as a general synthetic 

strategy for the creation of supramolecular assemblies which can be utilized in 

molecular recognition studies. 9  The literature survey reveals that numerous examples 

have been reported on molecular recognition systems. The adducts of trimesic acid, 1° 

 3,5-dinitrobenzoic acid," 3,5-dihydroxybenzoic acid,12  cyanuric acid, 13  trithiocyanuric 

acid, 14  1,2,4,5-benzenetetracarboxylic acid, 15  4-nitrobenzoic acid 1 6  and so on, 

representing a variety of host—guest systems of different architectures, demonstrate the 

reliability of molecular recognition process. 
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The recent literature reveals that the organic crystals built from acid-base 

complexes utilizing various non-covalent interactions result in the formation of 

different recognition patterns. The strong intermolecular interactions like 0-1-1•0, N—

H•••0 and other weak C—H•••0 interactions of small molecules that are used to construct 

one-, two-, and three-dimensional (1D, 2D, and 3D) networks in crystalline solids, have 

received considerable attention for their molecular recognition process. I7  Recent studies 

have been focused on the host networks with voids to create materials for molecular 

storage and catalysis. I8  In the previous chapters, ortho-phenylenediamine (OPDA) and 

4,4'-diaminodiphenylether (DADPE) molecules have been studied with various 

inorganic acids like sulfuric acid, perchloric acid and nitric acid. The resulting 

crystalline solids demonstrate the formation of supramolecular bilayers and helical 

assemblies. 

In continuing this study, attention was directed towards utilizing ortho-

phenylenediamine and 4,4'-diaminodiphenylether molecules for stabilization of 

supramolecular assemblies and 3D network structures through molecular recognition 

process. Aromatic acids attracted our interests, as they can form strong and directional 

hydrogen bonds depending on the number of carboxylic groups and substitutions on the 

aromatic ring. I8  Therefore, the combination of different aromatic carboxylic acids with 

ortho-phenylenediamine and 4,4'-diaminodiphenylether molecule would be interesting 

to study. For this purpose, we have chosen aromatic acids, like, trimesic acid [C9H606] 

(TMA), 4-nitrobenzoic acid [C7H5N04] (4-NBA), 3,5-dinitrobenzoic acid [C7H4N206] 

(DNBA) and 3,5-dihydroxybenzoic acid [C71 -1604] (DHBA). All these acids have been 

well exploited in the literature with other amines. Here, in this Chapter, we are 

reporting the molecular structures of ortho-phenylenediamine and 4,4' - 

diaminodiphenylether with trimesic acid (TMA), 4-nitrobenzoic acid (4-NBA), 3,5- 

dinitrobenzoic acid (DNBA) and 3,5-dihydroxybenzoic acid (DHBA). 
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TMA 	 4-NBA 

Compounds Discussed in this Chapter 

3,5DNBA 	3,5DHBA 

are: 

1. [C6HioN21 • [C9 11406] (1) 

2. [C6H9N21 • [C7H4N04] (2) 

3. [C6H9N2] • [C7H3N206] (3) 

4. [H3N(C6H40C6H4)NH3] • [C7H3N206] (4) 

5. [C6HioN2] • 2[C7HSO4] (5) 

6. [H3N(C6H40C6H4)NH2] • [C7E1504] (6) 

7. [Ci2Hi7N21 • [C7HSO4] (7) 

5.2. Experimental 

5.2.1. Materials 

Ortho-phenylenediamine as well as all the organic acids (trimesic acid, 4- 

nitrobenzoic acid, 3,5-dinitrobenzoic acid and 3,5-dihydroxybenzoic acid) were 

purchased from Lancaster, where as 4,4'-diaminodiphenylether was purchased from 

FLUKA Chemika. All the organic solvents were analytical grade and were used 

without further purification. 

5.2.2. Physical Measurements 

As described in Chapter 2 
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5.2.3. Synthesis of [C61-l10N2] • [C911406] ( 1 ) 

An equimolar mixture of ortho-phenylenediamine (0.216 g, 2.00 mmol) in 10 

mL of acetonitrile and trimesic acid (1,3,5-tricarboxylic acid) (0.420 g, 2.00 mmol) in 

15 mL of methanol was dissolved. The reaction mixture was allowed to evaporate 

slowly at room temperature by covering with aluminum foil which was punctured with 

small holes. Pale-yellow colored needle shaped crystals of 1, suitable for single crystal 

X-ray structure determination were obtained after two days. Yield: 0.45 g (70 % based 

on OPDA). Anal. Calcd (Found) (%): C, 56.60 (55.61); H, 4.43 (4.67); N, 8.80 (7.94). 

IR (KBr pellet, u(cm-I )): 3368, 2895, 2616, 2365, 1902, 1707, 1618, 1501, 1439, 1375, 

1325, 1283, 744, 687, 527, 444. 

5.2.4. Synthesis of [C6H9N2] • [C7H4N04] (2) 

An equimolar mixture of ortho-phenylenediamine (0.540 g, 5.00 mmol) in 10 

mL of acetonitrile and 4-nitrobenzoic acid (0.835 g 5.00 mmol) in 15 mL of methanol 

was dissolved, filtered (noticed that in the methanol the acid was not dissolved 

completely, but after adding the amine, it results in a clear mixture of both) and allowed 

to evaporate slowly at room temperature by covering with aluminum foil which was 

punctured with small holes. Light brown color plate-shaped crystals of 2, suitable for 

single crystal X-ray structure determination were obtained after one week. Yield: 0.642 

g (43 % based on OPDA). Anal. Calcd (Found) (%): C, 56.72 (54.35); H, 4.76 (4.65); 

N, 15.27 (16.02). IR (KBr pellet, u(cm-I )): 3412, 3337, 3239, 2843, 2596, 2108, 1952, 

1622, 1584, 1520, 1377, 1340, 881, 821, 760, 723, 511. 

5.2.5. Synthesis of [C6H9N2] • [C7H3N206] (3) 

The compound 3 was synthesized by the same synthetic procedure as described 

for compound 2 by taking an equimolar mixture of ortho-phenylenediamine (0.108 g, 

1.00 mmol) in 5 mL of acetonitrile and 3,5-dinitrobenzoic acid (0.212 g, 1.00 mmol) in 

5 mL of methanol. Yellow colored block shaped crystals of 3, suitable for single crystal 

X-ray structure determinations were crystallized after two weeks. Yield: 0.253 g (79 % 

based on OPDA). Anal. Calcd (Found) (%): C, 48.75 (49.03); H, 3.78 (3.95); N, 17.49 

(15.92). IR (KBr pellet, u(cm')): 3350, 3169, 3102, 2810, 2575, 2137, 1825, 1607, 

Ifr 
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1543, 1456, 1379, 1346, 1267, 1204, 1076, 1041, 914, 835, 797, 752, 719, 581, 523, 

447. 

5.2.7. Synthesis of [H3N(C6H40C6114)NH3] • [C7113N206] (4) 

Compound 4 was synthesized by taking 4,4'-diaminodiphenylether (0.400 g, 

2.00 mmol) in 12 mL of acetonitrile and heated to obtained clear solution. The 

methanolic solution (5 mL) of 3,5-dinitrobenzoic acid (0.425 g, 2.00 mmol) was added 

to this. The reaction mixture color changed from colorless to pale yellow color 

immediately. The clear reaction mixture was filtered and allowed to evaporate slowly at 

room temperature in air by covering with aluminum foil which was punctured with 

holes. The yellow colored plate shaped crystals of 4, suitable for single crystal X-ray 

structure determination, were crystallized after one week. Yield: 0.653 g (52 %). Anal. 

Calcd (Found) (%): C, 50.01 (48.9); H, 3.23 (3.42); N, 13.46 (12.58). IR (KBr pellet, 

u(cm-I )):3542, 3435, 3292, 3131, 2829, 2645 1834, 1623, 1499, 1385, 1347, 1265, 

1061. 

5.2.6. Synthesis of [C6H10N2] • 2[C7HSO4] (5) 

An equimolar mixture of ortho-phenylenediamine (0.325 g, 3.00 mmol) in 8 mL 

of acetonitrile and 3,5-dihydroxybenzoic acid (0.465 g, 3.00 mmol) in 15 mL of 

methanol was dissolved, filtered and allowed to evaporate slowly at room temperature 

by covering with aluminum foil which was punctured with holes. The resulting pale-

yellow colored thin fibrous shaped crystals of 5, suitable for single crystal X-ray 

structure determination, were crystallized after two weeks. Yield: 0.46 g (37 % based 

on orthophenylene diamine). Anal. Calcd (Found) (%): C, 57.69 (55.87); H, 4.84 

(4,44); N, 6.73 (5.81). IR (KBr pellet, u(cm -1)): 3543, 3383, 3304, 3218, 1888, 1682, 

1601, 1501, 1260, 1171, 1009, 926, 856, 770, 434. 

5.2.8. Synthesis of [H3N(C61140C6H4)N112] • [C71 -1504] (6) 

An equimolar mixture of 4,4'-diaminodiphenylether (0.400 g, 2.00 mmol) in 7 

mL of acetonitrile (dissolved on heating) and 3,5-dihydroxybenzoic acid (0.310 g, 2.00 

mmol) in 5 mL of methanol was dissolved, filtered and the filtrate was allowed to 
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evaporate slowly at room temperature by covering with aluminum foil which was 

punctured with holes. The resulting pale-yellow colored block shaped crystals of 6, 

suitable for single crystal X-ray structure determination, were obtained after two days. 

Yield: 0.541 g (72%). Anal. Calcd (Found) (%): C, 61.28 (60.67); H, 5.41 (5.23); N, 

7.52 (7.03). IR (KBr pellet, u(cm')):3513, 3447, 3400, 3322, 3231, 2629, 1860, 1620, 

1503, 1395, 1271, 1219, 1161, 1003, 835, 772, 513. 

5.2.9. Synthesis of [C12H17N21 • [C71-15041 (7) 

An equimolar mixture of ortho-phenylenediamine (0.325 g, 300 mmol) in 6 mL 

of methanol and 3,5-dihydroxybenzoic acid (0.465 gm 3.00 mmol) dissolved in 10 mL 

of acetone was dissolved, filtered and filtrate was allowed to evaporate slowly at room 

temperature by covering with aluminum foil which was punctured with holes. Then 

pale-yellow block shaped crystals of 7, suitable for single crystal X-ray structure 

analysis, were crystallized after four days. Yield: 0.53 g (52% based on OPDA). Anal. 

Calcd (Found) (%): C, 66.65 (67.01); H, 6.48 (5.94); N, 8.18 (8.64). IR (KBr pellet, 

u(cm')): 3327, 2975, 2627, 2178, 2068, 1688, 1537, 1497, 1362, 1285, 1165, 1009, 

752. 

I- 	 5.3. Crystallographic Study 

Single crystal X-ray data for all the seven compounds (1, 2, 3, 4, 5, 6 and 7) 

were collected on a Bruker SMART APEX CCD area detector system at 298 K. Data 

acquisition, empirical absorption correction, solution, refinement, molecular graphics 

and other details are as described in the chapter 2. 
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Table 5. 1. Crystal data and structure refinement for compounds 1, 2, 3, 4, 5, 6 and 7. 

Compound 1 Compound 2 

Formula C 15H14N206 C131-113N304 
Fw 318.28 275.26 
T (K) 298(2) 298(2) 
X, (A) 0.71073 0.71073 
Crystal system Monoclinic Monoclinic 
Space group C2/c P2 1  
a (A) 29.458(4) 8.881(2) 
b (A) 15.1435(18) 6.0754(16) 
c (A) 6.8310(9) 11.995(3) 

(0)  94.434(2) 91.021(4) 
V (A 3 ) 3038.2(6) 647.1(3) 

8 2 

Pcalcd (g cm -3) 1.392 1.413 

P (mm-1 ) 0.109 0.107 
F (000) 1328 288 
Crystal Size (mm) 0.42 x 0.22 x 0.08 0.38 x 0.12 x 0.09 
20 range/deg 3.40 to 26.05 1.70 to 25.87 
Reflections collected 5213 3108 
Unique reflections 2596 1346 
Completeness to 20 (%) 85.7 97.5 
Tmax, Tmin 0.9913 and 0.9555 0.9904 and 0.9604 
Parameters 2596/0/210 1346/5 /201 
GOF (F2) 1.007 1.028 
R1, wR2 (1>26(1)] 0.0861, 0.1862 0.0489, 0.1163 
R1, wR2 (all data) 0.1493, 0.2205 0.0632, 0.1259 
Largest cliff. Peak and hole (e•A -3) 0.230 and -0.252 0.162 and -0.156 
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Compound 3 Compound 4 

Formula 

Fw  

T (K) 

X (A) 

Crystal system 

Space group 

Ci31-112N406 
320.27 

298(2) 

0.71073 

Monoclinic 

P2 i /c 

C26H20N6013 

624.48 

298(2) 

0.71073 

Monoclinic 

P21/c 

a (A) 11.9565(10) 25.127(4) 

b (A) 5.7973(5) 4.3340(7) 

c (A) 20.2355(16) 25.928(4) 
/3 (0)  96.8050(10) 99.866(3) 

V (A 3 ) 1392.8(2) 2781.8(8) 

4 4 

Pealed (g cm-3 ) 1.527 1.491 

p (mm') 0.124 0.122 

F (000) 664 1288 

Crystal Size (mm) 0.40 x 0.32 x 0.22 0.28 x 0.14 x 0.12 

20 range/deg 1.72 to 26.00 1.59 to 25.96 

Reflections collected 8392 12143 

Unique reflections 2720 4631 

Completeness to 20 (%) 99.5 94.8 

Tmax, Tmin 0.9733 and 0.9522 0.9855 and 0.9665 

Parameters 2720 / 1 / 229 4631 /0/408 

GOF (F 2) 1.033 0.955 

R1, wR2 [1>2cr(1)] 0.0372, 0.0961 0.0700, 0.0886 

R1, wR2 (all data) 0.0463, 0.1025 0.2231, 0.1244 

Largest cliff. Peak and hole (e•A-3 ) 0.196 and -0.223 0.159 and -0.153 
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Compound 5 Compound 6 Compound 7 

Formula 

FH, 

T (K) 

X, (A) 

Crystal system 

C20H201\1208 

416.38 

298(2) 

0.71073 

Triclinic 

C19H261\1206 

372.37 

298(2) 

0.71073 

Monoclinic 

C19H22N204 

342.39 

298(2) 

0.71073 

Orthorhombic 

Space group Pi p2 1 /c P2 1 2 1 2 1  

a (A) 8.119(3) 19.812(10) 18.718(4) 

b (A) 12.112(5) 9.310(5) 9.924(2) 

c (A) 12.395(5) 9.714(5) 9.696(2) 

a (°) 80.632(6) 
#(0)  

y (° ) 
81.573(6) 

73.636(6) 

104.19 

V (A3) 1147.3(8) 1737.1(15) 1801.1(6) 

Z 2 4 4 

Pcalcd (g cm-3) 
du (mm-1 )  

1.205 

0.094 

1.424 

0.107 

1.263 

0.089 

F (000) 436 784 728 

Crystal Size (mm) 0.30 x 0.24 x 0.10 0.40 x 0.38 x 0.07 0.42 x 0.32 x 0.22 

20 range/deg 3.48 to 25.88 2.12 to 26.17 2.18 to 25.99 

Reflections collected 10409 8747 9324 

Unique reflections 4055 3383 2028 

Completeness to 20 (%) 91.2 97.4 99.7 

Tmax, Tmin 0.9906 & 0.9722 0.9925 and 0.9584 0.9807 & 0.9635 

Parameters 4055 /0/273 3383 / 0 / 324 2028 / 0 / 229 

GOF (F2) 0.977 1.027 1.090 

R1, wR2 [I>20(1)] 0.0720, 0.2168 0.0500, 0.1198 0.0349, 0.0824 

R1, wR2 (all data) 0.1438, 0.2688 0.0656, 0.1298 0.0378,0.0844 

Largest diff. Peak and 
hole (e•A-3) 

0.600 and -0.330 0.215 and -0.273 0.157 and -0.205 
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5.4. Results and Discussion 

Synthesis 

The compounds 1-7 reported in this chapter are obtained by the co-

crystallization of the respective amine and acid in a suitable solvent medium. We have 

used equimolar ratio in all the cases. We have noticed that, even the change of the ratio 

of the reactants resulting in the formation of the same product. 

