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PREFACE 

The Thesis consists of two parts, Part 1 dealing with X-ray crystallographic 
investigations of supramolecular architectures in hydrogen-bonded organic solids and 
Part 2 with the experimental charge density investigations of hydrogen-bonded 
organic solids. In both these parts, the underlying theme is the study of the crucial role 
and properties of the hydrogen bond in the molecular systems. 

In Part 1, the following systems have been investigated: 

Channels formed by four-membered networks of trimesic acid, 

Layered hydrogen-bonded structures formed by dinitrobenzoic acids, 
Layered hydrogen-bonded structures formed by aliphatic dicarboxylic acids with 
aza-aromatics. 

Solvent-directed self-assembly of adducts formed by 4,4'-bipyridine with 
cyanuric acid and 7V-methylcyanuric acid, 

Cyanurate mimics of hydrogen bonding patterns of nucleic acids, 
Organic channel structures formed by the hydrogen bonding interaction of 
melamine with cyanuric and trithiocyanuric acid. 

Organic porous solids formed by trithiocyanuric acid with 4,4'-bipyridine, and 

Metal-organic assembly in the silver salt of cyanuric acid. 
Of the various systems listed above, specially noteworthy are the synthesis of the 
organic porous solid containing channels, formed by trithiocyanuric acid and 4,4'-
bipyridine, accommodating aromatic guests, the rosette structure formed between 
cyanuric acid and melamine and the novel metal-organic hybrid layered structure in 
silver cyanurate. 

Part 2 of the thesis deals with the experimental charge density studies of 
hydrogen-bonded crystals. The investigations have provided useful correlations of the 
various charge density descriptors with the hydrogen-acceptor distance, the variation 
of the positive curvature of the electron density at the bond critical point being 
particularly exact. Based on the disposition of the lone-pairs of electrons on the 
participating donor and acceptor atoms in a series of 0-H---0 hydrogen bonds and the 
bond paths, it has been possible to provide a complete description of the hydrogen 
bond. These investigations have provided new insights into the hydrogen bond in 
terms of the location of the bond critical point and its relation to the geometry of the 
lone-pairs. 

* * * 
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PARTI 

X-RAY CRYSTALLOGRAPHIC INVESTIGATIONS OF 

THE SUPRAMOLECULAR ARCHITECTURES IN 

HYDROGEN-BONDED ORGANIC SOLIDS* 

SUMMARY 

A variety of organic solids with supramolecular architectures involving O-

H---0, N-H---0, 0-H---N, N-H---N and other hydrogen bonds are known. In the 

present study, we have prepared adducts between different donor and acceptor 

molecules by co-crystallization to obtain molecular-recognition directed 

supramolecular assemblies consisting of two-dimensional layered networks, cavities, 

three-dimensional channels, and related structures. The important systems investigated 

are the following: trimesic acid solvates, adducts of 4,4'-bipyridine with 3,5-

dinitrobenzoic acid and 3,5-dinitro-4-methylbenzoic acid, complex of 1,4-

diiodobenzene with 3,5-dinitrobenzoic acid, co-crystals formed by aliphatic 

dicarboxylic acids with 2,4,6-triaminopyrimidine, co-crystals of 4,4'-bipyridine with 

cyanuric acid and //-methylcyanuric acid, adduct of 9-ethyladenine with N-

methylcyanuric acid, complexes of melamine with cyanuric and trithiocyanuric acids, 

adducts of trithiocyanuric acid with 4,4'-bipyridine, and a silver cyanurate complex. 

The highlights of the results of X-ray crystallographic studies on these systems are 

presented below. 

* Papers based on the above studies have appeared in J. Am. Chem. Soc. (1997), Tet. Lett. (1998), Tet. 
Lett. (1998), Tetrahedron (1998), J. Mater. Chem. (1999), J. Am. Chem. Soc. (1999), J. Mol. Struct. 
(2000), J. Mol. Struct. (2000), Chem. Commun. (2000), Org. Lett. (2001). 



The solvent employed for the crystallization has a significant effect on the 

hydrogen-bonded structure of 1,3,5-benzenetricarboxylic acid (trimesic acid). Thus, 

trimesic acid crystallized from DMF/benzene yields a crystal structure comprising of 

2D molecular tapes between TMA and DMF. Crystallization from methanol/benzene, 

however, gives 4-membered networks with a polymeric chain of 0-H---0 hydrogen 

bonded methanol molecules inside the channels. Crystallization of trimesic acid with 

acetone yields a structure identical to that obtained from methanol/benzene, with the 

acetone molecules residing in the channels. 

Layered hydrogen-bonded structures formed by 3,5-dinifrobenzoic acid and 

3,5-dinitro-4-methylbenzoic acid with 4,4'-bipyridine involve single 0-H---N and C-

H---0 hydrogen bonds between the acid and the bipyridyl rings. Also, the adduct 

formed by 3,5-dinitro-4-methyl benzoic acid, 4,4'-bipyridine and anthracene, is 

stabilized by the formation of the pairwise 0-H- • -N/C-H- • -O hydrogen bonds. 

The crystal structure of the complex of 3,5-dinitrobenzoic acid and 1,4-

diiodobenzene consists of bifurcated I---0 interactions, that help to bring two 

molecules of the acid closer forming hydrogen bonds with each other. There are 

centrosymmetric 0-H---0 hydrogen-bonded synthons between the carboxylic acid 

groups of the adjacent molecules. This pattern gives rise to a helical type of 

arrangement in the crystal structure. 

Layered hydrogen-bonded structures formed by aliphatic dicarboxylic acids 

with 2,4,6-triaminopyrimidine yield different hydrogen bonding patterns depending on 

the number of -CH2 groups in the acid molecule. The hydrogen-bonded molecular 



complexes of the aliphatic diacids with 2,4,6-triaminopyrimidine show crossed ribbon 

networks in the case of the odd carbon malonic and glutaric acids and a two-

dimensional sheet in the case of the even carbon adipic acid. 

Co-crystallization of cyanuric acid and 4,4'-bipyridine gives two different 

types of molecular complexes on varying the solvent of crystallization. A 2:1 adduct is 

formed from methanol and a 1:1 adduct from water. Such a difference is attributed to 

the different hydrogen-bonded networks formed within the crystal structures of 

cyanuric acid upon crystallization from methanol and water. A^-methylcyanuric acid, 

when crystallized from methanol or water forms two different chain structures but 

consist of a single type of hydrogen-bonded chains. The presence of the methyl group 

does not favour cyclic hydrogen-bonded dimers. Only one type of hydrogen bond 

network is obtained in the adduct of //-methylcyanuric acid and 4,4'-bipyridine, 

irrespective of the solvent of crystallization. 

A unique molecular complex is formed by A^methylcyanuric acid with 9-

ethyladenine. This complex is stabilized by homomeric and heteromeric hydrogen 

bond patterns. These patterns are different from those observed in the crystal 

structures of the pure phases. Such a complexation can mimic the role of the 

nucleobases thymine (T) or uracil (U) in complementary base pairing with adenine 

(A). The formation of this complex can be regarded as a substitution reaction through 

noncovalent synthesis with the lattice substitution of A^-methylcyanuric acid in 

between a pair of ethyladenine molecules in the resulting two-dimensional sheets. 

1:1 co-crystals of cyanuric acid and melamine (as well as trithiocyanuric acid 

and melamine) have been obtained by hydrothermal synthesis. The structure is 



stabilized by antiparallel, triple, N-H---0-N-H---N-N-H---0 hydrogen bonds 

(sulphur replaces oxygen in the trithiocyanuric acid-melamine adduct). A hexameric, 

rosette structure giving rise to channels was obtained in both the cases. A unique 

feature of this rosette is all the hydrogen bond donor and acceptor groups in both 

cyanuric acid (and trithiocyanuric acid) and melamine molecules are used in hydrogen 

bond formation. 

The supramolecular hydrogen bond assemblies obtained from the 

crystallization of trithiocyanuric acid and 4,4'-bipyridine along with a variety of 

aromatic guest molecules, give rise to interesting channel structures. This host-guest 

assembly is stabilized by a three-point C-H---S-N-H---N-C-H---S recognition 

pattern and centrosymmetric N-H---S hydrogen-bonded dimers. Benzene, toluene and 

xylenes are accommodated in the channels while mesitylene is not. In the case of the 

xylenes, the para isomer can be accommodated reversibly. 

A hybrid layer compound containing silver sheets and an organic spacer 

(cyanuric acid) has been synthesized that shows interesting molecular recognition 

synthons and electrical properties. The structure consists of two-dimensional sheets of 

positively charged silver atoms that are pillared by cyanurate anions. Perpendicular to 

the silver sheets, the cyanuric acid molecules are held to each other through single N-

H---0 hydrogen-bonded chains. Dative bonds are formed by the silver ions with 

oxygen and nitrogen atoms. 



Overview - Part J 

1. SUPRAMOLECULAR ARCHITECTURES FORMED IN 

HYDROGEN-BONDED ORGANIC SOLIDS: AN OVERVIEW 

l.llntroduction 

Properties of molecular crystals, consisting of organic molecules, 

organometallics or coordination complexes, depend on the structure as well as the 

three-dimensional architecture adopted in the crystalline form. Interest in these 

materials stems from the potential to manipulate solid-state properties of single 

crystals by systematically varying the molecular structure and properties of the 

molecular sub-units. This crucial link between the structure of a molecular assembly 

and its solid-state reactivity was clearly demonstrated by the pioneering studies of 

Schmidt,' who showed that different solid-state packing arrangements (i.e., 

polymorphs, a, (3 and y) of /ra«5-cinnamic acids led to distinctly different 

photodimerization behaviours (see Scheme 1.1). 

Q • V ^ 
^ p 

Scheme 1.1 Photoactive (a and fi) andphotostable (y) forms of trans-cinnamic acids.' 
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In connection with this discovery, Schmidt suggested the term 'crystal engineering', 

which has since been used to describe the design and synthetic strategies of molecules 

or functional materials. 

1.2 Intermolecular interactions 

The process of crystal engineering is a study in balance and interaction. 

Chemistry of the covalent bond is not so concerned with subtle equilibria because the 

energetic barriers between the reactants and the products are orders of magnitude 

larger than those that separate, for instance, hydrogen-bonded pairs from free acids. In 

order to rationalize and predict the structures of molecular solids, it is pertinent to take 

into account the relative strengths of the non-bonding (intermolecular) contacts that 

mesh neighbouring molecules in a three-dimensional array. Noncovalent (or non-

bonding) interactions are responsible for the bulk of the information that passes 

through living systems. These forces are the fundamental causes for the crystallization 

and dissolution of organic molecules as well. As many of these interactions are 

destroyed in solution, their study in the solid state becomes essential. Crystallization 

of a pure substance is accompanied by a reduction in the translational freedom, which 

leads to a decrease in entropy. Simultaneously, there is a gain in the enthalpy. This 

enthalpy gain arises from a balance of the attractive and the repulsive forces between 

the molecules in a crystal. The attractive forces are of two kinds: dispersion and 

electrostatic (or Coulombic) interactions. These interactions are classified based on 

their distance dependence and their directionality. Dispersion interactions are 

attractive, but weak and nondirectional. Electrostatic interactions have a markedly 
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directional character, notable among these are hydrogen bonding and charge transfer 

interactions. There are long range forces that are effective over distances greater than 

10 nm down to ~ 0.2 nm. These are the weak van der Waals forces (< 8 kJ mol"') 

which are nondirectional, although they are responsible for bringing nonpolar 

molecules together and aligning them. 

The basis of molecular recognition is the presence of information in the 

reacting components, this information being expressed by the potential of one of the 

components to enter into noncovalent interaction with the other components, and by 

its electronic and steric requirements. The various distance dependencies and 

directionahties discussed above give rise to an overall stabilizing arrangement. Such 

arrangements resuh in the close-packing of molecules in a molecular crystal. 

Kitaigorodskii described this concept as the close-packing model.̂  Thus, it has been 

shown that for molecules of arbitrary shapes, close packing is possible only in a 

limited number of space groups, a prediction that proved to be in agreement with the 

analysis based on the data from the Cambridge Structural Database (CSD). 

1.3 The hydrogen bond 

The hydrogen bond is probably the strongest of all the non-covalent, weak 

intermolecular interactions."*'̂  Traditionally, it has been thought to be essentially an 

electrostatic interaction between a proton and a highly electronegative acceptor atom 

such as oxygen or nitrogen, the latter usually possessing a lone pair of electrons. It is 

now well established that the high electron density regions in ethylenic and acetylenic 

bonds^ as well as the 7i-face of aromatic or heteroaromatic ringŝ  can virtually act as 
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acceptors. The other known acceptors include sulfur̂  and halogen atoms.̂  The 0-H, 

N-H and F-H groups are some examples of hydrogen bond donors. Less 

electronegative groups such as C-H and S-H, also act as proton donors.'" The basic 

geometrical criteria for a hydrogen bond, D-H---A-X (D:donor, A:acceptor) require 

that the hydrogen bonding distance (dH.A) should be less than the sum of the van der 

Waals radii of the H and A atoms with a donor-hydrogen-acceptor angle (0) close to 

180° as well as a nearly planar DHAX system (Figure 1.1a). The actual ranges of 

these parameters vary depending on the donor and acceptor groups. Hydrogen bonds 

cover a wide energy spectrum (Figure 1.1b), ranging from a covalent-type of bond to a 

weak dipolar attraction. 

D H- 4jjt ,, 
® A 

(a) 

§ '9 i ^ * S 5 S 8 i S 1 S 
X 

8 

(b) 

Figure 1.1: (a) Geometrical attributes of a hydrogen bond, (b) Bond energies for a 
range of common G-bonds compared with a number of strong hydrogen bonds. 

A broad classification of the hydrogen bond into strong, moderate and weak 

has been based on a variety of methods such as IR," Raman and NMR,'̂  use of 

potential functions,̂  isotope effects,'̂  besides purely geometrical criteria using 

8 
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crystallographic techniques.''* Statistical surveys of the hydrogen bond geometries 

using structural databases such as the CSD'^ have been carried out in the last two 

decades from which a number of publications have resulted.'^ 

The hydrogen bond plays a vital role in determining the shapes and biological 

properties of macromolecules such as the proteins and the nucleic acids.^''^ They aid 

molecular recognition, forming large assemblies. Etter'^ carried out extensive studies 

on hydrogen bonds and proposed a set of guidelines based on graph theory, for 

encoding hydrogen bond patterns in organic solids. The four basic hydrogen bond 

motifs (D:dimer, C:chain, S:intramolecular bond, R:ring) are illustrated in some 

examples in Figure 1.2. 

/ / \ \ 

S(6) 

,Ph 
Ov / ' 

D Ph 

v\ /; 

o. 

/ / \^ 

R 

N. 
H 

C(4) 

0 - — H - 0 

R^(8) 

Figure 1.2: Graph set notations for some hydrogen-bonded motifs 18 
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Today, we understand the nature of the hydrogen bond in some detail because 

of the theoretical developments. The very first attempts were made by Pauling who 

used an electrostatic model'^ and showed trends in the observed hydrogen bond 

energies.•^^ Tsubomura and Coulson^' applied the perturbation theory to estimate the 

contribution of various energy components to the hydrogen bond energy. Bader 

rationalized the observed shifts in the D-H force constants with an electrostatic 

model. Such early theoretical studies on hydrogen bond, especially using molecular 

orbital or semi-empirical calculations have been reviewed by many authors.^^ 

Morokuma et al^^ developed an energy partitioning method based on Hartree-Fock 

SCF formalism to study the nature of hydrogen bonding. Rao et al have reviewed 

results of semi-empirical and ab-initio studies of hydrogen-bonded complexes. 

1.4 Supramolecular design and the prediction of crystal structures 

Construction of molecular assemblies employing noncovalent bonds has been 

referred to as noncovalent synthesis by Lehn^* and Whitesides.^^ It is analogous to 

molecular synthesis (1-100 A length scales) except that weak noncovalent bonds 

control the structure of the solid state (with much larger length scales of 10-1000 A). 

This new methodology has indeed started to bridge the gap between molecular and 

macromolecular structures.^^ In recent years, a number of multimolecular assemblies 

have been synthesized employing these noncovalent bonds, which has led to the birth 

of a highly interdisciplinary field of chemical research - supramolecular chemistry. 

Supramolecular chemistry was defined in the words of Lehn,^^ "Just as there is a field 

of molecular chemistry based on the covalent bond, there is a field of supramolecular 
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chemistry, the chemistry of molecular assemblies and of the intermolecular bond." 

This is depicted in Scheme 1.2. Following Lehn's analogy, if molecules formed by 

covalent bonds, are the targets in organic synthesis, crystals assembled via 

intermolecular interactions may be considered as targets in supramolecular synthesis.^^ 

Among the numerous noncovalent bonds, hydrogen bonds such as 0-H---0, N-H---0 

and C-H---0 have been widely used, as the nature of these bonds is well understood 

both theoretically and experimentally than other bonds. There are also a few examples 

available in the literature using non-hydrogen bonds in the design and synthesis of 

supramolecular assemblies. The non-hydrogen bonds are due to those of the type 

C l - 0 , Br---0,1---0,1--I, 0--I , N'--Cl and so on. There are a few examples where 

such interactions have been made use of in the synthesis of supramolecular 

assemblies. For instance, the 1:1 supramolecular assembly between 1,4-dinitrobenzene 

and 1,4-diiodobenzene formed through I---0 interactions is a representative 

example. 30 

SYNTHESIS 
COVALENT BONDS 

RECEPTOR 

INTERACTION 
SUPERMOLECULE 

INTERMOLECULAR 
BOND 

SUBSTRATE 

Scheme 1.2 From molecular to supramolecular chemistry: molecules and 
supermolecules. 
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The noncovalent interactions discussed above can be combined to generate 

supramolecular synthons. The term 'synthon' was first introduced by Corey, who 

defined it as 'structural units within molecules which can be formed and/or assembled 

by known or conceivable synthetic operations.^''^^ The use of this term has been 

extended by Desiraju to describe supramolecular subunits. The identification and use 

of robust synthons considerably mitigates the difficulties involved in crystal structure 

design or prediction. Some examples of synthons based on strong and weak hydrogen 

bonds are illustrated in Scheme 1.3. 

O - - - H - q 0 - - H - N 

0 - H - - O N-H • • O ' 
A / B 

/ 

0 - H - - 0 P 

y-
-i 0....H-0 y 

O 
\ 0 - H - - 0 H 

c P 
H 

..o 

E 

Scheme 1.3 Representative supramolecular synthons 
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Scheme 1.3 Representative supramolecular synthons (continued). 
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1.4.1 Engineering strategies based on strong hydrogen bonds 

The strongest and most directional of all hydrogen bonds are the ones in which 

the hydrogen atom is bound to a highly electronegative donor and acceptor, such as F, 

O and N. These are considered as 'classical' or 'conventional' hydrogen bonds. Their 

directionality and distinct geometrical features have been extensively discussed and 

reviewed. ' Following is a discussion on the known conventional hydrogen bonds 

like 0-H-• O, N-H-• O, 0-H-• N and N-H-• N bonds. 

The carboxylic acid dimer synthon (A in Scheme 1.3) is utilized in the 

arrangement of aromatic carboxylic acids like benzoic,^^ terephthalic/° isophthalic/' 

trimesic'*^ and adamantane-l,3,5,7-tetracarboxylic acid'*̂  to produce zero-dimensional 

dimers, one-dimensional linear tapes, two-dimensional sheets and three-dimensional 

diamondoid structures, respectively (see Figure 1.3). 

2 
(c) 

(d) A 

^ Y 

T ^ O H OH 

C K ' ' ^ O H 

4 

Figure 1.3: The carboxylic acid dimer coupling utilized in (a) benzoic acid 1, (b) terephthalic 
acid 2/^ (c) isophthalic acid 3/' (d) trimesic acid 4,^^ (e) adamantane-1,3,5,7-tetracarboxylic acid 

• 43 
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There have been extensive, pioneering studies on hydrogen-bonded structures formed 

by the carboxyHc acid synthon, by Leiserowitz and Etter.'*'"*̂  

The oxocarbon acids, (H2CnOn), have served as new building blocks to be 

utihzed in the crystal engineering of organic materials. Braga et at*^ have reported the 

formation of linear 0-H--0 bonds between the five-membered croconic acid, 6 (n=5), 

molecules, resulting in sheets of large tetrameric rings. The imusual aspect of these 

hydrogen-bonded sheets is that they are pleated in an 'accordion' pattern in three 

dimensions and shifted to avoid overlap between molecules in different layers (see 

Figure 1.4). The four-membered squaric acid, 7 (n=4) also forms large tetrameric rings 

resuhing in flat sheets."*̂  

HO 0 

6 

HO 
^ 

HO O 

Figure 1.4: A pleated sheet (left) and an 'accordion' type arrangement 
(right) of croconic acid*^ 
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Within the last decade, a sizeable number of supramolecular complexes that 

act as host lattices for smaller organic molecule guests within their interiors have been 

prepared."*' Some examples are the open-ended cavitands/^ covalently scaled 

carcerands,"*̂  and self-assembled hydrogen-bonded capsules.'° Calixarenes have had a 

great impact in the history of porous solids. '̂ The role of intramolecular hydrogen 

bonds in calixarenes have been reviewed by Rudkevich.̂ ^ Circular, cooperative arrays 

of intramolecular 0-H--0 bonds in calixarenes, 8, are shown in Figure 1.5a.̂ ^ Such a 

cooperative network of 0 -H-O bonds accounts for the crown-like conformation of 

resorcinarenes, 9 (Figure 1.5b). Six molecules of resorcinarenes may assemble to form 

a spectacular spherical cavity of diameter 17.7 A and internal volume of 1375 Â .̂ "* 

(a) 

H^O. 

(b) \ 

Figure 1.5: Arrays of intramolecular hydrogen bonds in (a) unsubstituted calixarenes 
8^ and (b) resorcinarenes 9. 
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As explained earlier, trimesic acid contains an infinite 0-H---0 bonded 

chicken-wire motif formed by the dimerization of the COOH groups. The two-

dimensional sheets interlace one another, thus filling the voids. Herbstein et al^^ have 

reported the first noninterlaced trimesic acid structures (again containing 0-H---0 

dimers) containing disordered alkane guests. Later, Kolotuchin at al̂ ^ synthesized a 

series of trimesic acid inclusion complexes with pyrene and ethanol molecules 

residing as guests in the cavities (depicted in Figure 1.6). 

O O O'^O 
•̂  ( ^ - 1 4 A ^^ ^ 

^ 

9 u-0 OH ^ o- .o a , ^ 
o 

0 ^ 0 0 ^ 0 C^O 
H i H ; H : 
i H ; H : H 
O î̂ O OvO OvO 

oLo„ ^ 

OH ^ 9 o-O OH ^ O" " .6 

Figure 1.6: The chicken-wire network of trimesic acid where all the donors and 
acceptors are utilized in the formation of 0-H---0 hydrogen bonds. The holes are 
filled by extensive interpenetration of independent networks.^^ 

An X-ray structural study of the high-energy cyclic form of the water hexamer 

trapped in an organic supramolecular complex with bimesityl dicarboxylic acid, 10, 
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through 0-H---0 bonds has been carried out" (see Figure 1.7). The formation of 

catemeric (single) 0-H---0 hydrogen-bonded motifs in this complex is contrary to the 

ubiquitous centrosymmetric dimer motifs. A recent CSD analysis has shown that the 

dimer motif is found in 90% of the crystal structures reported for acids, while the 

catemer motif is found only in 4% of the reported structures. 

HOOC Me ¥^ H 

Me—(\ /) (\ /)—Me 

H Me^^e ^COOH 

(a) 10 

Figure 1.7: (a) bimesityl dicarboxylic acid 10, (b) The crystal packing of IO.H2O, (c) 
The water hexamer with the acid molecules (only -COOH are shown for clarity).^^ 

Very short 0-H---0 bonds occur in monobasic salts of diacids.^^ These bonds 

are usually formed between an acid and its conjugate base (0-H---0') or in the 

hydrates of strong acids (0^-H---0). They have a quasi-covalent character with H---0 

distances in the range 1.2 to 1.5 A (0---0, 2.2 - 2.5 A) and 9 in the range of 170° to 

180°, with energy of- 63 to 170 kJ mol"' in contrast to strong hydrogen bonds (H- • -O, 

1.5 - 2.2 A, 0---0, 2.5 - 3.2 A, E = 17 - 63 kJ mol"'). The 0-H---0 bonds formed by 

resonance assistance through n bonds (RAHB) are unusually short.^' A cooperative 

network of 0-H---0 and 0-H---N hydrogen-bonded synthons appear in the crystal 
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structure of 2,3,5,7-pyrazinetetracaboxylic acid.̂ ° A motif compared to the COOH 

unit in its directionality and predictability is the amide unit (CONH2). The crystal 

structure of benzamide, 11 contains centrosymmetric N-H---0 dimers linked into a 

networks '̂ (Figure 1.8). Combination of such a networks can be used to generate P 

networks, one such example being the |3 network formed by 3,3'-ureylenedipropionic 

acid, where there is a co-existence of 0-H--0 and N-H-O bonds. Another 

interesting example where the a networks are linked into P networks by 0-H---N 

hydrogen bonds is in the co-crystal of an oxalamide derivative with 1,2-(bis-4,4'-

bipyridyl) ethylene.̂ ^ 

11 

Figure 1.8: Centrosymmetric N-H••-O dimers in benzamide - a-network.^' 

The tuning of the stoichiometry of supramolecular complexes represents a 

distinct step forward towards crystal engineering.̂ ^ In the complexes of melamine 

with succinimide (1:1), glutarimide (1:2) and 1-N-propylthymine (1:3), the availability 

of the imide carbonyl acceptor sites affords a handle to tune the crystal structures.^ 
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The 1:2 complex of melamine (12) and glutarimide (13) formed by antiparallel N-

H- • -O and N-H- • -N bonds is shown in Figure 1.9. 

H a N ^ / N - ^ N H j 

Figure 1.9: X-ray crystal structure of the 1:2 complex between melamine 12 
and glutarimide 13. 

An interesting example of a two-dimensional structural motif/synthon is that of 

the tetrahedral shaped sulfamide functionality. Figure 1.10 depicts the N-H---0 bonds 

formed between N,N'-disubstituted sulfamide (14). Gong et at^ have shown that the 

formation of molecular layers is tunable by changing the substituents of the sulfamide 

molecules and that their mcorporation into self-assembled monolayers (SAMs) would 

significantly enhance the stability of the monolayers. All the S atoms of the 2D 

network lie in the same plane, resulting in the formation of a sheet of sulfamide 

moieties (see Figure 1.10). There are N-H--0 hydrogen bonds between the sulfamide 

moieties. 
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Me 

Me 
14 

Me 

Me 

.y'^. 