Infrared spectra 

The infrared spectra of the four compounds were recorded in the range of 4000-

400 cm-1 . The selected IR data are given in the experimental section. The IR spectra of 

compounds 1, 2, 3 and 5 shows the characteristic IR band in the region of 2895-2810 

cm-1  which represent the presence of NH 3+  functionalities with respect to protonated 

OPDA. Moreover, the compounds 1-7 shows the characteristic IR band in the region of 

1622-1601 cm-1  clearly represents the —COOH group exists as a carboxylate (—000 --) 

anion. In the contrast, the compound 1 exhibits the strong band at 1707 cm -1  which is 

corresponds to free —COOH group. This reveals that some of the carboxylic acid proton 

transferred to amines resulting in the formation of NH3 +  cation. The compounds 2, 3 

and 4 shows the characteristic bands in the range of 1347-1340 cm -1  indicates the NO 

stretch based on the aromatic nitrobenzene derivative. 

5.4.1. Disruption of TMA Hexagonal Networks by OPDA cations. 

Trimesic acid (benzene-1,3,5-tricarboxylic acid, TMA) is a widely studied 

molecule, in part due the versatile range of solid state compounds it can form. In 

crystals, this molecule predictably forms hydrogen-bonded hexagonal networks with a 

variety of supramolecular structural properties such as catenation, interpenetration, 

polymorphism and inclusion. 19  These hexagonal networks have become of great 

interest due to their low-density, non-covalent interactions, which have potential 

applications in designer solids for separations, catalysis and electronic materials." 

Networks can be unary, containing only TMA, as well as binary, containing TMA 

linked in an ordered fashion to other molecules. Examples of structures where unary 

126 



Chapter 5 

and binary networks are combined in a single structure also exist. The original structure 

of TMA (a-, p-, and y TMA), reported by Herbstein, 2I  has a unary hexagonal (`chicken 

wire') network, formed from the hydrogen bonding of the carboxylic acid groups of 

TMA in the R2 (8) pattern (Scheme 1 a). 2I  The binary network has been shown to 

exhibit a preference for the R 44  (12) pattern with amine groups (Scheme 1d), 2°  while 

with alcohols it is known to form the R3 (1 0) pattern for singly-bridged (Scheme lb) 

dimer motifs. 22  
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Scheme 1. a) R22  (8) pattern; b) R3 ( 10)  pattern; c) R42  (8) pattern, motif A; d) R 44  (12) pattern motif B. 

The crystal structures of TMA with other amines are well documented in the 

literature. In the year 1996, Zaworotko and co-workers reported a single crystal of a 3:1 

complex consisting of dicyclohexylamine and trimesic acid, crystallized from a 1:1 

mixture of butan- 1 -ol and methano1, 23  revealed a low-density hydrogen-bonded 

network with the 'chicken-wire' motif A (Scheme 1c), rather than the more 

symmetrical structural isomer based on motif B as shown in the scheme ld. In the year 

2000, Ward and coworkers reported the three compounds that contain the cyclic 

R44  (12) motif B, in which both carboxylate oxygen atoms form hydrogen bonds with 

the dialkylammonium protons, which illustrates the sensitivity of structural isomerism 

to different guest molecules. 24  Very recently Joel Bernstein and coworkers reported the 

structure of the acetic acid solvate of TMA, where the hexagonal networks along the ac 

plane are disrupted after every second ring network by the hydrogen bonding from a 

carboxylic acid group of TMA to an acetic acid in the R2 (8) pattern. 25  They have 

claimed that, no other binary network of TMA has its hydrogen bonded network 

disrupted to this extent. 
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Here we are reporting the same phenomenon which has been observed in the crystal 

structure of compound 1. 

5.4.1.1. Result and discussion of [C6H10N2] • 1C9114061 (1) 

The pale-yellow needle shaped crystals of 1 obtained from an equimolar 

mixture of ortho-phenylenediamine in acetonitrile and trimesic acid in methanol. 

Compound 1 was characterized by routine analysis and unambiguously by single 

crystal X-ray structure determination. Compound 1 crystallizes in the cetrosymmetric 

monoclinic C2/c space group with all atoms located in general positions. The X-ray 

crystal structure of it shows an ortho-phenylenediammonium cation and a TMA 2-  anion 

in its asymmetric unit (Figure 5.1), and there are eight such units in the unit cell (Z = 8) 

and the relevant parameters are tabulated in the Table 5.1. Both the OPDA nitrogens 

(N1 and N2) are protonated by the COOH protons of the TMA leaving these two 

carboxylic acids groups as carboxylates, hence it retains only one carboxylic acid group 

and two carboxylate anions (TMA2-) and di-protonated amine as shown in the Figure 

5.1. 

to,  
lJ 

• 
C(13) 

C(15) 

• 

0(4) 

013) 

0(6) 

011) 
0(2) 
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Figure 5.1. Thermal ellipsoidal plot of compound 106H10N21 • [C91-1406] (1) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the 1-1 atoms, which are 
shown as circles of arbitrary radius. 

The observed C—C, C—N and C-0 bond lengths as well as the bond angles of 

the cation and anion (TMA 2-) are in the normal range and are in good agreement with 

those observed for the corresponding compounds reported in the literature. 10' 21-25  The 

C-0 bond distances for the carboxyl group of the TMA 2-  vary from 1.278 to 1.232 A, 
in the crystal structure of 1. The distances are 1.204 and 1.307 A for —COOH (C13— 
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04, C13-03), 1.248 and 1.261 A for —000-  (C14-02, C14-01) and 1.253 and 1.267 

A for another —000-  (C15-05, C15-06) respectively (Appendix—IV). 

It has strong 0—H•••0 and N—H•••0 types of hydrogen bonding interactions 

involving one carboxylic acid proton and cationic (—NH3 4) protons. Interestingly all the 

three hydrogen atoms of both the nitrogens of cation (Ni and N2) are involved in 

hydrogen bonding interactions with surrounding anion molecules which are situated in 

the same plane as well as other plane of the carboxylate oxygen (02) of the TMA 2-. 

5.4.1.2. Formation of RI (21) motif: 

From the literature it is well known that TMA forms unary hexagonal networks via 

Figure 5.2. Disruption of unary hexagonal network of TMA by forming 4 (21) motif due to hydrogen 
bonding interactions (N2—H2A•04, N1—H1C-02 and 03—H3-01) between cation with acid groups of 
TMA2-  along crystallographic ab plane. 

R22  (8) and with amines it forms binary networks via R 44  (12) motifs. Here also two of 

the carboxylic acid groups in the TMA2-  anion in the crystal structure 1 are prevented 

from forming the prevalent 26  carboxylic acid- carboxylic acid head-to-tail ring motif, 

designated as R2
2  
 (8) using Etter's graph set analysis, 27  due to hydrogen bonding 

interactions between cation with acid groups. The protonated amines are disrupting the 

expected R22  (8) motif to form RI (21) motif as shown in the Figure 5.2. 

In crystal structure 1, N2 interacts with 04 of one carboxylic acid group (N2— 

H2A-.04) with H- •0 bond distance of 1.87 A and N1 interacts with 02 of one its 

adjacent carboxylate group (N1—H1C•••02) with H•••0 bond distance of 2.19 A. 

Subsequently the carboxylic acid group 03 donates its hydrogen to 01 of other 
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carboxylate group (03—H3-01) with H•••0 bond distance of 1.86 A. These three 

interactions are responsible to form a R 44  (21) ring motif as shown in the Figure 5.2. 

These motifs extended further along crystallographic ab plane. Other carboxylate 

oxygens (05 and 06) are participated via ring R 22 (8) motif to link these layer networks 

to give a two dimensional layer network which resembles like sheets as shown in the 

Figure 5.3. In fact the OPDA2+  cations are situated in the hexagonal cavity is the reason 

for the non-availability of space, which means there is no significant void space in the 

network as compared to other reported hexagonal networks of TMA. 

Table 5.2. Hydrogen bonding parameters (A, deg) for compound 1 

d(D—H) d(H•••A) D(D•••A) LDHA 

N1—H1A•••02#5 0.89 2.56 3.388(5) 156 
N1—H1B•03#1 0.89 2.47 3.316(6) 159 
N1—H1C•••02#4 0.89 2.19 2.969(5) 146 
N2—H2A•••04 #2 0.89 1.87 2.754(4) 177 
N2—H2B•••01 0.89 2.05 2.889(4) 156 
N2—H2C•••02#5 0.89 1.88 2.759(4) 172 
03—H3 ...01#3 0.82 1.86 2.663(4) 168 
Symmetry transformations used to generate equivalent atoms: #1: 1/2-x,-1/2+y,1/2-z; #2: x,1-y,1/2+z; 
#3: 1 /2-x, 1 /2+y, 1 /2-z; #4: x,-y, 1 /2+z; #5: x,y, 1 +z.  

Figure 5.3. Two-dimensional sheet like network formed by 4 (8) ring motif, unary hexagonal network 

of TMA2-, interaction shown in blue color. 

In general, the carboxylic acid groups of the TMA molecules are generally 

move out of the plane of the benzene ring by 5' 1 .25  However in crystal structure 1, one 
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of the carboxylic acid (01—C14-02 group) is also moved out of the plane of the 

benzene ring by 36.3°, there by allowing TMA2-  molecule to interact with the cation 

belongs to the different layers by hydrogen bonding interactions. Apart from making 

strong 0-11•••0 interactions in the two-dimensional sheets, carboxylate groups are 

involved in three dimensional or inter layer hydrogen bonding interactions. N1— 

H1A...02, N2—H2C•••02 and N2—H2B•01 are inter layer hydrogen 

bonding interactions with H•••0 bond distance of 2.56, 2.47, 1.88 and 2.05 A 

respectively as shown in the Figure 5.4. Due to these interactions the layers are allowed 

to stack one by one to form a three dimensional network. 

Figure 5.4. Left, hydrogen bonding situation around cation with symmetry related atoms: #1: 1/2-x,-
1/2+y,1/2-z; #2: x,1-y,1/2+z; #3: 1/2-x,1/2+y,1/2-z; #4: x,-y,1/2+z• #5: x,y,l+z. Right, Inter layer N—
H••0 hydrogen bonding interactions (the interactions shown in green) lead to form stacks of two 
dimensional sheets. 

5.4.2. Achiral 4-Nitrobenzoic Acid Derivative as Chiral Co-crystal: 

Chiral crystallization for two-component molecular crystals is a powerful tool 

for designing absolute asymmetric syntheses 28  and new functional solid materials. 29 

 Non-centrosymmetric and chiral crystals formed from achiral organic compounds3° 

 inherently have second-order nonlinear optical character. Studies on preparation of 

non-cetrosymmetric and chiral crystals have revealed that the co-crystallization 

approach by combining two different achiral molecules provides a higher feasibility for 

chiral crystal architecture than a single-component approach. 31  

Studies aimed at forming chiral crystals have been summarized in the 

literature. 32  It has been reported that mutually interacting bi-functional molecules tend 

to form chiral crystals by forming spiral structures. In order to obtain chiral crystals, the 

formation of two-component molecular crystals from organic acids and bases is one of 
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the most promising methods. 33  Chiral two-component molecular crystals are often 

obtained, in addition to the formation of a spiral structure, if one of the components 

crystallizes in a non- centrosymmetry space group. 

5.4.2.1. Result and discussion of [C6H9N2] • [C7H4N04] (2) 

Light brown plate-shaped crystals of 2 were synthesized from an equimolar 

solution of ortho-phenylenediamine in acetonitrile, 4-nitrobenzoic acid in methanol. 

Compound 2 was characterized by routine analysis and unambiguously by single 

crystal X-ray structure determination. Compound 2 crystallizes in monoclinic non-

centrosymmetric chiral space group P21 with all atoms located in general positions 

(Figure 5.5). The X-ray crystal structure of 2 shows a monoprotonated OPDA cation 

and a 4-nitrobenzoate (as the proton of the acid is transferred to one of the amine 

nitrogen N2) in its asymmetric unit and there are two such units in the unit cell (Z = 2). 

The relevant parameters are tabulated in the Table 5.1. The observed C—C, C—N and C-

O bond lengths as well as the bond angles of the cation and anion 4-NBA -  are in the 

normal range and are in good agreement with those observed for the corresponding 

compounds reported in the literature. 16  The proton transfer between 4-NBA molecule 

and the amine is identified by the reduced C—O bond length of the resulting benzoate 

(C13-01 is 1.251 A and C13-02 is 1.257 A) and the difference in C—N bond lengths 

(the protonated nitrogen N2 toC1 is 1A65 A and the other nitrogen Nlto C6 is 1.393 A) 

of the cation (Appendix—IV). 

Figure 5.5. Thermal ellipsoidal plot of compound [C6H9N21 • 1C7H4N041 (2) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which 
are shown as circles of arbitrary radius. 

• 
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5.4.2.2. The N—H•0 Hydrogen bonding interactions: 

Only N—H•••0 hydrogen bonding interactions are observed and it is interesting 

to note that all the five hydrogens (three of protonated nitrogen N2 and two 

of unprotonated nitrogen N1) are actively participating in the hydrogen bonding 

Figure 5.6. Left, formation of 4 (9) ring motif due to N—H•0 hydrogen bonding interactions. Right, 
hydrogen bonding situation around ring motifs. 

interactions. The hydrogen-bonding parameters are tabulated in the Table 5.3. Cation 

nitrogen N1 interacts with 01 of carboxylate (N1—H1B••01) with 1 -1•0 bond distance 

of 2.12 A. The other oxygen 02 of the same carboxylate accepts hydrogen from the 

Figure 5.7. Left, N2—H2B-01 and N2—H2A•'02 hydrogen bonding interactions connecting ring motifs 
to extend the chain. Right, N1—H1A-02 hydrogen bonding interactions by connecting the ring motifs 
are shown. 
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protonated nitrogen N2 of the same amine hydrogen H2C (N2-H2C••.02) with H•••0 

bond distance of 1.835 A to form a lq (9) ring motif (Figure 5.6 left). N2-H2C•••02 is 

shorter than N1—H1B•01, as it is formed between two ionic components, while N1— 

H1B-.01 is formed between one neutral amine and one ionic carboxylate ion. 