Figure 1.10: One molecular layer held together by the 2D-hydrogen-bonded 
sulfamide network. The isobutyl groups pack above and below the 2D-network.^^ 

.66 
Whitesides and co-workers have studied the complexes formed between 

substitued melamine (12) and substituted cyanuric acid (15). Three antiparallel N-

H---0 and N-H---N bonds stabilize the structure forming linear and crinkled tapes 

R 

H > | ^ H 

O 
15 

Linear 

Crinkled 

Figure 1.11: Linear and crinkled tapes in substituted melamine (12)-cyanurates (15). 66 
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(Figure 1.11). 

The highly stable nitroxide radical, 5,6-chloro-2-(N-tert-butyl-N-

aniinoxyl)benzimidazole (16)^^ crystallizes with N-H---0 dimeric pairs (Figure 1.12). 

These hydrogen bonds act as structural scaffolds to hold the radicals in proximity. 

Susceptibility measurements in this radical show dimeric antiferromagnetic exchange 

coupling. 

H CI 

// w 

H 
N-

16 

67 Figure 1.12: A dimeric pair of the nitroxide radical. 

1.4.2 Engineering strategies based on weak liydrogen bonds 

When a hydrogen atom involved in intermolecular hydrogen bonding is bound 

to a less electronegative atom, the interaction becomes weaker compared to the 

strength of the previously discussed classical (or 'hard') hydrogen bonds. Indeed, C-

H---0 interactions have been shown to share many of the characteristics of stronger 

hydrogen bonds formed with the more conventional proton donors such as N-H and O-

j j 10,68 g^^jj non-classical hydrogen bonds with C-H as the proton donor and the Ti-face 
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of an aromatic ring, acetylene or ethylene bond as the acceptor are referred to as 'soft' 

hydrogen bonds. The controversy concerning the nature of such weak hydrogen bonds 

has been dispelled by crystallographic statistical analysis. There appears to be little 

doubt that these interactions are directional and electrostatic in nature just like the 

strong hydrogen bonds.^^ Statistical surveys from crystallographic data regarding the 

directional behaviour of C-H---N/---C1 and •V interactions have been carried out by 

Taylor and Kennard'^ and Thalladi et alJ^ 

An interesting example of supramolecular aggregates of diaryl sulfones (17a-

d) formed solely by C-H---0 hydrogen bonds was reported by Glidewell et alJ^ In 

these structures, the aromatic C-H donors preclude the possibility of hard hydrogen 

bonding and the SO2 group acts as the acceptor. The C-H---0 interactions lead to 

aggregates, which can be zero-dimensional (Figure 1.13a), one-dimensional (Figure 

1.13b), two-dimensional (Figure 1.13c) or three-dimensional (Figure 1.13d). 

•^nx //^^°^-A\ // 

17a 

Figure 1.13a: A centrosymmetricR2(10) ring. 
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r^ so. 
\ \ / / 

-CI 

17b 

CMA 

Figure 1.13b: Part of the crystal structure of 17b showing a chain of fused R] (16) rings. 72 

J<^"^-

Me—(f ^)—SO2—(v / ^ C l 

Me 

17c 

Y'^r'^T^ 

Figure 1.13c: Part of the crystal structure of 17c showing a (4,4) net of R^(24) 
72 

rings. 

Me 

Me 

SO, ^ / NO, 

17d 

Figure 1.13d: Part of the crystal structure of 17d showing a (4,4) net of R\(20) and 

R\ (32) rings.'' 
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Robinson et af^ have exploited the proximity of terminal alkynes, such as 

those in 1,3,5-triethjmyl-benzene (18), to participate in bifurcated interactions (the 

same donor forms hydrogen bonds to two acceptors) with nitro groups in 1,3,5-

trinitrobenzene (19) resulting in an organic solid containing a hexameric hydrogen-

bonded array. The carboxylic acid dimer synthon A can be replaced by the synthon E 

which can give geometrically similar arrays as that found in trimesic acid (Figure 

1.3d). In reality, the crystal structure does not contain the predicted hexameric arrays 

and instead, contains alternate tapes of 18 and 19 linked by CsC-H---02N and Ar-

H---02N contacts (Figure 1.14). 

XX, Y Y A^' T T "̂ V-
' ' 1 ' „' I ' ' J ^ 

YY XJ^ YY "V"-' Yx' 

Tape 
of 18 

Tape 
of 19 

Figure 1.14: The carboxylic acid dimer coupling is structurally analogous to the 
coupling 18.19. The filled arrows represent the directions of hydrogen bonding. The 
co-crystal of 18 and 19P 
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4-(4-Ethynyl phenyl)ethynyl pyridine (20) crystallizes in the form of polar 

crystals in which the molecules are directed in straight hydrogen-bonded tapes through 

C(5p)-H---N hydrogen bonds.'''* The hydrogen bonds induce non-linear optical activity 

in this compound. It is shown to be eight times more SHG (Second Harmonic 

Generation) active than crystalline urea.̂ ^ The C-H---N bonds are very short (H---N 

distance of 2.32 A, C---N, 3.27 A) and exactly linear (0, 180°) (see Figure 1.15). 

•••"'̂ {H'4 
N '' y^u-y^» •••— Ĵ-i:[----<>-f:fH3-W // 

^H^"^-.""Ht^^' 
•"-'^oo-rf jy-cxxi «• 

Figure 1.15: Packing arrangement of 20 in the crystal. C(sp)-H---N bonds shown by 
dotted lines. ̂ "̂  

The C-H-'-Ti bond^^ plays a crucial role in controlling the crystal packing of 

many organic compounds. It is significant in determining the conformation and 

chiroptical property of some of the compounds. These interactions have been used to 

achieve third dimensional control of the crystal structure of 1,3,5-trisubstituted 

triazine^^ molecule (21), which has led to its octupolar NLO activity (Figure 1.16). 

This molecule adopts noncentrosymmetric packing. The para methyl group forms C-

H---7I interactions in such an orientation that sustains 3D-chirality. 
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Figure 1.16: Octupolar trigonal network structure in 21. The 3-fold, 3i- and 82-
axes are depicted. ^ 

N-H---7I interactions between a substrate (22) and synthetic receptor (23) 

stabilizes the complex (shown in Figure 1.17) in non-polar solvents. The use of 

various conformationally rigid substrates complexed with the receptor have shown 

that amide-aromatic hydrogen bonds can have a vital effect on the recognition 

properties of host-guest complexes in a non-polar medium. The N-H---n interactions 

are of special importance in biological systems 79 

N 22 
O ^ 

y 

y^'KT^ 23 

" " > 

Figure 1.17: X-ray crystal structure of the 22.23 complex. The amide N-H groups oj 
22 are directed towards the faces of the aromatic side-walls of the cavity. ̂ * 
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780 Cowan et al have reported the first N-H---C bond formed between an N-

heterocycHc carbene 1,3-dimesityl imidazole-2-ylidene (24) and diphenylamine (25). 

Only the N-H---C contact (H---C, 2.30 A and 6=179°) is shown in Figure 1.18. There 

are also C-H---7t interactions between the phenyl and mesityl rings, which are not 

shown in the figure. There are also several examples of 0-H---71 (aromatic) hydrogen 

bonds documented in the literature.^' 

f=\ 
Mes m. Mes 

24 
.tBu 

Me—C j)~~'^^ 

tBu 

Mes 
I 

-N 
But. 

I But Mes ' L J 
Mes ^ - ^ 

Figure 1.18: Reaction of 24 with a phenol derivative and diphenylamine (25) (left). 
X-ray crystal structures of the resulting products (on the right). 

N-H---I and C-H---I bonds dominate the crystal packing pattern in the structure 

of 4,4'-bipyridinium diiodide.^^ The N---I distance of 3.47 A lies just within the sum 

of the van der Waals radii of 1.55 A for N and 1.98 A for I. The C---I distance of 3.74 

to 3.77 A lies outside the range for C (1.70 A) and I. It has been pointed out that these 

types of interactions should not be thought of as van der Waals, but as weakly 

directional, electrostatic attractions 83 
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1.4.3 Co-existence of strong and weak hydrogen bonds 

Many crystal structures result from a balance between strong and weak 

hydrogen bonds. Both types of hydrogen bonds are structure-directing in the formation 

of such a supramolecular assembly. For precise supramolecular construction, a subtle 

and simultaneous manipulation of the strong and weak interactions becomes 

necessary. There are varied examples of weak hydrogen bonds being organizing forces 

even in the presence of strong hydrogen bonds. Some examples are discussed below. 

The co-crystal of formic acid with hydrogen fluoride (26) (Figure 1.19) 

consists of strong 0 -H- -0 and F-H--0 bonds, in addition to C-H--0 and C-H-F 

bonds.̂ "*̂  The C-H---F bondŝ '* "̂'' are much stronger and may have a greater structure 

directing effect in comparison to C-H---0 bonds due to the presence of the more 

electronegative F atom. 

Y HP 

H 

26 

Figure 1.19: Structure of the adduct HCOOH^HF. A bifurcated interaction 
(C-H---0 and C-H---F) is shown. Formic acid molecules are 0-H---0 
hydrogen-bonded in the main chain. The molecules of HF are attached to the 
chains through the rare F-H- • -O bonds. ''" 
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Both 0-H---0 and C-H---0 hydrogen bonds dominate the crystal packing of 

the 2:1 complex of trimesic acid (4) with phloroglucinol (1,3,5-trihydroxyphenol), 

27.̂ ^ All the donors and acceptors are utilized for hydrogen bond formation in 

phloroglucinol, as illustrated in the crystal structure, depicted in Figure 1.20. Rosette-

shaped repeating units with many hydrogen bonds are formed. 

^ ^ -

.(PG)27 

Figure 1.20: Structure of the adduct TMA(4)»(PG)27. One planar lamella (top right) and 
an enlarged rosette (bottom right) are depicted: Note the utilization of all the O-H donor 
and acceptor groups on molecule 27. 

Gew-alkynols are a class of compounds that exhibit a high degree of 

interaction interference between their different functional groups. Molecules 28 and 29 

assemble with the aid of 0 -H--0 , C-H-O and C-H---n bonds.^^ The crystal 

structures of the two molecules are indicated in Figure 1.21. Molecule 28 exhibits 

infinite cooperative 0-H-0-H--0-H--0-H--- chains while C-H---0 and C - H - T I 
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bonds are formed in a different plane. Molecule 29 exhibits an elaborate cooperative 

network of both strong and weak hydrogen bonds. 

(a) 
/ H 

/ 
0-H-

/ 

H 

?-h 

H'? 

H ,-H 

" - - ^ 

(b) 

Figure 1.21: (a) 0-H-O, C-H-0 and C-H---n interactions, represented as 
hydrogen-bonded couplings, X and Y. (b) Left: crystal structure of alkynol 28, 
the O-H-0 bonds are not shown, the C-H-O and C-H---n bonds are 
indicated by the dotted lines. Replacement of any of the alkynic H atoms with a 
substituent may change the structure. Right: Crystal structure of alkynol 29, 
showing the couplings X and Y. 
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1.4.4 Other types of intermolecular interactions 

In addition to hydrogen bonds, there are other weak intermolecular interactions 

which play a structure-directing role. Some of these interactions include halogen-

halogen, halogen-nitro, nitro-nitro, aromatic (n-n) and even gold(I)-gold(I) 

interactions. Halogen-halogen contacts have been used in the design strategies by 

Schmidt as early as the 1970s.'̂  A crystallographic analysis by Pedireddi et af^ has 

confirmed their undoubted directionality, l-iodo-4-nitrobenzene (30) and the 1:2 

complex of 1,4-dinitrobenzene (31) and 4-iodobenzoic acid (32) exhibit halogen-nitro 

interactions (synthon M), while the latter also exhibits centrosymmetric 0-H---0 

dimers. A retrosynthestic analysis (the task of working backward from the target 

Structure to the precursors) is illustrated in Figure 1.22. 

N-
W // 

, 0 
N-

O 

O2N-

W // 

W // 

- Q /•=: 

N-

30 

W // 

— \ H>^-D-c-()~a-0~^ 
o. 

- N 

I 
0- -H-Q .0 r=^ 

\ // 
O-H -0 

M̂  /̂ ''-Ĵ A /M>i 
I 

I—(v A—CO2H + O2N—<;v / / N O , 

32 31 
Figure 1.22: Retrosynthetic analysis for the linear ribbon patterns. 
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Aurophilicity or aurophilic bonding is the attractive interaction that exists 

between closed-shell gold(I) centres. This interaction has been estimated to have a 

strength similar to hydrogen bonding (29 - 46 kJmol'').^^ It is also distinctly 

directional like hydrogen bonding.^^ The use of aurophilic bonds (Figure 1.23) to 

control the supramolecular structure of n-alkylisonitrile complexes of AuCl (33) has 

been determined and its phase behaviour has been analyzed by Bachman et al?^ 

Figure 1.23: Two views of the packing ofCsHjNCAuCl (33f 

1.4.5. Hydrogen bonds as steering forces for the supramolecular assembly of 

organometallic and coordination complexes 

Organometallic systems show a great structural diversity arising from the 

variability of the ligands and from the ligand-metal(s) bonding. As the metal atom is 

completely encased by organic ligands such as CO, CN , NCS , etc, it is usually 

unable to participate directly in intermolecular interactions. As a result, the entirely 

organic molecular peripheries have considerable flexibility to form intermolecular 

contacts, which may be comparable to those found in purely organic systems. Braga et 
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aV have examined the transferabihty of synthons or couplings adopted by organic 

molecules to organometallic systems, and have found a certain degree of similarity. 