These ring motifs R22 (9) are further linked through N—H•••0 hydrogen bonding 

interactions. N2 of one dimer donates its other hydrogen H2B (N2—H2B•••01) to 01 of 

other carboxylate (ring motif) with H•-0 bond distance of 1.96(3) A. The same dimer 

oxygen 02 accepts hydrogen H2A of the cation nitrogen N2 of the dimer (N2— 

H2A-02) with H-.0 bond distance of 1.98(4) A respectively (Figure 5.7 left). These 

two interactions along with N1—H1A•••02 with H•••0 bond distance of 2.60 A are 

responsible to connect the above said dimer to form a chain which runs parallel to the 

crystallographic b axis as shown in the Figure 5.7 right. In the crystal structure both 

anion and cation are runs in a zig-zag mode along crystallographic b-axis as shown in 

the Figure 5.7 right. 

Table 5.3. Hydrogen bonding parameters (A, deg) for compound 2 

D—H•••A d(D—H) d(H•••A) D(D-.A) ZDHA 

N1— H1A•••02#2 0.94(6) 2.60(5) 3.110(4) 115(3) 
N1—H1B•••01#1 0.87(5) 2.12(5) 2.963(5) 163(4) 
N2—H2A•••02 0.92(4) 1.98(4) 2.882(4) 167(4) 
N2— H2B•01#3 0.87(3) 1.96(3) 2.787(5) 158(3) 
N2— H2C•••02#1 0.91(3) 1.83(3) 2.715(4) 163(4) 
Symmetry transformations used to generate equivalent atoms: #1: 1-x, -0.5+y, 1-z; #2: - 1+x, y, z; #3: 
1+x, 1+y, z. 

5.4.2.3. Supramolecular Helices: Interestingly, the crystal structure of compound 2 

witnesses a homochiral supramolecular left handed helical self assembly along 

crystallographic b-axis (space group is P2 1 ) where N2—H2A•••02 and N2—H2B•••01 

hydrogen bonding interactions between organic acid and amine with H•••0 bond 

distance of 1.98(4) A and 1.96(3) A are responsible. A careful observation reveals that, 

only protonated nitrogen N2 actively participates in the formation of helical back bone 

with the pitch length of 6.02 A which is, identical to crystallographic b cell parameter 

by donating its hydrogens (H2A and H2B) to the neighboring acids (Figure 5.8). 
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Interestingly the same protonated amine donates its other hydrogen (H2C) to the 

carboxylic oxygen to form the above said ring motif (bimolecular synthon). 

Figure 5.8. Left, left handed supramolecular helices shown in space fill model, Right, helical back 
bone formed with N—H•0 hydrogen bonding interactions, (particularly N2—H2A•02 and N2— 
H213-01). 

5.4.3. Result and discussion for [C6H9N2] • [C7H3N206] (3) 

One of the strong organic acids of interest is trigonally-trisubstituted 3,5- 

dinitrobenzoic acid, (02N)2C6H3COOH, which is well studied molecule as it readily 

forms 3,5-dinitrobenzoate anion [(02N)2C6H3C00] -  when co-crystallized with amine 

bases, it transfer its proton and forms salt-like adducts. In these type of adducts, the 

trigonally 3,5-dinitrobenzoate anion has approximately a non-crystallographic D 3h(m2) 

symmetry and can act as a multiple acceptor of hydrogen bonds where the acceptor 

groups —NO2 and —0O2 are all carried on a rigid planar framework. 34  Numerous 

examples of these adducts, generated through these non-covalent synthetic procedures 

have been appeared in the recent literature." 3,5-dinitrobenzoic acid has been studied 

with Pyridine, piperazine, ethylenediamine, 4,4'-bipyridine, trans-1,2-bis(4- 

pyridyl)ethane, hexamethylenetetramine. 35  Adducts of organic acids with amine bases 

R22  (8) ring motif 
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are of interest due to either their hydrogen bond interactions of types 0—H•••0, O—H•••N 

and N—H•••0 which are among the robust and versatile synthons in crystal engineering 36 

 or their important role in biological systems.37  In general 3,5-dinitrobenzoic acid in its 

parent crystal structure, exists as dimer R 22 (8) due to the formation of hydrogen bonds 

as shown in Scheme 2. 38  To our knowledge of CSD-2006 search, 3,5-dinitrobenzoic 

acid have not been reported with the ortho-phenylenediamine and 4,4% 

diaminodiphenylether prior to this work. Here we report the crystal structures of 3,5- 

dinitrobenzoic acid with OPDA and DADPE and their properties. These adducts exhibit 

not only strong 0-1-1-0, 0—H•N, N—H...0 hydrogen bonding interactions but also 

weak N—H•••N interactions and C—H•••0 hydrogen bonding interactions. 

Light yellow colored block shaped crystals of 3 were synthesized from an 

equimolar solution of ortho-phenylenediamine in acetonitrile, and methanolic solution 

of 3,5-dinitrobenzoic acid. Compound 3 was characterized by routine analysis and 

unambiguously by single crystal X-ray structure determination. Compound 3 

crystallizes in the cetrosymmetric monoclinic P2i/c space group with all atoms located 

in general positions (Figure 5.9) The X-ray crystal structure of 3 shows a mono-

protonated ortho-phenylenediammonium cation and a 3,5 dinitrobenzoate anion (as the 

proton of acid is transferred to one of the amine nitrogen N1) in its asymmetric unit and 

there are four such units in the unit cell and the relevant parameters are tabulated in the 

Table 5.1. The observed C—C, C—N and C-0 bond lengths as well as the bond angles of 

the cation and anion 3,5 -DNBA-  are in the normal range and are in good agreement 

with those observed for the corresponding compounds reported in the literature. 11 ' 35  

The proton transfer between acid and the amine is clearly indicated by the reduced C-0 

bond length of the resulting benzoate (3,5 —DNBA) -  (bond lengths of C13-01 is 1.249 

A and C13-02 is 1.236 A) and the difference in C—N bond lengths (the protonated 

nitrogen N1 to Cl is 1.465 A and the other nitrogen N2 to C6 is 1.414 A) of the cation 

(Appendix—IV). The crystallographic details are tabulated in the Table 5.1. In the 

crystal structure of compound 3, weak C—I-I...0 and N—H".N hydrogen bonding 

interactions as well as a strong N—H...0 hydrogen bonding interaction are observed. 

The hydrogen bonding environment is illustrated in the Figure 5.10, and their 

parameters are tabulated in the Table 5.4. 
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5.4.3.1. Formation of anion-cation-cation-anion 4(16) ring motif: Protonated 

amine nitrogen (Ni) actively donates its two hydrogens (H1A, H1B) to the carboxylate 

oxygens via N—H•••0 hydrogen bonding interactions (N1—H1A•••02 and N1—H1B•••01) 

with H•••0 bond distance of 1.769 A and 1.805 A respectively. Interestingly the third 

Figure 5.9. Thermal ellipsoidal plot of compound [C6H9N21 • [C7H3N206] (3) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which 
are shown as circles of arbitrary radius 

hydrogen of the amine (N1—H1C) interacts with non-protonated amine nitrogen (N2) of 

the other cation via N—H•••N hydrogen bonding interaction (N1—H1C•N2) with H•••N 

bond distance of 2.15 A. The non-protonated amine nitrogen (N2), also donates its one 

of the hydrogen (H2A) to carboxylate oxygen via N—H•••O hydrogen bonding 

interaction (N2—H2A-.01) with H•••0 bond distance of 2.163 A and donates its other 

Figure 5.10. Hydrogen bonding environment around amine with symmetry codes #1 = x,-1+y,z; #2 = -
1+x,y,z; #3 = -1+x,-1+y,z ;#4 = -x,1-y,-z . Benzene hydrogens are omitted for clarity. 

NAV 
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hydrogen (H2B) to nitro group of the benzoate through N-H•••0 hydrogen bonding 

interaction (N2-H2B-.05) with H•••0 bond distance of 2.310 A respectively. Because 

of these elaborate hydrogen bonding interactions, a novel anion-cation-cation-anion 

4 (16) ring motif is formed. So the amines disrupt the expected 4 (8) ring motif to 

form the 4 (16) ring motif as shown in the Figure 5.11. 

Figure 5.11. Anion-cation-cation-anion R: ring motif formed via N-H•0 (green dotted bond) 
and N-H—N (red dotted bond) hydrogen bonding interactions. 

The formation of this ring motif R 46  (16) can be explained as follows: The 

carboxylate oxygens (01 and 02) accept hydrogens from the cation nitrogens via 

N1-H1A•..02 and N2-H2A•••01 hydrogen bonding interactions (interactions shown in 

green color dote). Simultaneously two symmetry related cations with their nitrogens 

(Ni) are interacting with each other via N1-H1C...N2 hydrogen bonding interactions 

(interactions shown in red color dote) in a head to tail fashion. And then the same 

cation, in-turn participating via same N1-H1A...02 and N2-H2A...01 hydrogen 

bonding interactions (interactions shown in green color dote) to complete the anion- 

cation-cation-anion R 46  (16) ring motif. Here, we can assume that the NH3 +  groups with 

hydrogen donating sites disrupt the interaction between two carboxylate groups 

resulting in a 16 membered ring motif. Otherwise a well known acid-acid unary R2  (8) 

ring motif would have been witnessed due to the interactions between the acids as 

shown in the scheme 2. The aromatic rings of the two cation groups, participating in the 

ring formation are arranged trans to each other and stand perpendicular to the 

propagation of ring motif plane. 
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The anion-cation-cation-anion R: (16) ring motif consist four unused hydrogen 

atoms which are not involved in the ring formation. Out of the four hydrogens, two are 

belonged to protonated amine and the other two hydrogens are belongs to non-

protonated amine. The protonated amine (Ni) hydrogen H1B interacts carboxylate 

oxygen 01 of other ring via N1-H1B.•.01 hydrogen bonding interaction with H•••0 

bond distance of 1.805 A. The H2B hydrogens of non-protonated amine (N2) which do 

not participate in the ring formation, interact with nitro group oxygen 05, which 

belongs to the adjacent ring motif via N2-H2B•••05 hydrogen bonding interaction with 

H•••0 bond distance of 2.310 A along crystallographic a axis (Figure 5.11 top). As a 

whole each ring motif interacts with four other ring motifs through two N1-H1B•••01 

and two N2-H2B-•05 interactions, supplemented by a week C2-H2•.•01 hydrogen 

bonding interaction with H•••0 bond distance of 2.44 A helps in stabilizing these 

corresponding ring motifs along crystallographic ac plane as shown in the Figure 5.11 

bottom. 

a 471--51  
Figure 5.11. Top, N2—H2B•••05 hydrogen bonding interaction between amine and nitro group of the 
anion are shown, Bottom, the ring motifs are connected by these interactions are shown in red color. 
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Table 5.4. Hydrogen bonding parameters (A, deg) of compound 3 

D—H•••A d(D—H) d(H•••A) D(D•••A) ZDHA 

N1—H1A•••02#3 0.988(17) 1.769(17) 2.7463(16) 169.8(16) 
N1—H1B•••01#2 0.956(18) 1.805(17) 2.7540(16) 171.5(15) 
N1—H1C• • •N2#4 0.91(2) 2.15(2) 3.034(2) 162.3(15) 
N2—H2A•01#3 0.88(2) 2.163(19) 2.9770(17) 153.9(15) 
N2—H2B•••05#1 0.888(18) 2.310(18) 3.1596(18) 160.1(16) 
C2—H2. • • 01#2 0.93(2) 2.44(3) 3.165(2) 135(4) 
Symmetry transformations used to generate equivalent atoms: #1: x, - 1+y,z; #2:-1+x,y,z; #3:- 
1 +x,-1 +y, z; #4: -x, 1 -y,-z 

5.4.4. Result and discussion of [1-13N(C6H40C6H4)NH3] • [C7H3N206] (4) 

Yellow plate-shaped crystals of compound 4 obtained from an equimolar 

mixture of 4,4'-diaminodiphenylether in acetonitrile and methanolic solution of 3,5- 

dinitrobenzoic acid. Compound 4 was characterized by routine analysis and 

unambiguously by single crystal X-ray structure determination. Compound 4 

crystallizes in the cetrosymmetric monoclinic P21/c space group with all atoms located 

in general positions. The X-ray crystal structure of 4 shows a protonated 4,4- 

Figure 5.12. Thermal ellipsoidal plot of compound [113N(C6H40C6H4)NH3] • [C7H3N206] (4) with atom 
labeling scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, 
which are shown as circles of arbitrary radius 

diammoniumdiphenylether cation, and two 3,5-dinitrobenzoates in its asymmetric unit 

and there are four such units in the unit cell (Z = 4) and the relevant parameters are 

tabulated in the Table 5.1. The observed C—C, C—N and C-0 bond lengths as well as 

the bond angles of the cation39  and anions (3,5 -DNBA)-  are in the normal range and 

are in good agreement with those observed for the corresponding compounds reported 
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in the literature. 11 ' 35  Both the amine nitrogens (N1 and N2) of DADPE are protonated 

resulting in a dication balanced by two 3,5-dinitrobenzoate anions (3,5-DNBA) -  as 

shown in the Figure 5.12. The reduced C-0 bond lengths of the resulting benzoate 

(C19-02 is 1.240 A and C19-03 is 1.234 A in one acid, C26-08 is 1.246 A and C26-

09 is 1.233 A in another acid) and the almost equal C-N bond lengths (C1 N1is 1.472 

A and C7-N2 is 1.464 A) of the cation elucidates the proton transfer. (Appendix-IV). 

Both the amine (N1 and N2) nitrogens are actively participate in the hydrogen bonding 

interactions. Both N-1-1•••0 and C-H•••0 hydrogen bonding interactions are observed in 

the crystal structure. The -NH3 +  protons interact exclusively with carboxylate (02, 03 

of one benzoate and 08, 09 of another benzoate) oxygens. The oxygens of nitro group 

do not participate in N-1-1•••0 hydrogen bonding interactions; rather they are involved 

in the formation of weak C-H•••0 hydrogen bonding interactions. 

5.4.4.1. N-H•0 hydrogen bonding interactions lead to form RI (12) motif: Cation 

Nitrogen (N1) donates its three hydrogens only to the carboxylate oxygens. N1-H1A 

interacts with 09 of carboxylate (N1-H1A•••09) with H•••0 bond distance of 1.90 A. 

N1-H1B interacts with 08 of other carboxylate (N1-H1B•••08) with H••0 bond 

distance of 1.88 A. Along with these interactions N1-H1C also interacts with 08 of 

other carboxylate (N1-H1C••08) with H••0 bond distance of 1.81 A respectively to 

C26 

0 

Figure 5.13. N—H•••0 hydrogen bonding interactions lead to form R 24  (12) ring motifs on both side 

of the cation, interactions shown in green. 
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form a ring motif R24  (12) as shown in the Figure 5.13. As observed in crystal structure 

3, the interaction of two different carboxylic acid groups of the 3,5-dinitrobenzoates are 

Figure 5.14. Two R24  (12) ring motifs formed due to N—H-0 hydrogen bonding interactions, Left, 
N1—H1A-09, N1—H1B•••08 and N1—H1C-08, Right, N2—H2A-02, N2—H2B...03 and N2— 
H2C-02. 

prevented from forming the prevalent carboxylic acid-acid head-to-tail R 22  (8) ring 

motif, due to molecular recognition between DADPE molecule with benzoate groups. 

So these protonated amine (—NH3) ±  groups disrupt the expected RI (8) ring motif to 

form RI (12) ring motif as shown in the Figure 5.13. 

The other protonated amine Nitrogen (N2) also donates its three hydrogens to 

other set of benzoate oxygens; N2—H2A interacts with 02 of carboxylate (N2— 

H2A...02) with H•-0 bond distance of 1.85 A. N2—H2B interacts with 03 of other 

carboxylate (N2—H2B-.03) with H•-0 bond distance of 1.81 A and N2—H2C also 

interacts with 02 of other carboxylate (N2—H2C-02) with H•••0 bond distance of 1.89 

A respectively. These molecular recognitions also lead to form another ring motif, 

designated R24  (12) using Etter's graph set analysis. 27  

In crystal structure of 3, (wide infra) four protonated amines of two cations are 

involved in the disruption of the carboxylate-carboxylate head-to-tail ring motif 

resulting in a sixteen membered ring. Where as in crystal structure 4, the two 

protonated amine groups are involved in the disruption of the above said dimer ring 

motif to form 12 membered rings. Both protonated amine moieties of each cation in 

crystal structure 4 are involved in the formation of two different 12 membered rings. In 
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the case of crystal structure 3, (wide infra) both protonated amine moieties of two 

cations are involved in the formation of single 16 membered ring; therefore the 

molecular recognition between the amine and carboxylates of two different compounds 

result in the formation of two different recognition patterns. 

5.4.4.2. Formation of columnar tubes: Out of the two carboxylate oxygens, one 

oxygen atom (08 in one benzoate and 02 in another benzoate) participates in 

bifurcated hydrogen bonding interactions. 08 accepts H1B from one —NH3 +  and H1C 

from another —NH3 +. On the other hand 02 of another —000-  also accepts hydrogens 

NI H1C 08 H1B 

00,6  

Figure 5.15. Top, left, Formation of columnar tube between N1 amine and benzoate (08—C26-09) 
moiety, Bottom, left between N2 amine and benzoate (02—C19-03) moiety, Right, columnar tube 
shown, which runs along crystallographic b axis in both the cases. 

similarly, H2A and H2C from two different —NH3 +  respectively. By doing so the 

benzoate carboxylate oxygens (08) acts as connecting link between the two ring motifs 

which was formed by —NH3 +  (N1 nitrogen) and benzoates oxygens (08 and 09), these 

further lead to form a columnar tube made up of —NH3 +  and benzoates where each 

protonated amine is sits opposite to another amine and each benzoates is sitting 

opposite to another one with a wide space 5.960(1) A between 08-08 atoms in ring 

one along crystallographic b axis as illustrated in the Figure 5.15 (top). Likewise the 

other benzoate carboxylate oxygens (02) also acts as connecting link between the two 

ring motifs which was formed by —NH3 +  (N2 nitrogen) and benzoates oxygens (02 and 
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03); this further leads to form another columnar tube, where each protonated amine is 

sitting opposite to another cation and each -COO -  is sits opposite to another -000 -

with a wide space 5.717(8) A between 02-02 atoms in ring two along crystallographic 

b axis as illustrated in the Figure 5.16. (Bottom). 

Figure 5.16. Left, C-H•0 hydrogen bonding interactions shown in blue color, Right, Three dimensional 
network is shown. 

5.4.4.3. C-H•0 hydrogen bonding interactions: It is very interesting to observe, that 

all the hydrogens expect H16 and H21 of benzoate ring participate actively in weak C-

H•0 hydrogen bonding interactions with H•••0 bond distances range from 2.44 A to 

2.725 A. Due to the above said molecular recognition process that lead to form a three 

dimensional network as shown in the Figure 5.16. This is also supplemented with weak 

C-H•••0 hydrogen bonding interactions as shown in the Figure 5.16. 

Table 5.5 Hydrogen bonding parameters (A, deg) of compound 4 

D-H•••A d(D-H) d(H•••A) D(D•••A) LDHA 

N1-H1A•••09#3 0.89 1.90 2.759(5) 163 
N1-H1B•••08#2 0.89 1.88 2.765(4) 173 
N1-H1 C•••08#1 0.89 1.81 2.701(4) 178 
N2-H2A•••02#5 0.89 1.85 2.736(4) 176 
N2-H2B•••03#3 0.89 1.81 2.695(4) 170 
N2-H2C•-03#3 0.89 1.89 2.763(4) 166 
C2-H2•-•01#2 0.93 2.44 3.165(2) 135 
C8-H8A•••03#5 0.93 2.689 3.337 127 
C12-H12•••04#3 0.93 2.720 3.447 135 
C25-H25•••013#1 0.93 2.725 3.577 152.5 
C2-H2•••01#2 0.93 2.44 3.165(2) 135(4) 
Symmetry transformations used to generate equivalent atoms: #1-x,-1/2+y,1/2-z; #2: - 
x, 1 /2+y, 1 /2-z; #3: x,312-y,-112+z;#4: 1 -x,- 1 /2+y, 1 /2-z; 5: 1 -x, 1 /2+y,1 /2-z. 
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5.4.5. Results and discussion for [C6H10N2] • 2[C711504] (5) 

The trigonally trisubstituted aromatic acid, e.g. 3,5-dihydroxybenzoic acid has 

three substituents carried on a rigid, planar platform, each of which is capable of acting 

as a hydrogen-bond donor and hydrogen-bond acceptor. The mutual disposition of 

these three substituents is designed to preclude any intramolecular hydrogen bonding. 

The selection of 3,5-dihydroxybenzoic acid as one of the molecular building blocks 

employed here was prompted by a consideration of the behavior of 1,3,5- 

benzenetricarboxylic acid, C6H3(COOH)3, (TMA) and 3,5-dinitrobenzoic acid, 

(02N)2C6H3COOH described in previous discussions. TMA is a versatile building 

block for crystal engineering purposes°  and in combination with proton—acceptor 

building blocks this acid can transfer one, two or three protons per molecule to produce 

a series of anionic species. However, the versatility of this acid in anion-formation 

means that its behavior is largely unpredictable. 41  Seeking a structural analogue of 

TMA with more predictable behavior and having hydrogen-bond donor and acceptor 

sites which are arranged trigonally around a rigid benzenoid core, we thus turned our 

attention to 3,5-dihydroxybenzoic acid, C6H3(OH)2COOH. When we attempted to co-

crystallize with amines, one proton is transferred from the acid to each primary NH2 

group to provide salts of amine cations and the 3,5-dihydroxybenzoate anion. Such salts 

provide robust hydrogen-bonded solids due to the involvement of at least one ionic 

component in every 0—H•••0 and N—H•0 hydrogen bonds. 

This acid has already been utilized in supramolecular chemistry, in the 

formation of a pillared-layer framework structure with the tetra-aza macrocycle meso-

5 ,5 ,7, 12, 1 2, 1 4-hexamethyl- 1 ,4,8, 1 1 -tetraazacyclotetradecane. 42  Whereas in the salt, 

formed from bis(2-aminoethyl)amine, the anions form a three-dimensional 

framework. 43  On the other hand, with the simple 4,4'-bipyridyl, there is no proton 

transfer from acid to base and the acid molecules behave as triple hydrogen bond donor 

generating a simple chain of rings, 44  closely similar to that formed by the related 

trigonally substituted precursor 1,3,5-trihydroxybenzene with 4,4'-bipyridy1. 45 

 Recently Glidewell and co-workers46  reported the three-dimensional supramolecular 

structures of piperazine, 3,5-dihydroxybenzoic acid and solvent water, 

([H2N(CH2CH2)2NH2] 2+•2[(H0)2C6H3C00] -.4H20) that resulted in the formation of a 
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three-dimensional framework enclosing large centrosymmetric voids hosting cations. In 

the crystal structure of 1,2-diaminoethane-3,5-dihydroxybenzoic acid and water 

([H3NCH2CH2NH3]2÷.2[(H0)2C6H3COOF -2H20) the construction of the three-

dimensional framework requires the participation of cations, anions and water 

molecules, which are linked together by four 0—H•• and three N—H•0 hydrogen 

bonds. Prior to this study, salts based on 3,5-dihydroxybenzoic acid with ortho-

phenylenediamine and 4,4'-diaminodiphenylether are not reported. Here we report two 

structures of 3,5-dihydroxybenzoic acid with ortho-phenylenediamine and 4,4'- 

diaminodiphenylether. 

• 
0(1) 
	

C(20) 
	

0(2) 

Figure 5.17. Thermal ellipsoidal plot of compound [C6H10N2] • 2[C 7HSO4] (5) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which are 
shown as circles of arbitrary radius. 

The pale-yellow needle shaped crystals of 5 obtained from an equimolar 

mixture of ortho-phenylenediamine in acetonitrile and 3,5-dihydroxybenzoic acid in 

methanol. Compound 5 was characterized by routine analysis and unambiguously by 

single crystal X-ray structure determination. Compound 5 crystallizes in the 

cetrosymmetric triclinic PT space group with all atoms located in general positions. 

The X-ray crystal structure of 5 shows an ortho-phenylenediammonium cation and two 

3,5-dihydroxybenzoates in its asymmetric unit (Figure 5.17) and there are two such 

units in the unit cell (Z = 2) and the relevant parameters are tabulated in the Table 5.1. 

Both the OPDA nitrogens (Ni and N2) are protonated by the two COOH protons of the 

two different 3,5-dihydroxybenzoic acids leaving these two acids as 3,5- 

dihydroxybenzoates. The observed C—C, C—N and C-0 bond lengths as well as the 
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bond angles of the cation and anion (3,5-DHIr) are in the normal range and are in good 

agreement with those observed for the corresponding compounds reported in the 

literature (Appendix—IV). 12, 42-46 Three varieties of hydrogen bonding interactions (0— 

H...0, N—H•••0 and C—H...0) are observed in the crystal structure of 5. 

5.4.5.1. N—H•13 hydrogen bonding interactions: Out of two —NH3 +  only one —NH3 + 

 nitrogen (N2) actively participates in hydrogen bonding interactions by donating its 

three hydrogens, but the other —NH3 +  nitrogen (N1) donates only one of its hydrogen 

(H1A) to the hydroxyl oxygen 04 forming N1—H1A.-04 hydrogen bond with H.-0 

bond distance of 2.21 A. N2 nitrogen donates its H2A to carboxylate oxygen 06 

(N2—H2A••06), H2B to hydroxyl oxygen 03 (N2—H2B•.03) and H2C to other 

carboxylate oxygen 01 (N2—H2C••01) with H•••0 bond distance of 2.01 A, 2.10 A and 

1.87 A respectively. Therefore each OPDA cation interacts with two carboxylate 

groups and two hydroxyl groups (Figure 5.18, left). 

Figure 5.18. Left, The N—H-.0 hydrogen bonding environment around OPDA molecule Right, 
Hydrogen bonding environment among 3,5-DHB with relevant symmetry codes. #1: 2-x,-y,l-z; #2: 
1+x,y,-1+z; #3: 1-x,-y,l-z; #4: 1-x,1-y,-z; #5: 1-x,1-y,l-z. ; #6: -x,1-y,l-z; #7: x,y,l+z ; #8: 1+x,y,z. 

5.4.5.2. 0—H•0 hydrogen bonding interactions: The 0—H•••0 hydrogen bonding 

interactions are formed by 03 and 04 hydroxyl units of one of the benzoate (3,5-DHB 

1) anion and 07 and 08 of another benzoate (3,5-DHB-2). 03 hydroxyl group interacts 

with hydroxyl oxygen 08 of another 3,5-DHBA anion (03—H3-.08) with H••0 bond 

distance of 1.93 A and 04 hydroxyl interacts with carboxylate oxygen 02 

(04—H4•02) with H•••0 bond distance of 1.79 A. Likewise the hydroxyl oxygens 07 

and 08 of another benzoate (3,5-DHB-2) also donates its hydrogens H7 to hydroxyl 

oxygen 07 (07—H7••07) with H•••0 bond distance of 2.09 A and the other Hydrogen 

H8 participates in the bifurcated hydrogen bonding with two carboxylate oxygens 01 
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(08—H8-.01) and 06 (08—H8-.06) with H••0 bond distance of 2.06 A and 2.56 A 

respectively (Figure 5.18, right). 

Figure 5.19. Left, (middle portion) The inter 3,5-DHB-1 0—H•••0 interactions results in the formation 
of supramolecular channel (involving only 3,5-DHB-1) being sandwiched between two channels (top 
and bottom portions of the network) formed by N-1•••0 interactions of protonated amine and 0—H•.•0 
interactions of 3,5-DHB-2 which are running along crystallographic a-axis. Right, perspective view of 
the same has drawn. 

Therefore, the two benzoate anions (3,5-DHB-1 and 3,5-DHB-2) of an 

asymmetric unit possess similar functional groups exhibiting various hydrogen bonding 

interactions. The inter 3, 5 DHB-1 0—H••0 interactions result in the formation of 

supramolecular channel (involving only 3,5-DHB-1) running along crystallographic a-

axis (Figure 5.19 middle portion). But the interactions between 3,5-DHB-2 and OPDA 

cation results in the formation of another type of channel network (Figure 5.19, top and 

bottom portions). These two types of supramolecular channels are interconnected 

through N—H•••0 and 0—H•••0 hydrogen bonding interactions which involved 

protonated amine nitrogens. The earlier mentioned channels (involves only 3,5-DHB-1) 

are sandwiched by the channels mentioned later. We can observe that the alternate 

arrangement of this channels lead to the formation of chain type of network along the 

crystallographic a- plane. Further interaction of these chains resulted in the formation 

of supramolecular network as shown in the Figure 5.20. 

Due to these molecular recognition process, a three-dimensional ladder network 

is formed along crystallographic a axis as shown in the Figure 5.20. The formation of 

this network can be explained as follows. The channel type of networks which run 

along crystallographic c axis formed by cation and benzoate (3,5-DHB-2) interacting 
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Table 5.6. Hydrogen bonding parameters (A, deg) for compound 5 

D-H-..A d(D-H) d(H•••A) D(D•••A) LDHA 

N1-H1A•••N2 0.89 2.38 2.765(8) 106 
N1-H1A•••04#1 0.89 2.21 2.910(7) 135' 
N2-H2A•••06#4 0.89 2.01 2.840(6) 154 
N2-H2B•••03#2 0.89 2.10 2.875(6) 145 
N2-H2C•••01#3 0.89 1.87 2.734(6) 164 
03-H3-08#7 0.82 1.93 2.658(5) 148 
04-H4•..02#8 0.82 1.79 2.599(5) 167 
07-H7•••07#5 0.82 2.09 2.791(5) 143 
08-H8•••01#3 0.82 2.06 2.626(5) 126 
08-H8•••06#4 0.82 2.59 3.081(5) 119 
C15-H15•••06 #6 0.93 2.52 3.382(6) 155 
Symmetry transformations used to generate equivalent atoms: #1: 2-x,-y,l-z; #2: 1+x,y,-1+z; #3: 1- 
x,-y,  1-z; #4: 1-x,1-y,-z; #5: 1-x,1-y,l-z. ; #6: -x,1-y,l-z; #7: x,y,l+z ; #8: 1+x,y,z. 

with the other channel which exclusively formed by 3,5-DHB-1, through N-H•..0 and 

0-H-••0 hydrogen bonding interactions. Here these channels act as rungs to form a 

three-dimensional ladder network as shown in the Figure 5.20. 

Figure 5.20. Three-dimensional ladder network is formed due to the interactions between two types 
of channels along crystallographic a axis. 