(r| -fumaric acid)Fe(C0)4 (34) exists in two forms, one containing chains mediated by 

synthon A (Figure 1.24a), and the other in which synthon A coexists with a catemer 

pattern similar to synthon C^̂  (Figure 1.24b). See Scheme 1.3 for an illustration of the 

synthons. 

COOH 

•• '̂ V'̂ "̂  > V > 
>/x -vA. - / < 

Figure 1.24: Polymorphs of 34. (a) Chains mediated by synthon A (b) catemer 
patterns resembling synthon D. ^ 

The cyclic synthon B (in Scheme 1.3) is observed in the crystal structures of primary 

amide complexes''* (For an example, see [(Ti^-C5H5)Mn(CO)(NO)(CONH2)], in 

Figure 1.25). 
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35 

NO 
Mn 

CO 

Figure 1.25: Synthon B observed in the crystal structure of 35. 94 

.95 Mingos and co-workers have employed triple hydrogen bond patterns for the 

design of supramolecular aggregates of metal complexes and organic moieties. For 

instance, co-crystals of the metal complex Ni(dithiobiuret)2 (36) with 1,8-

naphthalimide (Figure 1.26) linked by N-H---0 and N-H---N bonds, display self-

assembly through triple complementary hydrogen bond interactions (synthon F in 

Scheme 1.3). 

HjN 

Figure 1.26: Supramolecular assemblies based on synthon F. 
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Beatty has reviewed the significance of strong hydrogen bonding interactions 

on the intermolecular assembly of coordination complexes.^^ Some notable examples 

of coordination complexes are those which contain heterocyclic molecules as ligands. 
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Supratnolecular hydrogen-bonded networks usually extend in directions dictated by 

the coordination geometry of the metal centre. 

The cyclic synthon B (in Scheme 1.3) is observed in the ID architectures 

formed by [Ag(nicotinamide)2][03SCF3], 37, in which the dimeric N-H--0 bonds, 

formed by the -CONH2 group give rise to a ladder type structure.^' There are many 

unusual examples of metal-melamine coordination. N-H---N bonds give rise to a 

linear assembly in some Ag(I) and Cu(II) complexes. Dimeric N-H--N bonds are 

formed by melamine molecules coordinated to Cu(II) in the melamine-copper acetate 

complex.'* The synthon F (in Scheme 1.3) is observed in some macrocyclic 

complexes that may contain melamine and cyanurates, which are capable of forming 

three-centered N-H- • O and N-H- • -N hydrogen bonds.'' 

Halometallates are metal-bound haUdes that are shown to accept hydrogen 

bonds.̂ '̂ '̂  One such example is that of a tetrachloroplatinate with N-H-•-CI hydrogen 

bonds,''" depicted in Figure 1.27. 

Figure 1.27: Infinite chains of 4,4 '-bipyridinium tetrachloroplatinate. 

The ligand, 2,2'-biimidazole (HBim) coordinates with Ni(II) in a bidentate fashion, 

forming N-H--N hydrogen bonds.'°^ A 2D honeycomb motif with encapsulated 

potassium counter-ions results, depicted in Figure 1.28. 
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Figure 1.28: Honey-comb motif ofNifHBimJs- The fC counter-ions 
are not indicated. 

Crystal engineering offers a largely unexplored opportunity to study the 

spectroscopic properties of molecules and geometry changes upon excitations in 

environments which can be engineered to have specific properties. Coppens et al^'^^ 

have highlighted the use of calixarene-based crystals in spectroscopy and time-

resolved crystallography. This paper discusses the design of calixarene host-guest 

compoimds with benzophenone, benzil, decamethyhiithenocene and a binuclear Rh 

cationic complex (Figure 1.29). The authors have carried out photochemical and 

photophysical measurements, and demonstrate that photoactive molecules can be 

isolated from each other in supramolecular soUds (or crystals) without sacrificing 

three-dimensional periodicity. 
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Figure 1.29: Wavelike structure of [CMCR.2bpel.DMR [bpe = trans-1,2-his(4-
pyridyl)ethylene; DMR - decamethylruthenocene].'^ 

.104 

1.4.6 Organic porous solids 

Principles of crystal engineering'"'* can be used for the rational design and self-

assembly of host lattices.̂ °^ Such host lattices with included guest molecules have 

attracted considerable attention chiefly due to the diverse applications they offer: 

catalysis, separation, magnetic devices, optical lasers, improved pharmaceutical drugs, 

and so on.'"^ 

The natural and synthetic inorganic zeolites "̂ ^ with pore sizes of 10 to 20 A are 

the classical examples of microporous materials with widespread industrial uses. 

Analogous microporous soUds based on organic building blocks have the potential for 

a precise rational design, through control of the shape and size of the pores,"^*''"^ Host 

frameworks with an organic core offer some advantages: (1) The target network can 
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be controlled by suitable manipulation of the functional groups and supramolecular 

synthons; (2) the nature, size and shape of pores and cavities in organic three-

dimensional host frameworks can be altered with hydrogen bonding and hydrophobic 

interactions; (3) Inclusion and release of guest species is much more facile in organic 

hosts than in inorganic zeolites. 

Synthetic strategies employed in porosity tuning 

Yaghi et ^/'o^'""-'" have designed many metal-organic frameworks that bind 

aromatic guest molecules selectively. Most often, Yaghi's group has employed 

hydrothermal method as one of the synthetic routes. Moore and co-workers have 

made porous materials from ring-shaped units that stack themselves by hydrogen 

bonding. Each ring is made up of six rigid rod-like units and six comer pieces to form 

a regular hexagon. Acetylenic groups, however, gave rods. The comer pieces were 

benzene rings with hydroxy groups that provide connections needed to make 

hexagons. The benzenes in neighbouring sheets interact in a way that encourages the 

rings to stack on top of one another, creating parallel channels about 9A in diameter. 

A slightly different approach has been developed by Wuest and co-workers."^ 

They used building blocks that create channels as they assemble themselves into a 

network. Wuest, in fact introduced the concept of tectons into supramolecular 

chemistry. Tectons are the molecules with sticky ends that can participate in 

intermolecular interactions that are strong, specific and directional. The geometry of 

the tectons determines that of the network into which they assemble. A diamondoid 

network can be synthesized from tectons with four sticky hydrogen bonding sites in a 
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tetrahedral orientation. Such self-assembly often results in the formation of channel 

structures, which are being filled by solvent molecules. 

Peptide nanotubes constructed from chiral amino acids"'* find applications as 

biological transport mimics, drug delivery systems and nanostructured biomaterials. 

Different ratios of L-cystine dimethyl ester and 1 ,co-alkanedicarbonyl fragments have 

been coupled to prepare cyclobisamides. These molecules stack through N-H---0=C 

hydrogen bonds at an inter-ring distance of ~ 5.0 A to produce nanotubes v îth 5-10 A 

internal diameter."^ The hydrophobic interior of these polymethylene-bridged cystine 

tubes has been used to solubilise highly lipophilic substances in water by selective 

host-guest complexation. 

Host channel frameworks containing photoactive or photosensitive guest molecules 

Ma and Coppens"^ have synthesized a solid based on C-methylcalix[4] 

resorcinarene and the linker molecule bis(4-pyridylmethylidyne) hydrazine, in which 

brick-wall sheets are linked in the third dimension to give networks with three 

intersecting perpendicular channels. Although these networks interpenetrate three­

fold, they nevertheless leave cavities capable of including sizeable guest molecules. 

These three-dimensional interlinked charmels have approximate dimensions of 16.6 x 

16.0 A, 16.6 X 16.5 A and 16.5 x 10.0 A. These cavities left after interpenetration, 

each accommodate two benzophenone guests. The phenyl rings from different 

benzophenones form strong n-n interactions (with center-center distances of 3.675 A). 

The twist angles between two phenyl ring planes and the C(C=0)C plane of 

benzophenone are significantly different from those in neat benzophenone crystals and 
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benzophenone supramolecular compounds,'^^ indicating the effect of the host 

framework on the conformation of the guest molecules. 

Zaman et al^^^ have synthesized supramolecular host-guest networks utilizing 

the l,4-bis(x-pyridyl)butadiyne ligands where x=2 (LI), 3 (L2), 4 (L3). The different 

orientations of the nitrogen donors and the linear conformation of the spacer moiety (-

CsC-C=C-) of these ligands have been used for constructing a large variety of new 

coordination polymers. Guest species with photo and catalytic activities have been 

used in the different channel frameworks. Photosensitive azobenzene (AZO) guest 

molecules occupy the cavities in the three-dimensional channel like network in 

[Cu(L2)(N03)2(H20)2.AZO]n and the rhombic-shaped channels in the two-

dimensional interpenetrating square networks of [Cu(L2)2(N03)2.AZO]n. 

Channels formed by pharmaceutical hosts 

An interesting example of the crystal engineering of a novel pharmaceutical 

composition containing channels has been reported by Walsh et al}^^ They have 

crystallized a series of pharmaceutical compounds like rac-ibuprofen, rac-flurbiprofen 

or aspirin in the presence of dipyridyls: (ibuprofen)2(4,4'-bipyridine), 

(flurbiprofen)2(4,4'-bipyridine), (flurbiprofen)2(trans-1,2-bis(4-pyridyl)ethylene), 

(aspirin)2(4,4'-bipyridine). These adducts exhibit supramolecular heterosynthons 

formed between the acid and the pyridyl unit. Of these, the supramolecular complex 

formed by aspirin with 4,4'-bipyridine results in the formation of hourglass channels, 

templated by the presence of hexane during crystallization. The authors state that 
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though these adducts should only be regarded as model compounds, the study could 

have broad implications for the formulation of pharmaceuticals. 

1.4.7 Polymorphism 

Polymorphism is defined as the phenomenon wherein the same chemical 

substance exists in different crystalline forms."^ The best laid synthetic plans may 

become futile if the wrong polymorphic structure is obtained. Even though the 

discovery of polymorphs of molecular crystals or of their diverse solvate forms 

(pseudopolymorphs) is often serendipitous, crystal polymorphism can, to some extent, 

be controlled.'^'' This phenomenon has brought into the forefront the litigation 

surrounding the widely used ulcer drug Zantac and the huge commercial interests 

involved.'^' Steed and co-workers'^^ have reported structural, thermal and NMR 

studies on the long known polymorphic modification of GeHPh3 and demonstrate the 

conversion of single crystals of the unstable p phase into the a form via a liquid phase 

thought to contain (GeHPh3)2 dimers, linked by a six-fold phenyl embrace. An 

analogous behaviour is found in the case of SiHPha, but not in CHPhs. Davey and co­

workers'^^ have investigated the various aspects of crystal nucleation processes and 

the relationship between intermolecular interactions in solution and in the solid state. 

In the examples discussed in this highlight,'^^ the molecular dimers are often common 

building blocks between solution and crystal and may act as a kind of 'structural 

messenger' between solution and crystal. Although controlled preparation and 

characterization of different crystal forms of the same substance could be achieved in 

some cases, our understanding of polymorphism remains scanty, and crystal engineers 
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face the same question: "Can we predict the crystal structure from any given chemical 

composition?". While there is some evidence of advancement in this direction with the 

development of new computational software, there are many limitations to these 

approaches yet to be overcome.'̂ '* 

43 



Scope of the present investigations - Part 1 

2. SCOPE OF THE PRESENT INVESTIGATIONS 

The basis of molecular recognition is the presence of information in the 

mteracting components. Molecular recognition, which was introduced in the 

chemical literature by Emil Fischer in 1894 as the Schlusset-Schloss-Prinzip (lock 

and key principle) has had a significant impact in the development of non-covalent 

synthesis.' ^ In supramolecular assemblies, information is expressed by the potential 

of a component to enter into non-covalent bonding relationships with its partners and 

by its steric requirements. From a practical point of view, the large number of 

variables which have to be addressed, that is, the magnitude and direction of the non-

covalent interactions involved, makes this a non-trivial task in multicomponent 

systems. Thus, most studies of molecular recognition directed self-assembly have been 

based on hydrogen bonding, metal-ligand, and/or aromatic stacking interactions, since 

the geometry of these interactions is often predictable. Hydrogen bonds like 0-H---0, 

N-H- • -O, 0-H- • -N, N-H- • -N (the classical hydrogen bonds) are being extensively used 

in the analysis and design of novel supramolecular assemblies which has opened up a 

new avenue in the synthesis of advanced materials with tailor-made properties that 

show promising industrial applications, such as in catalysis, separation science, optical 

activity (NLO, octupolar, switches), sensors, electronic materials, conducting and 

magnetic materials, nanotechnology, polymorphism, crystal growth, supramolecular 

devices, surfactants, and drug design, to name a few. 

In order to explore the possible formation of two-dimensional layered and 

cavity structures as well as three-dimensional channel structures using hydrogen bond 

assemblies, we have carried out several co-crystallization experiments between many 
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Figure 2.1: Molecules used for the co-crystallization experiments. 
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different molecules (Figure 2.1), possessing hydrogen bond donor and acceptor 

moieties. We have also synthesized co-crystals where weak bonds are the organizing 

forces, such as halogen-•• oxygen contacts that have a significant structure-directing 

effect and solely determine the crystal packing arrangement adopted by a molecule. 

We have synthesized a hydrogen-bonded coordination complex, where the hydrogen 

bonds act as steering forces in the formation of the complex, even in the presence of 

much stronger metal-ligand interactions. 

In what follows, we intend to illustrate the structural and/or organizational 

characteristics of the interacting molecules necessary in order for molecular 

recognition to occur and also to present explicitly the supramolecular structures 

resulting from such interactions. The strategies employed in the synthesis of the 

assemblies are described. 