The structures discussed in this section along with earlier reported adducts of 

3,5-dihydroxybenzoic acid with amines, demonstrate the remarkable structural 

versatility of this acid by demonstrating a remarkable void space. 
Ji 
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5.4.6. Result and discussion of [H3N(C6H4OC6H4)NH2] • [C7HSO4] (6) 

Yellow block-shaped crystals of compound 6 obtained from an equimolar 

mixture of 4,4'-diaminodiphenylether in acetonitrile and methanolic solution of 3,5- 

dihydroxybenzoic acid. Compound 6 was characterized by routine analysis and 

unambiguously by single crystal X-ray structure determination. Compound 6 

crystallizes in the cetrosymmetric monoclinic P2 1 /c space group with all atoms located 

in general positions. The X-ray crystal structure of 6 shows a monoprotonated 4,4'- 

diaminodiphenylether cation, 3,5-dihydroxybenzoate and a crystal water molecule in its 

asymmetric unit (Figure 5.21), and there are four such units in the unit cell (Z = 4) and 

the relevant parameters are tabulated in the Table 5.1. The observed C—C, C—N and C-

O bond lengths as well as the bond angles of the cation 39  and anion 3,5-DHB-  are in the 

normal range and are in good agreement with those observed for the corresponding 

compounds reported in the literature. 12' 4246  Only one amine nitrogen (N2) of DADPE 

is protonated by the COOH proton of the 3,5-dihydroxybenzoic acid leaving this acid 

as 3,5-dihydroxybenzoate shown in the Figure 5.21. From the crystal structure it is 

learnt that the proton has been transferred from the acid to the diamine. The proton 

transfer between DNBA molecule and the amine is identified by the reduced C—O bond 

length of the resulting benzoate (C19-02 is 1.250 A and C19-03 is 1.260 A) and the 

Figure 5.21. Thermal ellipsoidal plot of compound [H 3N(C6H40C6H4)NH2] • iC7115041 (6) with atom 
labeling scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, 
which are shown as circles of arbitrary radius. 

difference in C—N bond lengths (C10—N2 is 1.460 A and C4—N1 is 1.420 A) of the 

cation. The relevant bond lengths and bond angles are tabulated in the Appendix—IV. 

Interestingly, four varieties of hydrogen bonding interactions (0—•••0, N—H•••0 N-

H•••N and C—H•••0 in which 04—H4•06 is intramolecular) are observed in the crystal 

structure. 

• 
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Figure 5.22. Hydrogen bonding interactions around cation, N—H•••14 hydrogen bonding interactions (in 
red) in heads to tail fashion to form cation-cation dimer. N—H•••0 hydrogen bonding interactions are 
shown in green, 0—H•••0 hydrogen bonding interactions are shown in blue color with relevant symmetry 
codes, # 1 : -x, 1 -y, -z; #2: -x,- 1 /2+y, 1 /2-z; #3: -x, 1 -y, 1 -z; #4: x, 1 /2-y, - 1 /2+z; #5: 1 -x, 1 /2+y, 1 /2-z ; #6: x,- 
1 +y,z. 

5.4.6.1. N—H—N Hydrogen bonding interactions: Each cation is hydrogen bonded to 

another cation in head to tail fashion by donating its hydrogen of protonated amine to 

other non-protonated amine and accepts the hydrogen from other protonated amine via 

N2—H2Y•••N1 hydrogen bonding interaction with H•••N bond distance of 2.02 A to 

form a dimer as shown in the Figure 5.22. Surprisingly the hydrogen atoms of the non-

protonated amine nitrogen (N1) do not exhibit any hydrogen bonding interactions, 

instead this particular nitrogen atom interact with the protonated amine by accepting 

hydrogen from it. 

5.4.6.2. Anion Water layer: Each crystal water molecule donates one of its hydrogen 

to carboxylate oxygen (06—H6B-.03) with H-.0 bond distance of 1.78 A and other 

hydrogen (H6A) to hydroxyl oxygen (06—H6A-05) with H•••0 bond distance of 2.12 

A respectively. Simultaneously it accepts hydrogen from 04 hydroxyl oxygen (04-

H4•"06) with H-0 bond distance of 1.72 A as illustrated Figure 5.23 (left). The 

hydrogen bonding interactions of water and hydroxyl groups of anion result in the 

formation of supramolecular chain. These chains further interact through hydroxyl—

hydroxyl interactions, where the hydroxyl oxygen 05 donates its hydrogen (H5A) to 

other hydroxyl oxygen (05—H5A•.04) with H•-0 bond distance of 1.85 A leading to 

form a ring motif R: (12) and these motifs together forms a two dimensional anion— 

water ribbon (tape) along the crystallographic b axis as shown in the Figure 5.23 

(right). The above mentioned 06—H6B•••03 (inter carboxylate and water interaction) 
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interactions help to connect these anion—water ribbons in a head to tail fashion to form 

a channel along the crystallographic b axis as shown in the Figure 5.24. 

Figure 5.23. Left, hydrogen bonding interactions around water (0—H-0 interactions). Right, anion-
water interactions lead to form layer type of network. 

5.4.6.3. Amine Interactions: The protonated amine Nitrogen (N2) donates its three 

hydrogens; N2—H2X interacts with 03 of carboxylate (N2—H2X•••03) with H•••0 bond 

distance of 1.98 A, N2—H2Z interacts with 02 of other carboxylate (N2—H2Z••.02) 

with H••0 bond distance of 1.75 A respectively. As explained already in the previous 

section (vide supra), the third hydrogen interacts (N2—H2Y) with non-protonated amine 

Figure 5.24. Water—anion layers are connected through hydroxyl—hydroxyl interactions, which lead to 
form RI (12) ring motif and extends as anion—water ribbon these ribbons to form channel network. 

nitrogen (N1) with H•••N bond distance of 2.02 A to form DADPE cation dimer as 

shown in the Figure 5.22. Interestingly, one weak C—H••0 hydrogen bonding 

interaction is also noticed, the cation ring carbon (C9) which is adjacent to protonated 

amine nitrogen (N2) donates its hydrogen H9 to carboxylate oxygen (C9—H9••.02) with 

H•••0 bond distance of 2.44 A. The occurrence of C-1-1•••0 hydrogen bonding 

interaction might be due to the favorable dihedral angle of the cation, which is 77.78 

degree. The above mentioned 2D anion—water ribbons are hydrogen bonded to cation 

dimers through N2—H2X•-03 hydrogen bonding interaction to form a zipper type of 

network which runs along the crystallographic b axis as shown in the Figure 5.25. 

A.. 
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Figure 5.25 Anion—water ribbons are hydrogen bonded to amine dimers through N2—H2X-03 hydrogen 
bonding interaction to form a zipper type of network crystallographic b axis 

Non participation of non-protonated amine hydrogens in the hydrogen bonding 

interaction lead to the formation of zipper type alignment (Figure 5.25). Otherwise, 

ladder type of assembly would have been witnessed. The zipper structure along with 

the channel network further self assembled to generate a three dimensional framework 

as shown in the Figure 5.26. 

Figure 5.26 A three dimensional framework, which runs along crystallographic b axis, perspective view 
has been drawn. 

Table 5.7 Hydrogen bonding parameters (A, deg) for compound 6 

D—H—A d(D—H) d(H..-A) D(D•••A) LDHA 

N2—H2X•03#3 0.87(3) 1.98(3) 2.829(3) 166(3) 
N2—H2Y•••N1#1 0.96(3) 2.02(3) 2.954(4) 162(3) 
N2—H2Z•02#2 0.98(2) 1.75(2) 2.703(3) 163(2) 
04—H4•••06 0.89(3) 1.72(3) 2.611(3) 178(4) 
05—H5A.-04#5 0.88(3) 1.85(3) 2.731(3) 173.(8) 
06—H6A•05#6 0.87(4) 2.12(4) 2.885(3) 146(3) 
06—H613•03#4 0.95(3) 1.78(3) 2.730(3) 171(3) 
C9—H9•02 #3 0.92(2) 2.44(2) 3.294(3) 155.(7) 
Symmetry transformations used to generate equivalent atoms: #1: -x, 1 -y, -z; #2: -x,-1/2+y,1/2-z; #3: - 
x, 1 -y, 1 -z; #4: x, 1 /2-y,- 1 /2+z; #5: 1 -x, 1 /2+y, 1 /2-z ; #6: x,- 1+y,z. 
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5.4.7. Results and discussion for compound [C121 -117N2] • [C711504] (7) 

Benzadiazepines and their polycyclic derivatives are very important class of 

bioactive compounds because of their pharmacological properties. 47' 48  They received a 

great deal of attention as they have been extensively used as anticonvulsant, 

antianxiety, analgesic, sedative, antidepressive, hypnotic, and anti inflamatory agents. 49 

 In particular, 1,5-benzodiazepines are useful precursors for the synthesis of fused ring 

benzodiazepine derivatives, 50  such as triazolo, oxadiazolo, oxazino, and furano 

benzodiazepines. 

Benzodiazepines are prepared by the condensation of ortho-phenylenediamines 

with acetone in the presence of a catalytic amount of an organic acid. Numerous 

synthetic methods are available in the literature to prepare these compounds by 

condensation of ortho-phenylenediamines with acetone, including BF3—etherate, 

polyphosphoric acid and MgO/POC13, sulfated zirconia, and ionic liquid medium. 5I  The 

difficulties, encountered in the cyclization of these seven-membered heterocycles, 

limited their structural studies. Recently Das and co-workers reported series of organic 

salts with 1,5-benzodiazepine and various aliphatic and aromatic acids under solvent-

free conditions (grinding method) at room temperature using acetone and ortho-

phenylenediamine in the presence of a catalytic amount of an organic acid. 52  The 

organic salts of trimesic acid (TMA) and picric acid were characterized through single 

crystal X-ray studies. The CSD search reveals that the supramolecular structures of 

TMA, 4-NBA and 3,5-DNBA with benzodiazepines have already been reported. We 

have synthesized and structurally characterized OPDA carboxylate salts with a series of 

acids like TMA, 4-NBA, 3,5-DNB and 3,5-DHB which exhibit interesting 

supramolecular aspects. In our endeavor to explore the structural studies of OPDA by 

crystallizing it with above said organic acids, we have synthesized an organic salt of 

benzodiazepine with 3,5-dihydroxybenzoic acid. 

The mechanism of the condensation reaction involves an intramolecular imine-

enamine cyclization promoted by 3,5-dihydroxybenzoic acid, as shown in Scheme 3. 53 

 The amine of ortho-phenylenediamine attacks the carbonyl group of the ketone, giving 

the intermediate diimine A. The 1,3-shift of the hydrogen attached to the methyl group 
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then occurs to form an isomeric enamine B, which cyclizes to afford the seven-

membered ring. Its nitrogen N2 gets protonated by the acid. 

Pale-yellow block shaped crystals of 7 were synthesized from a solution of 

ortho-phenylenediamine in methanol, that was mixed with a solution of 3,5- 

dihydroxybenzoic acid in acetone. Compound 7 was characterized by routine analysis 

and unambiguously by single crystal X-ray structure determination. Interestingly 

compound 7 crystallizes in non-cetrosymmetric orthorhombic chiral space group 

P212121 with all atoms located in general positions (Figure 5.27). The X-ray crystal 

structure of it shows protonated 1,5-benzodiazepine cation and a 3,5 - 

dihydroxybenzoate in its asymmetric unit and there are four such units in its unit cell. 

The crystallographic details are tabulated in the Table 5.1. The observed C—C, C—N and 

Figure 5.27. Thermal ellipsoidal plot of compound [C12 H17 N2] • [C714504] (7) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which are 
shown as circles of arbitrary radius. 

C-0 bond lengths as well as the bond angles of the cation and anion (3,5-DHB) -  are in 

the normal range and are in good agreement with those observed for the corresponding 
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compounds reported in the literature. 12 ' 51-53  The C-0 bond distances are 1.267(2) and 

1.236(2) A for - C00-  (C19-01, C19-02), and all other relevant bond lengths and 

bond angles are tabulated (Appendix-IV). 

5.4.7.1. Hydrogen bonding interactions: In the crystal structure of compound 7, 

strong 0-H•••0 and N-1-1...0 hydrogen bonding interactions as well as weak C-H-.0 

hydrogen bonding interactions are observed. The hydrogen bonding environment has 

been illustrated in the Figure 5.28, and their parameters are tabulated in the Table 5.8. 

Imine nitrogens actively donate its hydrogens to carboxylate and hydroxyl oxygens. N1 

donates it hydrogen H1X to hydroxyl oxygen 04 (N1-H1 x...04) with H•-0 bond 

distance of 2.11 A, the N2 donates its hydrogen H2X to carboxylate oxygen 01 (N2- 

H2X...01) with H•-0 bond distance of 1.69 A respectively. The hydroxyl groups also 

interact via 0-H•••0 hydrogen bonding interactions. 03 donates its hydrogen H3 to 

other carboxylate oxygen 01 (03-H3-.01) with H•-0 bond distance of 1.93 A, and 04 

interacts with carboxylate oxygen 02 by donating its hydrogen H4 (04-H4•••02) with 

H•-0 bond distance of 1.79 A. The hydroxyl oxygen 04 and carboxylate oxygen 01 

also accept hydrogens H1 and H5 which are belonged to ring carbon atoms (C2- 

H1-.04) and (C5-H5•-01) with H-.0 bond distance of 2.58 and 2.55 A respectively. 

.4- 

Figure 5.28. Hydrogen bonding situation in crystal structure 7, 0—H-0, N—H-0 and C—H•••0 
hydrogen bonding interactions are shown with relevant symmetry codes, #1: 1/2-x,-y,-1/2+z; #2: 
1/2-x,1-y,1/2+z; #3 : 1 -x,-1/2+y,1/2-z. 

Though it has only four strong hydrogen bonding interactions, it demonstrates an 

intricate hydrogen bonding network as shown in the Figure 5.29. 

156 



02 

Chapter 5 

Figure 5.29. An intricate well netted hydrogen bonding network formed by 0—H•••0, N—H•0 and C—
H•0 hydrogen bonding interactions. 

5.4.7.1. Helix formation: It is quite natural that it demonstrates a homo chiral left 

handed molecular helix, as it crystallizes in non-cetrosymmetric chiral space group 

P212121. The formation of helix can be explained as follows, the imine N2 donates its 

hydrogen H2X to carboxylate oxygen 01, and then that particular carboxylate oxygen 

02 accepts hydrogen H4 from hydroxyl group 04. The carboxylate oxygen 02 of the 

Figure 5.30. Left, Supramolecular helix formed by imine hydrogens, cation and hydroxyl hydrogens 
via N—H-0 and 0—H-0 hydrogen bonding interactions, both the imine hydrogens actively 
participates in the helix formation. Right, helical back bone shown with space fill model, which runs 
through crystallographic baxis. 

same benzoate (Figure 5.30) accepts hydrogen H4 from other hydroxyl group 04, then 

the same hydroxyl oxygen 04 accepts hydrogen H1X from other imine nitrogen Ni. A 

careful observation reveals that, the imine nitrogens play active role by donating its 

hydrogens to hydroxyl oxygen 04 on one side and carboxylate oxygen 01 on other side 
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in the formation of helical back bone with the pitch length of 9.924 A. This is identical 

to crystallographic b cell parameter as shown in the Figure 5.30. 

Table 5.8. Hydrogen bonding parameters (A, deg) for compound 7 

D—H•••A d(D—H) d(H•••A) D(D•••A) ZDHA 

N1—H1X•.04#1 0.87 2.11 2.981(2) 174 
N2—H2X.. -01#2 0.99 1.69 2.6749(19) 172 
03—H3•01#3 0.82 1.93 2.7218(19) 163 
04—H4•••02#2 0.82 1.79 2.5990(19) 170 
C2—H1.••04#1 0.93 2.58 3.365(2) 142 
C5—H5•••01 #2 0.93 2.55 3.263(2) 134 
Symmetry transformations used to generate equivalent atoms: #1: 1/2-x,-y,-I/2+z; #2: 1/2-x,1- 
y,1/2+z; #3: 1-x,-1/2+y,1/2-z. 

5.5. Conclusions 

Ortho-phenylenediamine and 4,4'-diaminodiphenylether were co-crystallised 

with trimesic acid (TMA), 4-nitrobenzoic acid (4-NBA), 3,5-dinitrobenzoic acid 

(DNBA) and 3,5-dihydroxybenzoic acid (DHBA). In all these cases the proton of the 

carboxylic acid trans fers to the respective amine resulting in the appropriate organic 

salt. Several of ionic interactions along with strong 0—H•••0, N—H•••0 and weak C—

H••0 hydrogen bonding interactions are studied in all these cases. Weak C—H••.0 

hydrogen bond plays an important role in overall packing of the crystal structures of 3, 

4, 5, 6 and 7. All these crystal structures demonstrate structural diversity at the 

supramolecular level leading to the formation of interesting three dimensional 

supramolecular architectures. In crystal structure 1, protonated amines are disrupted the 

expected R22 (8) motif of TMA2—  to form le: (21) motif and a left handed helical self 

assembly were witnessed in crystal structure 2. 

In the crystal structure of 3, a novel anion-cation-cation-anion 4(16) ring 

motif is formed as the protonated amines disrupt the expected 4(8) ring motif 

between 3,5-DNB—s, to form the R: (16) ring motif. Two kinds of twelve membered 

rings are formed the crystal structure of 4. A remarkable void space is observed in the 

crystal structure of 5, comparable to the structures reported in the literature." The 

hydrogen bonding interactions between cation and 3,5-DHB —  forms a zipper type of 
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network due to non-participation of hydrogens belongs to the un-protonated amine is 

observed in the crystal structure of 6. Finally an important class of bioactive compound 

1,5-benzodiazepine with 3,5-DHB -  were obtained. It demonstrates a homo chiral left 

handed molecular helix, as it crystallizes in non-cetrosymmetric chiral space group 

P212121. The protonated imine nitrogen plays an important role in the construction of 

the helix. Hydrogen bonding interactions in all these oraganic salts are explained in 

terms of various hydrogen bonding motifs (Etter rules) as given in Scheme 1. 
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APPENDIX-IV 

Selected bond lengths (A) and bond angles (deg) for [C6H10N2] • [C9H406] (1) 

C(1)-N(1) 1.374(6) C(10)-C(11) 1.399(5) 
C(1)-C(6) 1.393(7) C(11)-C(15) 1.484(6) 
C(2)-C(3) 1.379(6) C(13)-0(4) 1.203(5) 
C(2)-N(2) 1.460(5) C(13)-0(3) 1.302(5) 
C(9)-C(14) 1.521(5) C(14)-0(2) 1.248(5) 

N(1)-C(1)-C(6) 122.2(5) C(12)-C(7)-C(8) 118.9(3) 
C(3)-C(2)-C(1) 122.4(4) C(9)-C(10)-C(11) 119.5(4) 
C(3)-C(2)-N(2) 119.7(4) C(10)-C(11)-C(15) 119.8(3) 
C(1)-C(2)-N(2) 117.9(4) C(11)-C(12)-C(7) 120.7(4) 
C(4)-C(3)-C(2) 119.2(6) 0(3)-C(13)-C(7) 114.1(3) 
C(3)-C(4)-C(5) 118.2(6) 0(2)-C(14)-0(1) 125.1(4) 
C(6)-C(5)-C(4) 122.6(6) 0(5)-C(15)-0(6) 123.5(4) 
C(5)-C(6)-C(1) 119.4(6) 0(5)-C(15)-C(11) 119.9(4) 

Selected bond lengths (A) and bond angles (deg) for [C6H9N2•[C71-14N04]  (2) 

C(1)-C(2) 	1.369(5) 	C(10)-C(11) 	1.370(7) 
C(1)-N(2) 	1.465(5) 	C(10)-N(3) 	 1.477(6) 
C(4)-C(5) 	1.369(5) 	C(13)-0(1) 	 1.251(5) 
C(5)-C(6) 	1.390(5) 	C(13)-O(2) 	 1.258(5) 

1.393(5) 	 N(3)-0(3) 1.201(6) 

C(2)-C(1)-C(6) 	121.6(3) C(9)-C(10)-N(3) 118.8(4) 
C(2)-C(1)-N(2) 	120.4(3) 	 C(10)-C(11)-C(12) 	118.0(4) 
C(6)-C(1)-N(2) 	117.9(3) C(11)-C(12)-C(7) 121.2(4) 

 C(6)-N(1) 

N(1)-C(6)-C(1) 	121.6(3) 

C(5)-C(6)-N(1) 	121.6(4) 0(1)-C(13)-0(2) 124.6(4) 
C(5)-C(6)-C(1) 	116.7(3) O(1)-C(13)-C(7) 117.6(4) 

0(3)-N(3)-0(4) 123.0(5) 
C(8)-C(7)-C(12) 	118.7(4) O(4)-N(3)-C(10) 	118.6(5) 

Selected bond lengths (A) and bond angles (deg) for [C6H9N2]•C7113N2061 (3) 

C(1)-C(2) 	1.379(2) 	 C(9)-C(10) 	1.375(2) 
C(1)-N(1) 	1.4645(18) 	C(10)-C(11) 	1.378(2) 
C(4)-C(5) 	1.375(2) 	 C(11)-N(3) 	1.4668(18) 
C(6)-N(2) 	1.414(2) 	 C(13)-0(2) 	1.2364(18) 
C(7)-C(12) 	1.3864(19) 	N(3)-0(6) 	1.2182(18) 
C(7)-C(13) 	1.517(2) 	 N(3)-0(5) 	1.2231(17) 
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C(2)-C(1)-C(6) 121.69(14) C(10)-C(9)-N(4) 118.14(13) 
C(6)-C(1)-N(1) 118.94(13) C(8)-C(9)-N(4) 119.12(13) 
C(4)-C(3)-C(2) 119.40(16) 0(2)-C(13)-C(7) 117.17(13) 
C(1)-C(6)-C(5) 117.49(14) 0(1)-C(13)-C(7) 117.18(13) 
C(12)-C(7)-C(8) 119.13(13) 0(6)-N(3)-0(5) 123.65(13) 
C(12)-C(7)-C(13) 120.05(13) 0(4)-N(4)-C(9) 118.36(14) 
C(9)-C(8)-C(7) 119.52(13) 0(3)-N(4)-C(9) 117.78(13) 

Selected bond lengths (A) and bond angles (deg) for 1H3N(C 61140C6H4)NH311C7113N206 ] (4) 

C(1)-C(6) 1.345(5) C(17)-C(18) 1.361(5) 
C(1)-C(2) 1.348(5) C(19)-0(3) 1.234(4) 
C(1)-N(1) 1.482(4) C(19)-0(2) 1.260(4) 
C(4)-O(1) 1.390(5) C(20)-C(25) 1.3 80(6) 
C(7)-N(2) 1.463(5) C(22)-N(5) 1.468(6) 
C(8)-C(9) 1.362(6) C(23)-C(24) 1.374(6) 
C(9)-C(10) 1.362(6) N(5)-0(11) 1.197(5) 
C(15)-C(16) 1.400(6) N(5)-0(10) 1.209(5) 
C(15)-N(3) 1.451(5) N(6)-0(13) 1.184(6) 
C(16)-C(17) 1.353(5) N(6)-0(12) 1.218(6) 
C(6)-C(1)-C(2) 121.8(4) C(11)-C(10)-C(9) 120.7(5) 
C(6)-C(1)-N(1) 118.9(4) C(11)-C(10)-0(1) 115.5(5) 
C(2)-C(1)-N(1) 119.4(4) C(9)-C(10)-0(1) 123.5(5) 
C(5)-C(4)-0(1) 123.0(5) C(16)-C(15)-N(3) 120.1(5) 
C(8)-C(7)-N(2) 119.0(4) C(23)-C(24)-N(6) 117.6(6) 
C(9)-C(8)-C(7) 118.3(5) 0(6)-N(4)-C(17) 118.5(5) 
C(8)-C(9)-C(10) 120.5(5) 0(11)-N(5)-0(10) 122.8(5) 
O(2)-C(19)-C(13) 116.4(4) 0(13)-N(6)-C(24) 118.2(6) 
C(23)-C(22)-N(5) 117.3(5) 0(12)-N(6)-C(24) 117.8(6) 
C(23)-C(24)-C(25) 123.7(5) C(4)-0(1)-C(10) 119.9(4) 

Selected bond lengths (A) and bond angles (deg) for [C6H10N2]•2[C7HSO4] (5) 

C(1)-C(6) 1.350(8) C(11)-0(7) 1.369(6) 
C(1)-C(2) 1.371(8) C(11)-C(12) 1.385(6) 
C(1)-N(2) 1.452(6) C(13)-0(6) 1.203(6) 
C(2)-C(3) 1.352(8) C(20)-0(2) 1.255(5) 

C(6)-C(1)-N(2) 119.9(5) 0(7)-C(11)-C(10) 118.1(4) 
C(2)-C(1)-N(2) 118.8(5) 0(7)-C(11)-C(12) 120.8(4) 
N(1)-C(6)-C(1) 120.8(5) C(10)-C(11)-C(12) 121.1(4) 
N(1)-C(6)-C(5) 122.3(6) 0(3)-C(16)-C(17) 121.1(4) 
O(8)-C(9)-C(8) 117.9(4) 0(4)-C(18)-C(19) 117.4(4) 
0(8)-C(9)-C(10) 121.4(4) C(17)-C(18)-C(19) 120.5(4) 
C(8)-C(9)-C(10) 120.8(4) 0(2)-C(20)-C(14) 117.6(4) 
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Selected bond lengths (A) and bond angles (deg) for [H 3N(C61-140C6H4)NH3] • [C711504] (6) 

C(1)-C(6) 1.367(3) C(10)-C(11) 1.377(3) 
C(1)-C(2) 1.377(3) C(10)-N(2) 1.461(3) 
C(7)-O(1) 1.367(2) C(11)-C(12) 1.382(3) 
C(7)-C(12) 1.378(3) C(17)-0(5) 1.367(2) 
C(7)-C(8) 1.387(3) C(17)-C(18) 1.393(2) 
C(8)-C(9) 1.373(3) C(19)-O(2) 1.250(2) 
C(9)-C(10) 1.377(3) C(19)-O(3) 1.260(2) 

C(6)-C(1)-C(2) 120.55(18) C(16)-C(15)-C(14) 120.87(16) 
C(6)-C(1)-O(1) 118.37(18) C(17)-C(16)-C(15) 119.35(16) 
C(2)-C(1)-O(1) 120.86(18) 0(5)-C(17)-C(16) 121.81(15) 
0(1)-C(7)-C(12) 123.74(17) 0(5)-C(17)-C(18) 117.59(16) 
0(1)-C(7)-C(8) 115.96(17) 0(2)-C(19)-C(13) 118.00(15) 
C(12)-C(7)-C(8) 120.21(18) 0(3)-C(19)-C(13) 118.91(16) 
C(9)-C(10)-N(2) 118.93(16) C(7)-0(1)-C(1) 119.96(14) 

Selected bond lengths (A) and bond angles (deg) for [C12 H17 N2] • [C711504] (7) 

C(1)-N(1) 1.367(3) C(8)-C(9) 1.536(3) 
C(1)-C(6) 1.399(3) C(9)-N(1) 1.440(3) 
C(1)-C(2) 1.411(3) C(15)-C(16) 1.385(3) 
C(2)-C(3) 1.367(3) C(16)-C(17) 1.392(3) 
C(3)-C(4) 1.377(4) C(17)-0(4) 1.368(2) 
C(7)-N(2) 1.286(3) C(17)-C(18) 1.381(3) 
C(7)-C(8) 1.484(3) C(19)-0(2) 1.236(2) 

N(1)-C(1)-C(6) 127.4(2) C(10)-C(9)-C(8) 108.69(19) 
N(1)-C(1)-C(2) 116.8(2) 0(4)-C(17)-C(18) 122.45(17) 
C(5)-C(6)-N(2) 113.60(19) 0(4)-C(17)-C(16) 116.89(17) 
N(2)-C(7)-C(8) 122.3(2) 0(2)-C(19)-0(1) 125.03(19) 
N(2)-C(7)-C(12) 118.7(2) 0(2)-C(19)-C(13) 118.28(18) 
C(7)-C(8)-C(9) 114.90(18) 0(1)-C(19)-C(13) 116.64(16) 
N(1)-C(9)-C(11) 111.2(2) C(1)-N(1)-C(9) 129.36(19) 
N(1)-C(9)-C(10) 106.6(2) 
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Co-crystallization of N,N-dimethylformamide with Benzene 
Substituted Acids: Interplay of Strong and Weak Hydrogen 
Bonding Motifs 

6.1. Introduction 

A wide variety of solvents are available to the chemists for the dissolution and 

recrystallization of compounds. It is expected that solvents which are used for 

crystallization would not affect the molecular composition, physical properties etc. of 

the compounds after crystallization. However, there are some examples in the literature, 

wherein the influence of the solvents is remarkably seen with the formation of different 

types of three-dimensional structures of the same compound, depending upon the 

solvent of crystallization. This phenomenon is well recognized as polymorphism and it 

has emerged as one of the frontier areas of research especially in the solid state organic 

chemistry.' Another facet of crystallization process is the occlusion of solvents into the 

crystal lattice along with the substrate(s) leading to the formation of a variety of 

supramolecular architectures. In fact, some compounds are known to crystallize only 

with the solvent of crystallization in the crystal lattice. For example, trithiocyanuric 

acid,2  1,2,4,5-benzenetetracarboxylic acid 3  have not been reported to date without 

solvent molecules in their solid state structures. 

In the year 1999, Nangia and Desiraju reported that the greater the number of 

donor and acceptor sites on the solvent molecule, the more likely the solvent is to be 

included in organic crystals. 4  Solvents such as N,N-dimethylformamide (DMF), 

dimethylsulfoxide (DMSO) and dioxane, while having low usage as recrystallization 

solvents, have an extremely high probability of inclusion through their ability to bond 

to the solute molecule via 'multi-point recognition' using both strong and weak 

hydrogen bonds. 

One more plausible explanation for the incorporation of the solvents into the 

crystal lattice is the availability of void space in the crystal lattice. However, it is not so 

clear whether solvents influence the creation of the void space or the solute molecules 
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arrange themselves forming the voids. This dilemma is due to the fact that some 

compounds form solvated assemblies with and without cavities depending upon the 

solvent of crystallization. The formation of molecular adducts of cyanuric acid with 

solvents like dimethylsulfoxide, dimethylamine, dimethylformamide, 5  and 3,5-dinitro 

benzoic acid, benzamide, benzonitrile with pyridine 6  were reported by Pedireddi and 

co-workers are the best known examples to demonstrate solute-solvent interactions. 