2.1 Channel structures formed by self-assembled four-membered networks 

of trimesic acid 

Carboxylic groups are among the best investigated hydrogen bond 

functionalities. Since they possess a hydrogen bond donor as well as an acceptor 

site, carboxyl groups can readily form hydrogen bonds between each other as cyclic 

dimers. Scheme 2.1 depicts the commonly observed hydrogen bond 

couplings/synthons in carboxylic acids. The role of hydrogen bonding carboxyl groups 

in crystal packing has been analyzed in depth. ̂ ^̂  
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O - H - q N — H - 0 N -H-O 

b - H -O N - H - O C-H -O 

(a) synthon A (b) synthon B (c) synthon C 

Scheme 2.1 Commonly observed hydrogen bond couplings in carboxylic acid and in 
its co-crystals with other molecules - (a) centric carboxylic acid dimer coupling, (b) 
and (c) dimeric hydrogen bond coupling between carboxyl acid group and N(-H) or 
C(-H) functionality. 

Porous materials are crystalline or amorphous solids that permit the inclusion 

of small molecules through voids in their structures. The world on crystalline porous 

materials has long been dominated by aluminosilicate zeolites, which find wide use in 

catalysis, separation and ion exchange processes.'^^ It is of interest to prepare channel 

structures of zeolite type using organic molecules alone.'^' The design of highly 

ordered and regular nanoporous architectures (< 15 A pore diameter) that have the 

added feature of 'tunability', that is, the ability to control the structure and function 

and modulate the nature and size of the aperture. In this respect, host frameworks with 

an organic core offer many advantages. Against this background, we reasoned that 

trimesic acid (1, TMA) that has a 14 x 14 A cavity size in its two-dimensional 

arrangement would be a promising candidate for the design of porous solids, although 

in three dimensions, each hexagonal trimesic acid network interpenetrates into one 

another, forming a 4-fold inclined interpenetration. Herbstein and Marsh'^^ determined 

the structures of molecular complexes formed by hydrates of trimesic acid and found 

that hydrogen-bonded layers of the composition TMA-H2O gave rise to channels 

wherein picric acid molecules could reside. Further, Kolotuchin et af^ have described 
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hexagonal channel structures of TMA containing ethanol, pyrene and tetrahydrofuran. 

In our investigation, surprisingly, simple crystallization of trimesic acid from 

methanol/benzene mixture or acetone resulted in the formation of a channel structure 

incorporating the solvent molecules within the channels. These results have been 

discussed in Section 4.1 along with the description of the crystal structure of the co-

crystals formed by 1 with dimethylformamide. 

2.2 Layered hydrogen-bonded structures formed by dinitrobenzoic acids 

Although by intuition, one is tempted to take the carboxyl dimer as a very 

stable and robust hydrogen bond pattern, in reality, the formation of this motif is often 

displaced by other hydrogen bond configurations (see scheme 2.1).'^^ We wanted to 

exploit these competitive effects and study and analyze a set of molecules that contain 

carboxyl groups and co-crystallize them with different donor/acceptor moieties. 

Design strategies based on supramolecular synthons constructed fi^om both 

strong and weak interactions are likely to provide a more complete understanding of 

crystal packing. Formation of such a coupling (see synthon C in Scheme 2.1) was 

reported to occur when carboxylic acid groups interact with hetero nitrogen atoms as 

wasdescribed for the first time in the complexes of phenazine with 3,5-dinitrobenzoic 

acid, 2 and 3,5-dinitro-4-methylbenzoic acid, 3.̂ "̂* The assemblies obtained consisted 

of linear tapes which are arranged in three dimensions to yield either a herringbone or 

crossed-ribbon networks. Further investigations of this synthon C have been reported 

by Batchelor et al}^^ The co-crystallization of phenazine with the ^ra«5-olefenic acids, 

fiamaric and mesaconic, produced 1:1 supramolecular tapes, incorporating only the 
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synthon C. A complex between trimesic acid and 4,4'-bipyridine has been found to 

form a layered structure in which 4,4'-bipyridine expanded the two-dimensional 

cavities of trimesic acid by inserting in between the carboxyl group.'^^ Hence, we have 

chosen to co-crystallize acids 2 and 3 in the presence of 4,4'-bipyridine to examine the 

perturbation of the hydrogen bonding networks present in the parent crystal structures 

and also the formation of the coupling C, to obtain layered structures. It has been 

noticed that 4,4'-bipyridine simply breaks the cyclic 0-H---0 hydrogen bond coupling 

between the adjacent acid moieties and forms single 0-H---N and C-H---0 hydrogen 

bonds. Also, the complex between 3,5-dinitro-4-methyl benzoic acid, 3, 4,4'-

bipyridine and anthracene, is stabilized by the formation of the pairwise 0-H---N/C-

H---0 hydrogen bond coupling. The results are elaborated in Section 4.2. 

2.3 Design of supramolecular assemblies using iodo'-nitro interactions 

In our continued interest to look at the variations in the hydrogen bond 

functionality of the carboxyl group upon co-crystallization with other molecules, we 

investigated the structure of 3,5-dinitrobenzoic acid (2) with 1,4-diiodobenzene. When 

nitro groups are present with iodine atoms in benzenoid compounds, the resulting 

intermolecular iodo---nitro interactions can play an important role in the 

supramolecular aggregation. One such example known in the literature is the 1:1 

complex of 1,4-diiodobenzene with 1,4-dinitrobenzene which forms tapes via I---0 

interactions.̂ *^ There are also other known examples from the literature.'^^ In our 

study, the crystal structure of the complex of 2 with 1,4-diiodobenzene consists of 
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bifurcated I---0 interactions, that helps to bring in two molecules of the acid, each of 

which is hydrogen-bonded to one another. The results are discussed in section 4.3. 

2.4 Layered hydrogen-bonded structures formed by aliphatic carboxylic 

acids with azaaromatics 

The carboxylic group can form stable cyclic hydrogen-bonded systems with a 

donor molecule as shown in Scheme 2.1'̂ '̂''*° in which the coupling B is very 

1 ^R 

robust. A study of the assemblage of acylaminopyrimidine and aliphatic carboxylic 

acids has shown the design of novel assemblies using the coupling B.'^^ 

We wanted to explore supramolecular hydrogen-bonded assemblies formed by 

aliphatic dicarboxylic acids with a donor molecule such as 2,4,6-triaminopyrimidine 

involving the coupling B. As each of the supramolecular species of the reacting 

precursor molecules has characteristic features, it was therefore of interest to study the 

interaction between such components in the solid state. In this regard, crystal 

structures of hydrogen-bonded molecular complexes of malonic, 4, glutaric, 5 and 

adipic, 6 acids with 2,4,6-triaminopyrimidine have been studied in order to examine 

the hydrogen-bonded structures formed in a system where the nitrogens of the 

heterocyclic ring as well as of the amino side chain of an azaaromatic compound can 

interact simultaneously with the carboxyl group. The results are discussed in section 

4.4. Interestingly, we have found that the complexes differ among themselves 

depending upon the number of-CH2 groups present in a given carboxylic acid. 
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2.5 Solvent-directed supramolecular assembly of the adducts of 4,4'-

bipyridine with cyanuric acid and A'-niethylcyanuric acid 

Apart from the carboxyl group, the other potential functional groups to form 

hydrogen-bonded networks are the amide groups. In particular, cyclic amide groups, 

present in molecules like cyanuric acid are of special interest with the availability of 

symmetrically substituted amide groups to form cyclic hydrogen bond networks.'^''' 

Such networks may yield cavities or channel type structures like in trimesic acid.'^^ 

For this purpose, we wished to co-crystallize cyanuric acid, 7, with 2,4,6-

triaminopyrimidine and 4,4'-bipyridyl. We were not successful to get co-crystals with 

2,4,6-triaminopyrimidine, but interesting crystal structures were obtained with 4,4'-

bipyridine. 4,4'-bipyridine is a rather rigid weak bidentate base, popular in other 

crystal engineering studies because of its bridging ability.''" Cyanuric acid, 7 and 4,4'-

bipyridyl form two different crystals depending upon the solvent of crystallization and 

such solvent dependence on the formation of co-crystals is hitherto unknown. The 

feature is related to the formation of different hydrogen-bonded networks by the 

cyanuric acid upon crystallization from different solvents. 

The N-methylated form of cyanuric acid, 7V-methylcyanuric acid, 8, was co-

crystallized with 4,4'-bipyridine using different solvents for crystallization, to check if 

there were any differences in the hydrogen bond packing arrangements compared to 

the cyanuric acid-bipyridine co-crystal. It was found that only one type of hydrogen 

bond network resulted for the adduct of A^-methylcyanuric acid and 4,4'-bipyridine, 

irrespective of the solvent of crystallization. This can be explained because 8 forms 

only one type of hydrogen bond pattern in its pure crystal structure, and it is not 
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dependent on the solvent of crystallization. The results are discussed in detail in 

section 4.5. 

2.6 Cyanurate mimics of hydrogen bonding patterns of nucleic bases: A 1:1 

molecular complex formed by 9-ethyladenine with A'-methylcyanuric acid 

The specific base pair recognition of adenine (A) by thymine (T) and thymine 

(T) by adenine (A) as well as guanine (G) by cytosine (C) and cytosine (C) by guanine 

(G) through hydrogen bond formation is the key factor in the formation of the DNA 

duplex structure.''*^ The unnatural or nonstandard nucleobases have gained importance 

in mimicking DNA structures and play a dominant role in the synthesis of novel 

molecular architectures. For instance, cyanuric acid and //-methylcyanuric acid have a 

close structural resemblance to uracil and form a variety of hydrogen-bonded base 

pairs in their pure'"*^ as well as mixed crystals. One such example is the ability of 

cyanurate-derivatized PNA monomer, ethyl A^-(2-Boc-aminoethyl)-A'-(cyanuric-l-yl 

acetate)glycinate to form a hydrogen-bonded supramolecular helicate structure.'''^ 

We chose to study the complexation of cyanuric acid 7 and A -̂methyl cyanuric 

acid 8 with 9-ethyladenine. In this context, ethyladenine has been shown to form 

interesting hydrogen bonding networks''*^ in its molecular complex with 5,5-

diethylbarbituric acid. We were not able to obtain the co-crystals of 7 and 

ethyladenine. But ethyladenine forms crystals readily with 8. The crystal structure 

exhibits novel features that are unique among the hydrogen bonding patterns so far 

realized in the related structures formed by ethyladenine with various barbiturates.''*^ 

The complex consists of homomeric and heteromeric hydrogen bonding patterns. The 
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homomeric hydrogen bond pattern is different than that observed in the pure crystal 

structure of 9-ethyladenine. The results are elaborated in section 4.6. 

2.7 Hydrothermal synthesis of organic channel structures formed by the 

hydrogen bonding interaction of melamine with cyanuric and 

trithiocyanuric acids 

Cyanuric acid-melamine adduct is expected to form a hexagonal network 

through the formation of hydrogen bonds as shown in Scheme 2.2. Such a network 

was referred to as a rosette by Whitesides.^'' 

V 

H i H H i H 

~"H^ J^ ^ ^H- ' 
I I 
H H 

Scheme 2.2 

Whitesides and coworkers synthesized a family of self-assembled hydrogen-bonded 

aggregates, stable in solution, based on this template.''* '̂''*^ However, the structure of 

the parent lattice, formed between pure cyanuric acid, 7 and melamine, 10, has not 

been established by single crystal X-ray crystallography as single crystals of suitable 

quality could not be prepared by the generally known crystallization methods such as 

slow evaporation, sublimation etc. The difficulty in growing crystals of the adduct is 

partly because both the reactants 7 and 10 are hydrogen-bonded solids melting at very 

high temperatures, with limited solubility in most organic solvents. We have therefore, 
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made use of hydrothermal conditions,'''^ commonly employed in the synthesis of 

quartz, zeolites and inorganic open-framework structures, to obtain the crystals of the 

1:1 adduct. Crystals of the 1:1 adduct of trithiocyanuric acid, 9 and 10 could also not 

be obtained by any other crystallization methods, but have been prepared by 

employing this procedure. The structure determination reveals that the rosette 

arrangement forms channels of ~ 4 A in dimension. The results are discussed in 

Section 4.7. These examples highlight the application of the hydrothermal technique 

for the synthesis of organic supramolecular assemblies, which is well known for the 

synthesis of inorganic or organometallic assemblies. 

2.8 Organic porous solids formed by the hydrogen-bonded self-assembly of 

trithiocyanuric acid and 4,4'-bipyridyl 

As mentioned in Section 2.5, cyanuric acid forms interesting co-crystals with 

other substrates. This is partly because of the formation of strong N-H---0 hydrogen 

bonds between cyanuric acid molecules. It was of interest to prepare channel 

structures of zeolite type using organic molecules alone.'^'^ Such structures are very 

few in the literature, the noted examples being the self-assembly of three-dimensional 

networks with large chambers by using a pyridone as the tecton'^"' and complexes of 

urea and thiourea with channels as well as the quinol clathrates with cages. We were 

interested to synthesize materials of that kind by noncovalent synthesis, as they can be 

easily used in the industry for the purification of various chemicals or in catalysis, etc. 

Also, the efforts toward noncovalent synthesis based on hydrogen bonds employing 

sulfur donors have been quite limited. In this connection, we have chosen 
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trithiocyanuric acid, 9, as a model compound as it can form N-H---S hydrogen bonds 

which are weaker molecular recognition forces, leading to greater flexibility. 