Numerous examples of benzene polycarboxylic acid solvent inclusion 

compounds are reported and yet only one literature example of a single-crystal X-ray 

structure shows the salvation of 1,3,5-tricarboxylic acid (trimesicacid) by N,N-

dimethylformamide (DMF). 8  In the presence of DMF, the formation of the common 

R22  (8) synthon head-to-tail carboxylic acid—acid graph-set motif 9  is prevented in this 

structure. Instead, two of the three carboxylic acid groups interact directly with DMF 

molecules in an R? (7) graph-set pattern, with a combination of strong 0—H-.0 and 

weak C—H••0 hydrogen bonds, 10  while the third carboxylic acid group interacts with 

one of these carboxyl—DMF synthons. Prior to this work, Rao and coworkers 

synthesized and characterized the same structure by the crystallization of trimesic acid 

(TMA) from N,N-dimethylformamide (DMF) in the presence of benzene." Both the 

structures are illustrated in the Figure 6.1. 

Figure 6.1. In the presence of DMF, trimesicacid form 4 (7) ring motif, instead of 4 (8) motif, due 

to 0-11•-0 and weaker C—H•••0 hydrogen bonding interactions (both left and right) 

Earlier we have discussed the structures of trigonally trisubstituted benzoicacids 

with amines in our previous chapter and now, we wish to investigate here the 

hydrogen-bonding arrays created by the co-crystallization of /V,N-dimethylformamide 
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(DMF) with 3,5-dinitrobenzoic acid, 4-nitrobenzoic acid and 3,5-dihydroxybenzoic 

acid and their resulting networks. The description of crystal structures in terms of 

networks is one of the most promising systematic approaches to communicate 

structural information in a precise fashion. Moreover network structures attracts great 

attention due to their potential applications in material science as functional solid 

materials as well as fascinating architectures. 12  It is interesting to note 3,5- 

dinitrobenzoic acid DMF solvate demonstrates total spontaneous resolution as well as 

NLO properties. 

Compounds Discussed in this Chapter are: 

1. [C7H4N206] • [C3H7N0] (1) 

2. [C7H5N04] • [C3H7NO] (2) 

3. [C7H604] • [C3H7N0] (3) 

6.2. Experimental 

6.2.1. Materials 

As described in chapter 5 

6.2.2. Physical Measurements 

As described in chapter 2 

6.2.3. Synthesis of [C7H4N206] • [C311 7NO] (1) 

The adduct of compound 1 was obtained by dissolving 0.850 g (4.00 mmol) of 

3,5-dinitrobenzoic acid in 5 mL of DMF, over heating at 60°C. The resulting solution 

was allowed to evaporate slowly at room temperature. The pale yellow colored block-

shaped crystals of 1 were obtained after four days. These crystals suitable for single 

crystal X-ray structure determination. Yield: 0.924 g (80 %). Anal. Calcd (Found) (%): 

C, 42.11 (41.61); H, 3.89 (4.17); N, 14.73 (13.94). IR (KBr pellet, u(cm-1 )): 3124, 

2930, 2801, 2662, 2525, 1915, 1705, 1626, 1547, 1343, 1287, 1182, 1072, 909, 781, 

721, 679, 517. 
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6.2.4. Synthesis of [C71151S104] • [C31171s10] (2) 

The adduct of compound 2 was obtained by dissolving 0.670 g (4.00 mmol) of 

4-nitrobenzoic acid in 6 mL of DMF, over heating at 60°C. The resulting solution was 

allowed to evaporate slowly at room temperature. The yellow colored needle shaped 

crystals of 2 were obtained after four days. These crystals suitable for single crystal X-

ray structure determination. Yield: 0.750 g (77 %). Anal. Calcd (Found) (%): C, 50.00 

(49.41); H, 5.04 (5.57); N, 11.66 (10.89). IR (KBr pellet, u(cm -1 )): 3050, 2749, 2442, 

2359, 1954, 1697, 1643, 1518, 1470, 1379, 1344, 1105, 1011, 932, 880, 819, 723, 513. 

6.2.5. Synthesis of [C711604] • [C3H7NO] (3) 

The adduct of compound 3 also synthesized as described for compounds 1 and 

2, 0.616 g (4.00 mmol) of 3,5-dihydroxybenzoic acid is dissolved in 4 mL of DMF, 

over heating at 60°C. The resulting solution was allowed to evaporate slowly at room 

temperature. The yellow colored block-shaped crystals of 3 were obtained after four 

days. These crystals suitable for single crystal X-ray structure determination. Yield: 

0.695 g (75 %). Anal. Calcd (Found) (%): C, 52.86 (53.01); H, 5.77 (4.89); N, 6.16 

(7.09). IR (KBr pellet, u(cm -1 )): 3420, 3283, 2926, 2648, 2581, 1694, 1643, 1607, 

1451, 1343, 1248, 1148, 1003, 930, 866, 847, 772, 717, 667, 617. 

6.3. Crystallographic Study 

Single crystal X-ray data for all the three compounds (1, 2, and 3) were 

collected on Bruker SMART APEX CCD area detector system at 298K. Data 

acquisition, empirical absorption correction, solution, refinement and molecular 

graphics and other details are as described in the chapter 2. 
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Table 6. 1. Crystal data and structure refinement for compounds 1, 2 and 3. 

Compound 1 Compound 2 Compound 3 

Formula 

F„, 

T (K) 

A. (A) 

Crystal system 

Space group 

C101-1111\1307 

285.22 

298(2) 

0.71073 

Monoclinic 

P21  

240.22 

298(2) 

0.71073 

Triclinic 

PT 

CioHi3N05 

227.21 

293(2) 

0.71073 

Triclinic 

P1 
a (A) 9.2773(12) 6.2597(10) 7.175(8) 

b (A) 6.1694(8) 7.5083(12) 8.987(10) 

c (A) 11.9948(15) 12.611(2) 9.291(11) 
a (0)  102.111(3) 111.901(17) 
# (0)  107.558(2) 99.654(3) 91.435(18) 
7(0)  90.076(3) 104.424(19) 

V (A3) 654.54(15) 570.91(16) 533.7(11) 

2 2 2 

Paw (g cm 3) 1.447 1.397 1.414 
p (mm -1 )  0.125 0.114 0.114 

F (000) 296 252 240 

Crystal Size (mm) 0.42 x 0.30 x 0.36 x 0.22 x 0.40 x 0.32 x 
0.28 0.10 0.20 

20 range/deg 1.78 to 25.88 1.68 to 26.05 2.38 to 26.50 

Reflections collected 4669 5781 2537 

Unique reflections 1389 2185 1876 

Tmax, Tmin 0.9659 0.9887 0.9775 
0.9495 0.9603 0.9557 

Parameters 1389 / 1 / 184 2185 /2 /164 1876 /0 /151 

GOF (F2) 1.134 0.973 1.144 

R1, wR2 [I>2cr(I)J 0.0364, 0.0885 0.0591, 0.1491 0.0712, 0.1547 

R1, wR2 (all data) 0.0434, 0.0919 0.0848, 0.1693 0.1006, 0.1713 

Largest cliff. Peak & hole 
(e-A-3) 

0.111 and -0.125 0.267 and -0.258 0.291 and -0.242 
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6. 4. Results and Discussion 

Synthesis 

All the three compounds discussed in this chapter are synthesized by co-

crystallization method. 

Infrared spectra 

The infrared spectra of the three compounds were recorded in the range of 

4000-400 cm-1 . The selected IR data are given in the experimental section. The IR 

spectra of compounds 1, 2 and 3 shows the characteristic IR band in the region of 

1705-1694 cm' which represent the presence of —C=0 functionalities with respect to 

aromatic carboxylic acid. The IR bands of the compounds 1 -3 exist at 1643-1626 cm-i 

 correspond to N—C=0 group of the DMF molecules. In addition the compounds 1 and 2 

shows the characteristic bands in the range of —1343 cm )  indicates the N=0 stretch 

based on the aromatic nitrobenzene derivative. 

6.4.1. Results and Discussion of [C7H4N206] • [C3H7NO] (1) 

The pale yellow block-shaped crystals of compound 1 were obtained by 

dissolving 3,5-dinitrobenzoic acid in N,N-dimethylformamide (DMF). Compound 1 

was characterized by routine analysis and unambiguously by single crystal X-ray 

structure determination. Compound 1 crystallizes in the non-cetrosymmetric 

monoclinic P21 space group with all atoms located in general positions (Figure 6.2). 

Figure 6.2. Thermal ellipsoidal plot of compound [C 7H4N206] • [C3H7NO] (I) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which 
are shown as circles of arbitrary radius. 
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The X-ray crystal structure of compound 1 reveals that it consists a 3,5-

dinitrobenzoic acid and N,N-dimethylformamide (DMF) in the asymmetric unit and 

there are two such molecules in its unit cell. The crystallographic details are tabulated 

in Table 6. 1. The observed C—C, C—N and C-0 bond lengths as well as the bond 

angles of the 3,5-dinitrobenzoic acid and DMF are in the normal range and are in good 

agreement with those observed for the corresponding compounds reported in the 

literature. 13  The C-0 bond distances for the carboxyl group of the 3,5-DHBA are 

1.206(4) and 1.290(3) A, for C7-01 and C7-02 in the crystal structure of 1. The 

selected bond lengths as well as the bond angles are tabulated (Appendix—V). 

6.4.1.1 The hydrogen bonding interactions: From the literature it is well known that 

the DMF molecule forms a R22  (7) hetero synthon, with carboxyl group by one stronger 

0-11-0 and one complementary weaker C—H•••0 hydrogen bonds. As expected in 

crystal structure 1, the DMF molecule hydrogen bond to the respective 3,5- 

dinitrobenzoic acid's carboxyl group utilizing the well known R 22  (7) hetero synthon, 

with one strong 0—H•0 hydrogen bond (02—H2A•07) with H-.0 bond distance of 

1.713 A and one complementary, weaker, C—H•••0 hydrogen bond (C8—H8-01) with 

H•-0 bond distance of 2.763 A (Figure 6.3, Left). 

Figure 6.3. Left, R22  (7) hetero synthon involving one strong 0—H••0 hydrogen bond along with one 
weaker C—H•••0 hydrogen bonding interaction. Right, linear chain of these hetero synthons, held by a 
weak C—H•••0 hydrogen bonding interaction. The relevant symmetry code in generating the equivalent 
atom is #1 1-x,1/2+y,-z. 

These hetero synthons self-assemble to form a linear chain through a weak C—

H••0 hydrogen bonding interaction (C10—H10B•••05) with H•-0 bond distances of 

2.697(3) A, as shown in the Figure 6.3 (Right). These linear chains further interact with 

one another, again through weak C—H-0 hydrogen bonding interactions to form a two-

dimensional network as shown in the Figure 6.4. Interestingly the DMF molecule 
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interacts with another DMF molecule by donating its methyl hydrogens. Carbon C10 

donates its both the hydrogens (H10A and H10C) to other DMF oxygen (07) 

(C10—H10A•07 and C10—H10C-07) with 11-0 bond distance of 2.799 A and 2.789 

A respectively. The methyl contacts to oxygen atoms are only slightly shorter or around 

the van der Waals sums, in accordance with the weak C—I-I-0 hydrogen bridges. 14  

Figure 6.4. C-1-1-0 hydrogen bonding interactions between the linier chains lead to form a two-
dimensional network. 

6.4.1.2 Supramolecular helices: As the compound 1 crystallized in the non-

centrosymmetric monoclinic chiral space group P21, a supramolecular left-handed 

helices is witnessed in the crystal structure running along crystallographic b axis with 

pitch length of 6.169 A, which equivalent to one of the cell axis b. The helical chain is 

formed not because of the hydrogen bonding interaction, but through non-covalent 

short contacts between benzoic acid ring carbon (C3) and oxygen (04) atom of the 

nitro group which sits on the same carbon (C3) with a C-0 bond distance of 3.094 A as 

shown in the Figure 6.5. It exhibits solid state SHG capability of 1.5 times of Urea. 

From the CD studies it indicates that, it demonstrates total spontaneous resolution. 

Figure 6.5. Left, non-covalent short contacts between benzoic acid ring carbon (C3) and oxygen (04) 
atom leads to form left handed helices, Right, helical grove runs along crystallographic b axis. 
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6.4.1.3 CD studies 

A long block-shaped single crystal of compound 1, obtained, shows negative 

feature in the circular dichroism (CD) curve. This CD experiment was repeated for 

several synthesis slots. In order to analyze total spontaneous resolution for this 

compound, (Flack x parameter = 0.2(13), CD spectra were recorded on a bunch of 

crystals (several lots), instead of a single crystal (because presence of two 

enantiomorphic forms will be CD silent). Appearance of negative CD spectra (Figure 

6.6) that are similar to that of a single crystal proves the homogeneity in crystallization, 

i.e., all crystals in the particular synthesis belong to a single enantiomeric form. 

10 

5 

I.'. 0 
a 

10 

Figure 6.6. Circular dichroism (CD) spectra of compound 1 from bunch of crystals. 

Table 6.2 Hydrogen bonding parameters (A, deg) of compound 1 

D-1-1•••A d(D—H) d(1-1-••A) D(D•••A) LDHA 

02—H2A•07#1 0.82 1.713 2.553(3) 169 
C9—H9A•••07 0.96 2.361 2.763(4) 104 
C8—H8•01 0.93 2.715(2) 3.281(6) 120 
C10—H10B•05  0.96 2.679(3) 3.405(6) 133 

Symmetry transformations used to generate equivalent atoms:#1 = 1-x,1/2+y,-z. 

6.4.2. Results and Discussion of [C7H5NO4] • [C3H7NO] (2) 

Yellow colored needle-shaped crystals of compound 2 were obtained by 

dissolving 4-nitrobenzoic acid in N,N-dimethylformamide (DMF), Compound 2 was 

characterized by routine analysis and unambiguously by single crystal X-ray structure 

determination. Compound 2 crystallizes in the cetrosymmetric triclinic PT space group 

with all atoms located in general positions. The X-ray crystal structure of compound 2 
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reveals that, it consists of a 4-nitrobenzoic acid and N,N-dimethylformamide (DMF) in 

its asymmetric unit and there are two such molecules in its unit cell (Figure 6.7). The 

crystallographic details are tabulated in the Table 6. 1. The observed C—C, C—N and C-

O bond lengths as well as the bond angles of the 4-nitrobenzoic acid and DMF are in 

the normal range and are in good agreement with those observed for the corresponding 

compounds reported in the literature. 15  The C-0 bond distances for the carboxyl group 

of the 4-NBA are 1.217(2) and 1.301(2) A, for C7-01 and C7-02 in the crystal 

structure of 2. The selected bond lengths as well as the bond angles are tabulated 

(Appendix—V). 