We have investigated the hydrogen-bonded adduct formed between 9 and 4,4'-

bipyridyl that has nice three-dimensional channels accommodating benzene. We have 

carried out detailed study to explore whether other aromatic compounds can be 

introduced in these channels and if so, there is any shape selectivity as in zeolites. We 

find that supramolecular hydrogen-bonded porous structures formed by 9 and 4,4'-

bipyridyl is not only thermally stable but also accommodates several aromatic 

molecules like toluene, o-, m-, /j-xylenes and anthracene, with some shape selectivity. 

The results are explained in Section 4.8. 

2.9 A hybrid layered compound formed by silver sheets with cyanuric acid 

as the spacer molecule 

Design of infinite two- and three-dimensional arrays of metal-ligand networks 

has attracted considerable attention in the last few years not only because of the 

structural and topological novelty of such engineered solids but also due to their 

potentially interesting electrical and magnetic properties.''*^''^° Interesting structures 

containing polymeric Ag(I) species and heterocyclic as well as aromatic compounds 

have been described.'^''''^^ For example, Ag(I)-benzenesulfonate has a layered 

structure containing a planar hexagonal array of Ag(I) ions incorporating the anion.'^^ 

A coordination network of dicyanodiphenylacetylene comprising Ag(I) sheets with an 

Ag---Ag separation of 3.39 A has also been reported.'^^ Equally interesting are the 

supramolecular Ag(I) complexes constructed with several polycyclic aromatic 
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hydrocarbons (PAHs) exhibiting the herringbone packing pattern.'^'* Many of these 

compounds have Ag---Ag separation significantly shorter than the van der Waals 

contact distance, with Ag(I) having linear, trigonal, tetrahedral or hexagonal 

coordination,'^^ however the materials are generally either insulators or 

semiconductors. 

During the course of our investigations of supramolecular assemblies of 

cyanuric acid, involving both hydrogen bonding and metal-ion coordination, we 

isolated a novel silver compound possessing two-dimensional silver sheets with the 

cyanuric acid (CA, 7) molecules in the interlayer space, forming linear hydrogen-

bonded chains. This compound of composition, Ag2.CA, is a unique organic-inorganic 

hybrid with electrical properties. The structure and properties of this Ag(I) compound 

are described in the Section 4.9. 
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3. EXPERIMENTAL 

All the chemicals used in the present studies, except //-methylcyanuric 

acid, were obtained from commercial sources. A^-methylcyanuric acid was 

prepared in the National Chemical Laboratory (courtesy of Dr. K. N. Ganesh). 

Preparation of A'-methylcyanuric acid: melamine (5gm) and dimethyl sulphate 

(5gm) were refluxed in dioxane (20mL) for 4 hours in an atmosphere of argon. 

The reaction was stripped of the solvent and subjected to exhaustive hydrolysis by 

refluxing in a mixture of glacial acetic acid, concentrated hydrochloric acid and 

water for 24 hours. The solid residue obtained by evaporating the solvents under 

reduced pressure, was triturated with 20mL chilled water and filtered and the solid 

obtained was characterized by ' H N M R and chemical analysis. 

3.1 Preparation of the various adducts and complexes 

Crystallization oftrimesic acid adducts with various organic solvents 

The adduct of trimesic acid and methanol was prepared by the 

crystallization of the acid (21.0 mg) from a mixture of 1:1 solution of methanol 

and benzene. However, the adduct of the acid and acetone, was obtained from the 

crystallization of trimesic acid (21.0 mg) from a solution of acetone. Crystals of 

trimesic acid and dimethylformamide (DMF), were obtained by crystallization of 

trimesic acid (21.0 mg) from a 1:1 solution of DMF and benzene. Single crystals 

obtained in all the cases were of good quality, suitable for crystal structure analysis 

to characterize by single crystal diffraction method. 
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Layered hydrogen-bonded complexes formed by dinitrobenzoic acids 

Co-crystals, of 3,5-dinitrobenzoic acid (21.2 mg) and 3,5-dinitro-4-

methylbenzoic acid (22.6 mg) respectively with 4,4'-bipyridine (15.6 mg), were 

prepared from a methanol solution. In both the cases, complexes were obtained in 

a 2:1 stoichiometry. Further, co-crystallization of the adducts with anthracene was 

carried out. 3,5-dinitrobenzoic acid did not yield any co-crystals with anthracene, 

but 3,5-dinitro-4-methylbenzoic acid gave crystals of good quality with anthracene 

(17.8 mg) in a 1:1 molar ratio that were suitable for single crystal X-ray diffraction 

studies. 

Supramolecular assembly of 3,5-dinitrobenzoic acid and 1,4-diiodobenzene 

A 2:1 ratio of 3,5-dinitrobenoic acid (42.4 mg) and 1,4-diiodobenzene 

(33.0 mg) were dissolved in methanol by heating. Slow evaporation of the hot 

methanol solution afforded good quality single crystals after a week's time. The 

same 2:1 complex is obtained even when the ratio of the precui^sor components 

that are mixed is 1:1. 

Hydrogen-bonded complexes formed by aliphatic dicarboxylic acids and 
dinitrobenzoic acids with azaaromatic donors 

Co-crystals of the azaaromatic donor, 2,4,6-triaminopyrimidine (12.5mg) 

with aliphatic dicarboxylic acids, malonic (10.4 mg), glutaric (13.2 mg) and adipic 

(14.6 mg) acids were prepared in a 1:1 molar ratio from a methanol solution by 

slow evaporation method. Good quality single crystals were obtained in all the 

cases. 
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Molecular complexes of cyanuric acid and N-methylcyanuric acid with 4,4'-
bipyridine 

Co-crystals formed between 4,4'-bipyridine (15.6 mg) and cyanuric acid 

(12.9 mg) were prepared from a methanol solution and from water. Crystals of TV-

methylcyanuric acid (15.0 mg) with 4,4'-bipyridine (15.6 mg) were obtained from 

a methanol solution. 

Molecular complex of 9-ethyladenine and N-methylcyanuric acid 

9-ethyladenine was crystallized from ethyl acetate by slow evaporation at 

room temperature. A 1:1 mixture of 9-ethyladenine (16.3 mg) and A'-

methylcyanuric acid (15.0 mg) were warmed in methanol and good quality crystals 

of the complex were obtained by slow evaporation from the methanol solution. 

Hydrothermal synthesis of molecular complexes ofmelamine with cyanuric acid 
and trithiocyanuric acid 

Single crystals of melamine with cyanuric acid could not be obtained by 

the usual crystallization methods from organic solvents. There was however 

evidence for the formation of an adduct from the powder X-ray diffraction patterns 

of the polycrystalline precipitates obtained on mixing the two in methanol. Since 

cyanuric acid, trithiocyanuric acid and melamine are solids with high melting 

points (>300°C), we made use of hydrothermal conditions, commonly employed in 

the synthesis of quartz, zeolites and inorganic framework structures, to obtain the 

crystals. 

Aqueous solutions of cyanuric acid (129 mg) and melamine (126 mg) were 

mixed in a teflon flask and the mixture (15mL) was kept in a stainless steel bomb. 

The bomb was sealed and maintained in a fiamace at 180°C. Rectangular plate-like 
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crystals of good quality separated from the solution, upon cooling the bomb to 

room temperature over a period of 4 hours. Crystals of the trithiocyanuric acid and 

melamine adduct were also obtained by a similar procedure except that the 

temperature of the furnace was maintained at 100°C (trithiocyanuric acid 

decomposed when the temperature was maintained at 180°C). 

Adduct of trithiocyanuric acid and 4,4'-bipyridine formed in the presence of 
aromatic hydrocarbons 

The adduct of trithiocyanuric acid with 4,4'-bipyridine was prepared by the 

co-crystallization of the two components from a methanol solution, but the crystals 

were not very stable. In the presence of benzene, toluene, o-, m- or /^-xylene or 

anthracene, however, stable crystals, were obtained accommodating the respective 

aromatic guest molecules. In a typical preparation, 354 mg of trithiocyanuric acid 

and 156 mg of 4,4'-bipyridine were taken in 15mL of methanol in the presence of 

one of the above mentioned aromatic solvents (5mL). After slow evaporation, 

crystals of the adduct of trithiocyanuric acid-4,4'-bipyridine, containing the 

aromatic compound were obtained. In all these cases, good quality single crystals 

were obtained and these were employed for the determination of molecular and 

crystal structures, by single crystal X-ray diffraction. The ratio of trithiocyanuric 

acid, 4,4'-bipyridine and the aromatic molecule in the adducts containing benzene, 

toluene, a- and m-xylene was 2:1:1. The ratio was 2:1:0.5 in the adducts 

containing p-xylene and anthracene. 
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A hybrid layer compound containing silver sheets and cyanuric acid spacer 
molecules 

A 10 mL solution consisting of a mixture of AgNOs (170 mg) and cyanuric 

acid (129 mg) in water in a Teflon flask was placed in a steel bomb. The bomb 

was placed in an oven maintained at 180°C for 24 h and then cooled to room 

temperature (298 K) over a period of 3 h. Good quality off-white plate-like single 

crystals were obtained. There were no other products in the reaction mixture. 

3.2 Methods of characterization 

3.2.1 Single crystal X-ray diffraction 

All data sets have been collected using a SIEMENS 3-circle X-ray 

diffractometer with x-axis fixed at 54.74° in which the positive and the negative 

limits for 26 and (co-29) axes are 30° and -85°; 26° and -208°, respectively. The ^-

axis on the other hand could be moved in the whole range of 0 to 360°. A 

photograph of the X-ray diffractometer is shown in Figure 3.1. The MoKa 

radiation generated from a sealed X-ray tube (50 kV, 40 mA) is monochromatised 

using a graphite monochromator held at 6°. The beam is the passed through a 0.5-

mm collimator before falling on the crystal. The direct beam from the collimator is 

stopped using a beam-stop, which is placed beyond the crystal. A charge coupled 

device (CCD) serves as the detector. It has a 1024 x 1024 pixeled phosphor screen 

protected by a beryllium window. At each pixel point on the screen, the X-ray 

photons are converted to optical photons, which are then carried to the CCD chip. 

The charge build-up is a measure of the diffracted intensity. Before a data 

collection, dark current measurement is done without opening the shutter. The dark 

frames (16 frames) are collected for the same exposure time as the data and are 
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averaged to obtain the background. The components of the SMART system are 

indicated in Figure 3.2. 

The copper pip with a crystal on top is mounted on the goniometer-head 

and the sleds on the goniometer head are adjusted to center the crystal with respect 

to the cross-hairs of the optical microscope attached to the diffractometer. The data 

collection/reduction is done on a Pentium-DOS machine connected to the 

diffractometer using the SMART software.'^^ Initially, the orientation of the 

crystal with respect to the diffractometer is determined by collecting over a range 

of- 7° in CO in ~ 45 frames, each frame being read for about 10 seconds. The width 

of each frame was 0.3°. By this method, the cell parameters and the orientation of 

the crystal could be obtained. For extended data, a separate SGI workstation 

connected to the Pentium PC over the Local Area Network (100 Mbps) is used. A 

room temperature hemisphere data is usually recorded to check the quality of the 

data at various resolution levels. Depending upon the intensity of diffraction, the 

data is collected for 20 to 40 seconds per frame. The data reduction is carried out 

using the SAINT software in the SGI workstation. This computer also houses 

SHELXTL'^^ for structure solution and other programs like PLATON.'^^ 
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Figure 3.1: Single crystal X-ray diffractometer 
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Figure 3.2: Components of the Siemens SMART/CCD system. 
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The values of 26, ()) and co used for the hemisphere data are Usted below in Table 

3.1. For a routine structural determination, a hemisphere of data, collected at low-

angle is sufficient. 

Table 3.1 Optimal 
Run# 29 

0 -28 
1 -28 
2 -28 

26, 0) and <t) for hemispherical data at low resolution 
(0 <|> Width 

-26 0 -0.3 
-21 88 -0.3 
-23 180 -0.3 

# of frames 

606 
435 
230 

The structure can be solved with a partial data set when the data collection 

is still on. This arrangement provided means of monitoring the data, so that any 

problems encoimtered during the experiment could be identified and corrected 

immediately. Absorption corrections were applied for the complexes of 3,5-

dinitrobenzoic acid-l,4-diiodobenzene and silver cyanurate. The total data and the 

refined matrix are used as input in the program, XPREP. The centric or the 

noncentric nature of the crystal is determined based on the normahzed structure 

factor, E; Mean IE^ - 11 being 0.968 (for centric) and 0.736 for non-centric crystal 

structures.'^^ The exact space group is determined from the systematic absences. 

The graphic routine XP was used for the visualization purposes. All the structures 

were solved using direct methods of the XS routine of SHELXTL.'^' The XL 

routine of SHELXTL was used for the structure refinement over F .̂ All the non-

hydrogen atoms were refined anisotropically. The fractional atomic coordinates of 

the various molecular crystals investigated are given in Appendix Al. 

Intermolecular bonds were calculated using the program PLATON.'^^ 
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3.2.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) has been carried out to study the porous nature 

of the host-guest complexes formed by the adduct trithiocyanuric acid and 4,4'-

bipyridine using a Mettler-Toledo TG850 instrument. Initially, the complexes as-

prepared were heated in the furnace attached to the instrument over the 

temperature range 25-200°C. This led to the removal of the aromatic guest 

molecules as confirmed by the weight loss noted in process. The host material 

obtained after removing the aromatic molecule was immersed in the aromatic 

liquid for several hours. The crystals were then taken out, and TGA repeated. This 

procedure was repeated more than once to find out whether the inclusion of the 

guest molecule was reversible and also whether there was any change in the 

temperature of decomposition or in the proportion of the aromatic compound in 

the adduct, with such cycling. 
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4. RESULTS AND DISCUSSION 

4.1 Channel structures formed by self-assembled four-membered 

networks of trimesic acid 

Trimesic acid generally forms hexagonal networks, by the formation of O-

H---0 hydrogen bond couplings between the adjacent carboxylic groups/^ 

However, in our exploration, we have found that a rectangular network of the type 

reported by Herbstein in the complex of trimesic acid with picric acid forms 

novel assemblies, giving channel structures. Our investigation originated with our 

attempt to crystallize trimesic acid, 1, with dimethylformamide (DMF). It is 

known in the literature that 1 forms an adduct with dimethylamine rather than with 

DMF upon crystallization of the acid from DMF.'^° The amine results from the 

decomposition of DMF during crystallization with TMA. This prompted us to 

explore the possible methods to incorporate DMF itself into the crystal structure of 

the acid, 1. We therefore attempted to crystallize 1 from a mixture of DMF and 

benzene, with the expectation that 1 while crystallizing from benzene, may trap 

DMF molecules into the lattice. Similar experiments were carried out with other 

solvent mixtures. 

4.1.1 Hydrogen-bonded adduct of trimesic acid with dimethylformamide, la 

The asymmetric unit of la, which consists of one trimesic acid (1, TMA) molecule 

and two DMF molecules, is shown in Figure 4.1. The TMA.DMF adduct 

crystallizes in a monoclinic, P2j/c space group. The crystallographic data and 

experimental details are given in Table 4.1. The atomic coordinates and isotropic 

displacement parameters are listed in Table A 1.1 (see Appendix Al). 
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Crystallization of 1 with DMF in the presence of benzene yields la, which comprises 

of two-dimensional molecular tapes formed between the molecules of TMA and DMF 

through hydrogen bonds. 

Figure 4.1: ORTEP plot of trimesic acid-DMF, la. Thermal ellipsoids are given at 
50% probability. 

Table 4.1 Crystal structure data of molecular complexes of trimesic 
acid + dimethylformamide (la) 
Chemical formula 
Formula weight 
Cell setting 
Space group 
A (A) 
B(A) 
C(A) 
a O 
PO 
yO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m^) 
p, mm"' 
^(A) 
Crystal size (mm) 
Diffractometer 
Radiation type 
Crystal-detector distance(cm) 
Temperature (K) 
No. of measured reflections 

C,5H20N2O8 
356.33 
Monoclinic 
P2,/c 
16.912(6) 
14.475(5) 
7.390(2) 
90 
90.55(3) 
90 
1809.0(10) 
4 
752 
1.308 
0.107 
0.7107 
0.40 X 0.30 X 0.25 
Smart, CCD area detector 
MoKa 
5.0 
293(2) 
3513 
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Table 4.1 {continued) 
No. of independent reflections 
©max ( ) 

Range of h, k, I 

Ri 
WR2 

S 
No. of parameters refined 
Max. eA"̂  

2100 
2-24 
-12 to 15 
-16 to 6 
-8 to 8 
0.0587 
0.1161 
1.419 
239 
0.239 

The interatomic bond distances and angles for l a are listed below in Table 4.2. 

Table 4.2. Bond lengths and angles la 
Moiety Distance (A) Moiety Angle (° 

0(6)-C(7) 1.328(5) C(15)-C(10)-C(ll) 119.1(3 
0(8)-C(9) 1.206(4) C(15)-C(10)-C(8) 119.4(4 
C(10)-C(15) 1.390(5) C(ll)-C(10)-C(8) 121.5(4 
C(10)-C(ll) 1.391(5) C(13)-C(12)-C(ll) 119.0(4 
C(10)-C(8) 1.491(5) C(13)-C(12)-C(9) 119.0(4 
0(4)-C(8) 1.311(5) C(ll)-C(12)-C(9) 122.1(4 
0(7)-C(9) 1.324(4) C(13)-C(14)-C(15) 119.5(4 
0(5)-C(7) 1.197(5) C(13)-C(14)-C(7) 122.7(4 
C(12)-C(13) 1.392(5) C(15)-C(14)-C(7) 117.8(4 
C(12)-C(ll) 1.393(5) 0(8)-C(9)-0(7) 122.9(4 
C(12)-C(9) 1.489(5) 0(8)-C(9)-C(12) 122.7(4 
C(14)-C(13) 1.378(5) 0(7)-C(9)-C(12) 114.4(4 
C(14)-C(15) 1.392(5) C(14)-C(13)-C(12) 121.0(4 
C(14)-C(7) 1.507(5) C(10)-C(15)-C(14) 120.7(4 
0(3)-C(8) 1.210(4) C(10)-C(ll)-C(12) 120.8(4 
N(2)-C(6) 1.302(5) 0(3)-C(8)-0(4) 123.6(4 
N(2)-C(3) 1.439(5) O(3)-C(8)-C(10) 124.0(4 
N(2)-C(2) 1.449(5) O(4)-C(8)-C(10) 112.4(4 
0(2)-C(6) 1.239(5) C(6)-N(2)-C(3) 119.8(4 
0(1)-C(5) 1.244(5) C(6)-N(2)-C(2) 123.5(4 
N(l)-C(5) 1.312(5) C(3)-N(2)-C(2) 116.7(4 
N(l)-C(l) 1.433(6) 0(5)-C(7)-0(6) 123.9(4 
N(l)-C(4) 1.435(6) 0(5)-C(7)-C(14) 123.2(4; 

Moiety Angle (") 0(6)-C(7)-C(14) 112.9(4 
116.8(4) C(5)-N(l)-C(l) 123.3(5 
124.8(5) C(5)-N(l)-C(4) 119.9(5 

0(1)-C(5)-N(1) 125.8(5 

C(l)-N(l)-C(4) 
0(2)-C(6)-N(2) 
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The C-C distances of the phenyl ring in 1 are ~ 1.4 A. The C-0 and C=0 distances of 

the carboxyl groups are ~ 1.3 and 1.2 A, respectively. The C-N distances in DMF are 

in the range of 1.3 - 1.45 A (see Table 4.2). 

The two-dimensional arrangement of the molecules in a sheet is shown in 

Figure 4.2. Out of the three carboxyl groups, two of them interact with DMF 

molecules forming a cyclic coupling consisting of 0-H---0 and C-H---0 hydrogen 

bonds. The corresponding H---0 distances are 1.67, 1.68 and 2.53, 2.94 A 

respectively. The third carboxyl group forms 0-H---0 (H---0, 1.77A) and C-H---0 

(H---0, 2.43A) hydrogen bonds. The unique hydrogen bonding distances of la are 

given in Table 4.3. 

Figure 4.2: Two-dimensional molecular tapes formed between trimesic acid and DMF 
in the crystal structure of la. Unique hydrogen bonding distances are only indicated. 
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Table 4.3. Unique hydrogen bond parameters la 
H-bond D-H(A) H-A(A) D-A(A) D-H-A(°) 

0(7)-H(7A)-
0(6)-H(7B)-
0(4)-H(7C)-
C(3)-H(3B)-
C(5)-H(5A)-
C(6)-H(6A)-

-0(1) 
•0(3) 
•0(2) 
•0(8) 
•0(8) 
•0(5) 

0.95(5) 
0.98(5) 
0.86(4) 
0.960(6) 
0.930(7) 
0.929(7) 

1.67(5) 
1.77(5) 
1.67(4) 
2.491(6) 
2.524(6) 
2.431(6) 

2.611(5) 
2.747(5) 
2.517(4) 
3.371(6) 
3.207(6) 
3.212(6) 

167(5) 
179(5) 
171(5) 
152.4(7) 
130.5(6) 
141.7(5) 

4.1.2 Trimesic acid with methanol, lb 

Interestingly, trimesic acid 1 forms crystals upon crystallization from a 

methanol/benzene mixture. The asymmetric unit of the compound resulting from the 

crystallization, lb, is shown in Figure 4.3. The asymmetric unit consists of one TMA 

molecule, one methanol and one water molecule. The hydrogen atoms are not 

indicated in the figure. The adduct lb crystallizes in a triclinic, P-1 space group. The 

crystal structure data are listed in Table 4.4. There are four adjacent trimesic acid 

molecules, connected to each other through regular centrosymmetric 0-H---0 

hydrogen bonds as well as by single 0-H---0 hydrogen bonds leading to the formation 

of a four-membered network rather than the usual hexagonal network. 

Figure 4.3: ORTEP plot of trimesic acid-methanol, lb. Thermal ellipsoids at 50% 
probability. 
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Table 4.4 Crystal structure data of the adduct of trimesic acid + 
methanol lb 
Chemical formula 
Formula weight 
Cell setting 
Space group 
A (A) 
B(A) 
C(A) 

aO 
PO 
yO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m^) 
\i, mm'' 
•k{k) 
Crystal size (mm) 
Diffractometer 
Radiation type 
Crystal-detector 
distance(cm) 
Temperature (K) 
No. of measured reflections 
No. of independent 
reflections 
Qmax ( ) 

Range of/z, k, I 

Ri 
WR2 
S 
No. of parameters refined 
Max. eA'̂  

C10H12O8 
260.20 
Triclinic 
P-1 
3.679(1) 
8.971(2) 
18.038(3) 
77.76(1) 
86.86(1) 
88.04(1) 
580.8(2) 
2 
272 
1.488 
0.132 
0.7107 
0.35 X 0.22 X 0.38 
Smart, CCD area detector 
MoKa 
5.0 

293(2) 
2426 
1630 

2 - 2 4 
-4 to 4 
-8 to 9 
-19 to 18 
0.1328 
0.3082 
1.657 
153 
0.967 

The atomic coordinates and isotropic displacement parameters are listed in 

Table A1.2. The interatomic bond lengths and valence angles are given in Table 4.5. 

The bond distances of the C-C bonds in the phenyl ring of TMA are ~ 1.4 A and the 

C-C-C angles of the phenyl ring are nearly 120°. The C-O distance in methanol is ~ 

1.5 A. 
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Table 4.5 Bond lengths and angles 
Moiety 

C(9)-C(3) 
C(9)-C(6) 
C(9)-C(4) 
C(8)-C(2) 
C(8)-C(6) 
C(8)-C(5) 
0(7)-C(l) 
0(5)-C(4) 
0(6)-C(l) 
0(4)-C(4) 
0(3)-C(5) 
C(7)-C(2) 
C(7)-C(3) 
C(7)-C(l) 
0(2)-C(5) 
0(11)-C(11) 

Moiety 
0(6)-C(l)-C(7) 
0(7)-C(l)-C(7) 

Distance (A) 
1.384(12) 
1.388(12) 
1.511(12) 
1.398(12) 
1.402(12) 
1.481(12) 
1.301(11) 
1.308(11) 
1.214(11) 
1.206(11) 
1.281(11) 
1.391(12) 
1.406(12) 
1.519(12) 
1.275(11) 
1.52(4) 

Angle O 
122.8(8) 
112.3(8) 

,1b 
Moiety 

C(3)-C(9)-C(6) 
C(3)-C(9)-C(4) 
C(6)-C(9)-C(4) 
C(2)-C(8)-C(6) 
C(2)-C(8)-C(5) 
C(6)-C(8)-C(5) 
C(2)-C(7)-C(3) 
C(2)-C(7)-C(l) 
C(3)-C(7)-C(l) 
C(9)-C(6)-C(8) 
0(2)-C(5)-0(3) 
0(2)-C(5)-C(8) 
0(3)-C(5)-C(8) 
0(4)-C(4)-0(5) 
0(4)-C(4)-C(9) 
0(5)-C(4)-C(9) 
C(9)-C(3)-C(7) 
C(7)-C(2)-C(8) 
0(6)-C(l)-0(7) 

Angle (") 
121.7(8) 
120.4(8) 
117.9(7) 
120.3(8) 
120.0(8) 
119.7(8) 
120.8(8) 
120.3(7) 
119.0(7) 
119.1(8) 
123.0(8) 
118.2(8) 
118.7(8) 
123.0(9) 
122.0(8) 
114.9(7) 
118.7(8) 
119.4(8) 
124.8(8) 

In the four-membered network formed by the TMA molecules, two sides are 

made up of dimeric hydrogen bonds between the trimesic acid molecules (0---0, 2.61 

and 2.64 A) and these sides are connected to each other through H2O molecules, 

giving rise to singly bridged dimers formed by 0-H---0 bonds (0---0, 2.61 and 2.87 

A), to yield planar sheets. The hydrogen atoms were not included in the refinement. 

This structure is similar to the one described by Herbstein and Marsh. These sheets 

are stacked in a three-dimensional arrangement yielding channels occupied by 

methanol molecules as shown in Figure 4.4. The methanol molecules are hydrogen-

bonded to one another (as shown in the inset of Figure 4.4). Such a polymeric chain of 

methanol molecules with 0-H---0 hydrogen bonds (0---0, 2.43A) has not been 
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isolated or characterized hitherto and this has been possible in the present study since 

the methanol molecules are present in the channel. 

Figure 4.4: Three-dimensional arrangement in the crystal structure oftrimesic acid, 
obtained from the crystallizaton from methanol/benzene (lb). In the inset, a polymeric 
chain of methanol molecules present in the channels are shown. 