6.4.2.1 The Hydrogen bonding interactions: Crystal structure 2 also contains the 

DMF molecule hydrogen bonded to the respective 4-nitrobenzoic acid's carboxyl group 

utilizing the well known R22  (7) hetero synthon, as reported in literature, with one 

strong 0—H•••0 hydrogen bond (02—H10•-05) with H•-0 bond distance of 1.70 A and 

one complementary, weaker, C—H••0 hydrogen bond (C8—H8-.01) with H•••0 bond 

C161 	 On) 

0(5) 	 0110) 

Figure 6.7. Thermal ellipsoidal plot of compound [C7H5N04] • [C31171s10] (2) with 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 6.8. Left, RL2  (7) hetero synthons self-assembled to form a dimer. Right, Tape like extended 
structure along crystallographic a axis formed by C—H•••0 hydrogen interactions, where nitro groups are 
accepters. 
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distance of 2.648(14) A. Here the inversion related molecules are held by C—H•••0 

hydrogen bonding interactions. Interestingly these R 22  (7) hetero synthons self- 

assembled to form a dimer (Figure 6.8 left) through two weak C—H•••0 hydrogen bonds 

(C3—H3 —05 and C2—H2•-02) with H-.0 bond distances of 2.58(3) A, and 2.61 (3) A 

respectively. Further the nitro group oxygens 04 of these hetero synthon dimers also 

participates in C—H•••0 hydrogen interactions by accepting hydrogen H5 from aromatic 

ring carbon C5 (C5—H5.-04) with 11•0 bond distances of 2.68(3) A in a heads to tail 

fashion to form a tape like extended layer in a two-dimensional arrangement, along 

crystallographic a axis as shown in the Figure 6.8 right. 

Figure 6.9. Left, Tapes are connecting through C—H-0 hydrogen bonding interactions. Right, these 
tapes demonstrate a corrugated layered structures 

These tapes interact each other again through c-H•0 hydrogen bonding 

interactions, but this time the donor atoms are from methyl carbons of DMF molecules, 

carbon C10 belongs to DMF donates its hydrogen H1OB to carboxyl oxygen 01 

(C10—H10B•••01) with H•••0 bond distances of 2.677(3) A, as shown in the Figure 6.9 

(left). Due to this C—H•••0 hydrogen bonding interaction, the compound 2 demonstrate 

corrugated layered structures as shown in the Figure 6.9 (right). The C—H•••0 hydrogen 

bonding interactions in this crystal structure is well exploited to such an extent that both 

the carboxylate oxygens (01 and 02) and DMF oxygen (05) exhibits bifurcated 

hydrogen interactions. Due to these well exploited C—H-.0 hydrogen bonding 

interactions, the crystal structure of compound 2, demonstrate a three dimensional 

supramolecular network as shown in the Figure 6.10. 
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Figure 6.10. supramolecular network of 2, due to well exploited C-11•0 hydrogen bonding 
interactions 

Table 6.3 Hydrogen bonding parameters (A, deg) of compound 2 

D—H—A d(D—H) d(H•••A) D(D."A) LDHA 

02—H10-05#1 0.86(3) 1.70(3) 2.554(2) 175 
C3—H3•05#2 0.93 2.58 3.412(3) 149 
C8—H8•01#2 0.96 2.648(14) 3.478(3) 125 
C2—H2•02#2 0.93 2.61(3) 3.44(3) 150 
C10—H10B•01#2 0.96 2.677(3) 3.537 165 
C10—H10A•05 0.96 2.34 2.752(3) 105 

Symmetry transformations used to generate equivalent atoms: #1 = x,l+y,z; #2 =1-x,1-y,-z; 

4. 3. Results and Discussion of [C7H604] • [C3H7NO] (3) 

Yellow block-shaped crystals of compound 3 were obtained by dissolving 3,5- 

iydroxybenzoic acid in N,N-dimethylformamide (DMF). Compound 3 was 

aracterized by routine analysis and unambiguously by single crystal X-ray structure 

termination. Compound 3 also, crystallizes in the cetrosymmetric triclinic PT space 

Sup with all atoms located in general positions (Figure 6.11). The X-ray crystal 

ucture of compound 3 reveals that it consists a 3,5-dihydroxybenzoic acid and AT,N-

methylformamide (DMF) in its asymmetric unit and there are two such molecules in 

unit cell. The crystallographic details are tabulated in the Table 6. 1. The observed 

-C, C—N and C-0 bond lengths as well as the bond angles of the 3,5- 

hydroxybenzoic acid and DMF are in the normal range and are in good agreement 

,th those observed for the corresponding compounds reported in the literature. 16  The 
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C-0 bond distances for the carboxyl group of the 3,5-DHBA are 1.301(4) A for C7-01 

and 1.204(4) A for C7-02. The selected bond lengths as well as the bond angles are 

tabulated (Appendix—V). 

Figure 6.11. Thermal ellipsoidal plot of compound [C711604] • [C3H7NO] (3) with atom labeling 
scheme. Displacement ellipsoids are drawn at 50% probability level except for the H atoms, which 
are shown as circles of arbitrary radius. 

Compared to 4-NBA-DMF (2) adduct, the compound 3 contains more strong 

0—•••0 hydrogen bond donors, but still it demonstrates weak C—H•••0 hydrogen 

bonding interactions which assist the overall packing of the crystal structure. The 

hydrogen bonding environment around each acid reveals that, the acid donates its two 

hydroxyl hydrogens as well as its carboxylate hydrogen according to Etter rules of 

hydrogen bonding.' ?  It donates its carboxylate hydrogen H1 to DMF oxygen 05 

(01—H1•••05) with H•••0 bond distances of 1.83(3) A, hydroxyl (03) hydrogen H3 to 

the other DMF oxygen 05 (03—H3..05) with H••0 bond distances of 1.93(3) A, and 

another hydroxyl (04) hydrogen H4 to the carboxylate oxygen 02 (04—H4••.02) with 

H-•0 bond distances of 1.96(3) A respectively (Figure 6.12, Left). 

Here also the DMF molecule hydrogen bonded to the respective carboxyl 

group of 3,5-DHBA utilizing the well known 	(7) hetero synthon, as reported in the 

literature, with one strong 0—H•••0 hydrogen bond (01—H1-.05) with H•-0 bond 

distance of 1.83 A and one complementary, weaker, C—H••0 hydrogen bond 

(C8—H8•••02) with H•••0 bond distance of 2.50 A (Figure 6.12, Right). These hetero-

synthons interact each other via 04—H4•••02 hydrogen bonding with H••0 bond 

distances of 1.96(3) A in a head-to-tail fashion as shown in the Figure 6.13. The DMF 

oxygen 05, which is involved in hetero synthon accepts hydrogen from hydroxyl 
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hydrogen H3 (03—H3-.05) with H•••0 bond distances of 1.93(3) A and the same DMF 

donates its methyl hydrogen H10A to hydroxyl 03 (C10—H10A•••03) with H•••0 bond 

Figure 6.12. The 0—H-0 hydrogen bonding environment around each acid, with relevant symmetry 
codes: #1 = 2-x,-y,-z; #2 =1-x,-y,-z; #3= x,y,l+z. Right, 4 (7) hetero synthon formed by acid and 

DMF molecules. 

distance of 2.37 A. Similarly these hetero synthons are held together by inversion 

relation. Further these interactions lead to form a two-dimensional sheet like structure 

which runs parallel to crystallographic ac plane as shown in the Figure 6.13. It 

demonstrates R 22  (14) motif on one side and R42  (18) motif on the other side of the well 

known R22  (7) synthon (Figure 6.10). The R22  (7) motif in this structure contains a 

shorter, and therefore stronger, C-11-.0 interaction than the same motif in compound 2. 

Figure 6.13. Two-dimensional sheets like structure which runs parallel to crystallographic ac plane, 
due to C—H-0 interactions. Both R3 (14) synthon and 4 (7) synthon are shown 

The centroid to centroid distance of 3.987 A, which is too close, witnessed the close 

packing of the structure supplemented by the weak C-11••0 hydrogen bond 
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(C10—H10B-04) with H•0 bond distance of 2.846 A leads to a three-dimensionally 

stacked structure as shown in the Figure 6.14 (Right). 

Figure 6.14. Left, C10—H10B-04 hydrogen bond, which connects the sheets. Right, Three 
dimensional stacked structure, formed by C—H-0 hydrogen bonding interactions. 

Table 6.4 Hydrogen bonding parameters (A, deg) of compound 3 

D—H•A d(D—H) d(H—A) D(D•-A) ZDHA 

01— H1-05#1 0.82 1.83 2.650(5) 174 

03—H3-05#3 0.82 1.93 2.728(5) 164 

04—H4•02#2 0.82 1.96 2.758(5) 164 

C8—H8-02#1 0.93 2.50 3.203(6) 132 

C10—H10A-03#4 0.96 2.37 3.287(6) 159 

C10—H10A-05 0.96 2.41 2.799(6) 104 

Symmetry transformations used to generate equivalent 
#3= x,y,1+z; #4= x,y,-1+z. 

atoms: #1 = 2-x,-y,-z; #2 =1-x,-y,-z; 

  

6.4. Conclusions 

The three structures (1, 2 and 3) of DMF cocrystals presented here demonstrate 

the presence of DMF as the co-crystallization solvent can limit the dimensionality of 

the resulting solid-state structure, compared with that of the parent benzene ploy 

carboxylic acid (TMA) and its other solvent-inclusion clathrates. This limitation is due 

to the binding of the DMF molecules to the often extensively hydrogen-bonded 

carboxyl groups via the R 22  (7) hetero synthon. Comparisons with the two-dimensional 

structure of H 3TMA•2DMF imply that both the number and relative positions of the 

substituted groups in the benzene substituted carboxylic acid molecules can lead to a 

range of hydrogen-bonded supramolecular structures with various dimensionalities. 

Interestingly compound 1 exhibits the total spontaneous resolution as well as solid state 

SHG capability of 1.5 times of Urea. 
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* 

Chapter 6 

APPENDIX-V 

Selected bond lengths (A) and bond angles (deg) for [C7H4N206] • [C 31171•10] (1) 

C(1)-C(6) 1.381(3) C(7)-0(2) 1.290(3) 
C(1)-C(2) 1.390(4) C(8)-O(7) 1.231(4) 
C(1)-C(7) 1.496(3) C(8)-N(3) 1.299(4) 
C(2)-C(3) 1.385(3) C(9)-N(3) 1.430(4) 
C(3)-C(4) 1.370(3) C(10)-N(3) 1.435(5) 
C(5)-C(6) 1.371(3) N(1)-O(3) 1.208(3) 
C(5)-N(2) 1.471(3) N(2)-O(5) 1.210(3) 
C(7)-0(1) 1.206(4) 

C(6)-C(1)-C(2) 119.9(2) O(2)-C(7)-C(1) 113.4(2) 
C(2)-C(1)-C(7) 121.7(2) 0(3)-N(1)-0(4) 124.1(3) 
C(3)-C(2)-C(1) 118.4(2) O(6)-N(2)-C(5) 118.2(3) 
C(2)-C(3)-N(1) 118.9(2) O(5)-N(2)-C(5) 117.6(3) 
C(6)-C(5)-C(4) 122.4(2) C(8)-N(3)-C(9) 122.1(3) 
C(6)-C(5)-N(2) 119.0(2) C(9)-N(3)-C(10) 116.6(3) 
0(1)-C(7)-C(1) 120.8(3) 

Selected bond lengths (A) and bond angles (deg) for [C7H 5N04] • [C3117NO] (2) 

C(1)-C(6) 1.383(3) C(7)-0(2) 1.301(2) 
C(1)-C(2) 1.388(2) C(8)-0(5) 1.235(3) 
C(1)-C(7) 1.493(3) C(8)-N(2) 1.318(3) 
C(2)-C(3) 1.378(3) C(9)-N(2) 1.454(3) 
C(4)-N(1) 1.467(3) N(1)-0(3) 1.216(2) 
C(7)-0(1) 1.217(2) 

C(6)-C(1)-C(2) 120.16(17) 0(1)-C(7)-0(2) 123.28(18) 
C(6)-C(1)-C(7) 118.79(17) 0(1)-C(7)-C(1) 122.47(18) 
C(2)-C(1)-C(7) 121.05(17) 0(2)-C(7)-C(1) 114.25(17) 
C(5)-C(4)-N(1) 118.45(17) 0(5)-C(8)-N(2) 123.7(2) 
C(4)-C(5)-C(6) 117.99(18) C(8)-N(2)-C(10) 120.73(18) 
C(5)-C(6)-C(1) 120.56(18) C(10)-N(2)-C(9) 117.9(2) 

• 

186 



Chapter 6 

Selected bond lengths (A) and bond angles (deg) for [C7H604] • [C3H7NO] (3) 

C(1)-C(2) 
C(1)-C(6) 
C(1)-C(7) 
C(2)-C(3) 

1.377(4) 
1.380(4) 
1.481(4) 
1.391(4) 

C(5)-C(6) 
C(7)-O(2) 
C(7)-O(1) 
C(8)-O(5) 

1.380(4) 
1.204(4) 
1.301(4) 
1.236(4) 

C(3)-O(3) 1.358(4) C(8)-N(1) 1306(4) 
C(3)-C(4) 1.372(4) C(9)-N(1) 1.446(4) 
C(4)-C(5) 1.371(5) C(10)-N(1) 1.445(4) 
C(5)-O(4) 1.354(4) 

C(2)-C(1)-C(6) 120.4(3) C(4)-C(5)-C(6) 120.0(3) 
C(2)-C(1)-C(7) 122.0(3) C(1)-C(6)-C(5) 120.1(3) 
C(6)-C(1)-C(7) 117.6(3) O(2)-C(7)-O(1) 121.6(3) 
C(1)-C(2)-C(3) 118.8(3) 0(2)-C(7)-C(1) 123.1(3) 
O(3)-C(3)-C(4) 116.2(3) O(1)-C(7)-C(1) 115.2(3) 
O(3)-C(3)-C(2) 122.9(3) 0(5)-C(8)-N(1) 126.1(3) 
C(4)-C(3)-C(2) 120.8(3) C(8)-N(1)-C(10) 121.5(3) 
C(5)-C(4)-C(3) 119.9(3) C(8)-N(1)-C(9) 121.1(3) 
O(4)-C(5)-C(4) 117.8(3) C(10)-N(1)-C(9) 117.4(3) 
O(4)-C(5)-C(6) 122.2(3) 
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Future Scope 

Future Scope 

Throughout this thesis work, we have given stress mainly on supramolecular 

interactions among the molecular components in crystal. We have mentioned, in many 

occasions that, such intermolecular interactions have immense influence on the 

physical properties of the pertinent compound in its solid state. Some of these physical 

properties (namely, chirality through spontaneous resolution, NLO properties) are 

covered in this thesis. These physical properties can be explored in details by 

synthesizing and characterizing many more similar systems. The other physical 

properties (that are not investigated in this work) like, conductivity arising from 

intermolecular it-it stacking interactions, can be obtained from such supramolecular 

systems. 

We have synthesized a new class of organic-inorganic hybrid materials by 

taking the advantage of oxygen surface of a heteropolyanion (more specifically the 

Anderson POM anion) that interacts with protonated amine cations. These compounds 

exhibit diverse three-dimensional supramolecular network having well-defined 

channels. These systems can be used as stable hosts for gas-solid host-guest reactions in 

terms of practical applications, for example, absorption of some particular molecule in 

its gaseous state. POM clusters are, as such, known as good catalysts for organic 

oxidations. Similar more organic-inorganic hybrid systems can be synthesized and 

explored as potential catalysts for organic conversion of industrial importance. 

We have achieved total spontaneous resolution from an achiral organic 

molecule. We have also observed that this system becomes optically inactive on 

moderate heating, which, in the present work, we have argued the remarkable role of 

lattice water molecule. This simple observation gives some novel idea that temperature 

dependent studies can be performed in details to have more knowledge on spontaneous 

resolution in such systems where a lattice water molecule can play major role in an 

important physical property e.g., chirality. Thus detailed temperature dependent studies 

can be done on crystal to crystal transformation with concomitant circular dichroism 

studies. 

* ** *** * * * * * * ** * * * 
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