4.1.3 Trimesic acid with acetone 

A structure slightly similar to the one shown in Figure 4.4 is obtained upon 

crystallization of trimesic acid from acetone, the latter contains only one singly-

bridged dimer with water molecule, and a linear 0-H---0 bond with another trimesic 

acid molecule, within a four-membered network. This is in contrast to the presence of 

two singly bridged dimers in the methanol adduct. There are molecules of acetone 

occupying the channels in Figure 4.5. However, the positions of the atoms 

corresponding to the acetone molecules could not be refined to a satisfactory level. 
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Figure 4.5: Three-dimensional arrangement in the crystal structure oftrimesic acid, 
obtained by crystallization from acetone. Acetone molecules are not shown in the 
channels. 

4.2 Layered structures formed by 3,5-dinitrobenzoic acid and 3,5-dmitro-

4-methylbenzoic acid witli 4,4'-bipyridine 

3,5-dinitrobenzoic acid, 2, is known to form a structure with cavities when 

crystallized from benzene solution, the cavities accommodating anthracene.'^' In the 

absence of benzene, however, it does not form a layered structure. Crystallization of 

3,5-dinitro-4-methylbenzoic acid, 3, from most solvents yields structures with cavities 

in a two-dimensional arrangement, which can accommodate anthracene.'^'^ We have 

investigated whether the cavities formed by 2 and 3 could be modified by 

incorporating an azaaromatic donor molecule such as 4,4'-bipyridyl. Crystallization of 

2 and 3 in the presence of bipyridine gave complexes 2a and 3a respectively in the 2:1 

stoichiometry. The asymmetric units of the two co-crystals are shown in Figure 4.6. 

Crystal structure data of 2a and 3a are given in Table 4.6. The atomic coordinates and 
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isotropic displacement values for 2a and 3a are listed in Tables A1.3 and A1.4 

respectively. 2a crystallizes in a monoclinic, P2i/n space group, and 3a in P-1 space 

group (triclinic crystal system). Intramolecular bond lengths and angles for 2a and 3a 

are given in Tables 4.7 and 4.8 respectively. 

Figure 4.6: ORTEP plots of 3,5-dinitrobenzoic acid-4,4'-bipyridyl, 2a, and 3,5-
dinitro-4-methyl benzoic acid-4, 4'-bipyridyl, 3a. 

Table 4.6 Crystal structure data of molecular complexes of 3,5-dinitrobenzoic acid + 4,4'-
bipyridyl (2a), 3,5-dinitro-4-methylbenzoic acid + 4,4'-bipyridyl (3a) and 3,5-dinitro-4-
methylbenzoic acid + 4,4'-bipyridyl + anthracene (3b). 

2a 3a 3b 
Chemical formula 

Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
O.C) 
PO 
yO 
Cell volume (A^) 
Z 
F(OOO) 
p (Mg/m^) 

C7H4N206:C,oH8N2 

580.43 
monoclinic 
P2,/n 
6.226(1) 
22.150(2) 
9.417(1) 
90 
99.17(1) 
90 
1282.1(3) 
2 
596 
1.504 

CgHeNjOeiC.oHgNj 

608.48 
triclinic 
P-1 
9.852(1) 
11.297(1) 
14.827(1) 
67.72(1) 
89.77(2) 
64.85(1) 
1357.7(2) 
2 
628 
1.488 

C,6H,2N40,2:C,4H 10 
OiiCioHgOi 
786.70 
triclinic 
P-1 
9.121(1) 
9.260(1) 
11.199(2) 
73.83(1) 
89.58(1) 
81.78(1) 
898.6(2) 
1 
408 
1.454 
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Table 4.6 {continued) 
\i, mm'' 
X{k) 
Crystal size (mm) 
Diffractometer 

Radiation type 
Crystal-detector 
distance(cm) 
Temperature (K) 
No. of measured 
reflections 
No. of independent 
reflections 
9max ( ) 
Range ofh, k, I 

Ri 
WR2 

S 
No. of parameters 
refined 
Max. eA"̂  

Table 4.7 Bond lengths i 

0.124 
0.7107 
0.25 X 0.25 : 

0.121 
0.7107 

X 0.25 0.35 X 0.30 x 
Smart, CCD area Smart, CCD 
detector 
MoKa 
5.0 

293(2) 
4885 

1831 

2-24 
-6 to 6 
-17 to 24 
-10 to 8 
0.0654 
0.0865 
0.906 
223 

0.131 

md angles 2a 
Moiety Distance (A) 

C(ll)-C(12) 
C(ll)-C(ll)#l 
C(12)-C(13) 
C(12)-H(12) 
C(13)-N(14) 
C(13)-H(13) 
N(14)-C(15) 
C(15)-C(16) 
C(15)-H(15) 
C(16)-H(16) 
C(21)-C(26) 
C(21)-C(22) 
C(21)-C(27) 
C(22)-C(23) 
C(22)-H(22) 
C(23)-C(24) 
C(23)-N(23) 
N(23)-0(232) 
N(23)-0(231) 

1.405(6) 
1.460(8) 
1.383(7) 
1.07(4) 
1.318(6) 
0.99(5) 
1.309(6) 
1.376(7) 
1.02(4) 
0.97(4) 
1.388(6) 
1.401(6) 
1.494(7) 
1.366(7) 
0.90(5) 
1.355(6) 
1.507(7) 
1.194(6) 
1.219(6) 

detector 
MoKa 
5.0 

293(2) 
5368 

3811 

2-24 
-6 to 10 
-11 to 12 
-16 to 14 
0.0487 
0.0980 
1.30 
478 

0.179 

Moiety 
C(16)-C(ll)-C(12) 
C(16)-C(ll)-C(ll)#l 
C(12)-C(ll)-C(ll)#l 
C(ll)-C(12)-H(12) 
N(14)-C(13)-C(12) 
N(14)-C(13)-H(13) 
C(12)-C(13)-H(13) 
C(15)-N(14)-C(13) 
N(14)-C(15)-C(16) 
N(14)-C(15)-H(15) 
C(16)-C(15)-H(15) 
C(15)-C(16)-C(ll) 
C(15)-C(16)-H(16) 
C(ll)-C(16)-H(16) 
C(26)-C(21)-C(22) 
C(26)-C(21)-C(27) 
C(22)-C(21)-C(27) 
C(23)-C(22)-C(21) 
C(23)-C(22)-H(22) 

0.110 
0.7107 

0.20 0.25 X 0.30 X 0.30 
area Smart, CCD 

detector 
MoKa 
5.0 

293(2) 
3537 

2528 

2-24 
-10 to 9 
-8 to 10 
-12 to 12 
0.0547 
0.0848 
1.294 
322 

0.162 

Angle (•) 
115.6(5) 
123.1(7) 
121.3(6) 
116(3) 
122.5(6) 
122(3) 
115(3) 
118.5(6) 
123.2(6) 
121(2) 
116(2) 
120.3(6) 
125(3) 
115(3) 
119.6(5) 
120.6(6) 
119.7(6) 
117.9(6) 
116(3) 

area 
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Table 4.7 {continued) 
C(24)-C(25) 
C(24)-H(24) 
C(25)-C(26) 
C(25)-N(25) 
N(25)-0(252) 
N(25)-0(251) 
C(26)-H(26) 
C(27)-0(271) 
C(27)-0(272) 
0(272)-H(272) 

Moiety 
C(21)-C(26)-H(26) 

0(271)-C(27)-0(272) 
0(271)-C(27)-C(21) 
0(272)-C(27)-C(21) 

C{27)-0(272)-H(272) 

Table 4.8 Bond lengths 
Moiety 

C(ll)-C(12) 
C(ll)-C(16) 
C(ll)-C(17) 
C(12)-C(13) 
C(12)-H(12) 
C(13)-C(14) 
C(13)-N(13) 
C(14)-C(15) 
C(14)-C(18) 
C(15)-C(16) 
C(15)-N(15) 
C(16)-H(16) 
C(17)-0(171) 
C(17)-0(172) 
C(18)-H(18A) 
C(18)-H(18B) 
C(18)-H(18C) 
N(13)-0(132) 
N(13)-0(131) 
N(15)-0(151) 
N(15)-0(152) 
0(172)-H(172) 
C(21)-C(26) 
C(21)-C(22) 
C(21)-C(27) 
C(22)-C(23) 
C(22)-H(22) 

1.357(6) 
0.99(4) 
1.364(7) 
1.485(7) 
1.203(5) 
1.213(5) 
0.97(3) 
1.229(5) 
1.292(6) 
0.98(4) 
Angle (») 

122(2) 
124.2(6) 
122.6(6) 
113.2(6) 
113(2) 

and angles 3 a 
Distance 

(A) 
1.377(4) 
1.388(4) 
1.507(4) 
1.375(4) 
0.94(2) 
1.401(4) 
1.480(3) 
1.392(4) 
1.511(4) 
1.372(4) 
1.487(3) 
1.00(2) 
1.204(3) 
1.283(3) 
0.93(4) 
0.91(4) 
1.00(4) 
1.217(3) 
1.220(3) 
1.207(3) 
1.217(3) 
0.95(4) 
1.379(4) 
1.382(4) 
1.503(4) 
1.382(4) 
0.94(2) 

C(21)-C(22)-H(22) 
C(24)-C(23)-C(22) 
C(24)-C(23)-N(23) 
C(22)-C(23)-N(23) 
0(232)-N(23)-0(231) 
0(232)-N(23)-C(23) 
0(231)-N(23)-C(23) 
C(23)-C(24)-C(25) 
C(23)-C(24)-H(24) 
C(25)-C(24)-H(24) 
C(24)-C(25)-C(26) 
C(24)-C(25)-N(25) 
C(26)-C(25)-N(25) 
0(251)-N(25)-C(25) 
C(25)-C(26)-C(21) 
C(25)-C(26)-H(26) 

Moiety 

C(12)-C(ll)-C(16) 
C(12)-C(ll)-C(17) 
C(16)-C(ll)-C(17) 
C(13)-C(12)-C(ll) 
C(13)-C(12)-H(12) 
C(ll)-C(12)-H(12) 
C(12)-C(13)-C(14) 
C(12)-C(13)-N(13) 
C(14)-C(13)-N(13) 
C(15)-C(14)-C(13) 
C(15)-C(14)-C(18) 
C(13)-C(14)-C(18) 
C(16)-C(15)-C(14) 
C(16)-C(15)-N(15) 
C(14)-C(15)-N(15) 
C(15)-C(16)-C(ll) 
C(15)-C(16)-H(16) 
C(ll)-C(16)-H(16) 
0(171)-C(17)-0(172) 
0(171)-C(17)-C(11) 
0(172)-C(17)-C(11) 
C(14)-C(18)-H(18A) 
C(14)-C(18)-H(18B) 
H(18A)-C(18)-H(18B) 
C(14)-C(18)-H(18C) 
H(18A)-C(18)-H(18C) 
H(18B)-C(18)-H(18C) 

124(3) 
123.1(6) 
118.7(7) 
118.2(6) 
125.8(8) 
117.7(7) 
116.5(7) 
118.0(6) 
124(3) 
117(2) 
122.5(6) 
118.7(6) 
118.7(6) 
116.4(6) 
118.8(6) 
118(2) 

Angle C) 

119.0(3) 
120.3(3) 
120.6(3) 
120.3(3) 
120(2) 
119(2) 
123.5(3) 
117.0(3) 
119.5(3) 
113.1(2) 
122.4(3) 
124.4(3) 
125.6(3) 
116.0(2) 
118.3(2) 
118.4(3) 
120.8(14) 
120.7(14) 
124.9(3) 
122.7(3) 
112.4(3) 
113(2) 
106(3) 
106(4) 
111(3) 
106(3) 
115(4) 
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Table 4.8 {continued) 
C(23)-C(24) 
C(23)-N(23) 
C(24)-C(25) 
C(24)-C(28) 
C(25)-C(26) 
C(25)-N(25) 
C(26)-H(26) 
C(27)-0(271) 
C(27)-0(272) 
C(28)-H(28A) 
C(28)-H(28B) 
C(28)-H(28C) 
N(23)-0(232) 
N(23)-0(231) 
N(25)-0(252) 
N(25)-0(251) 
0(272)-H(272) 
C(31)-C(32) 
C(31)-C(36) 
C(31)-C(37) 
C(32)-C(33) 
C(32)-H(32) 
C(33)-N(34) 
C(33)-H(33) 
N(34)-C(35) 
C(35)-C(36) 
C(35)-H(35) 
C(36)-H(36) 
C(37)-C(312) 
C(37)-C(38) 
C(38)-C(39) 
C(38)-H(38) 
C(39)-N(310) 
C(39)-H(39) 
N(310)-C(311) 
C(311)-C(312) 
C(311)-H(311) 
C(312)-H(312) 

Moiety 
C(31)-C(36)-H(36) 
C(312)-C(37)-C(38) 
C(312)-C(37)-C(31) 
C(38)-C(37)-C(31) 
C(39)-C(38)-C(37) 
C(39)-C(38)-H(38) 
C(37)-C(38)-H(38) 
N(310)-C(39)-C(38) 

1.395(4) 
1.494(4) 
1.397(4) 
1.518(4) 
1.377(4) 
1.475(3) 
0.93(3) 
1.212(3) 
1.299(3) 
1.08(5) 
0.97(4) 
0.94(3) 
1.208(3) 
1.216(3) 
1.223(3) 
1.224(3) 
1.00(4) 
1.391(4) 
1.393(4) 
1.484(4) 
1.383(4) 
0.96(3) 
1.330(4) 
0.93(3) 
1.324(4) 
1.374(4) 
0.93(3) 
0.93(3) 
1.387(4) 
1.390(4) 
1.387(4) 
0.97(3) 
1.330(4) 
0.97(3) 
1.325(4) 
1.377(4) 
0.94(4) 
0.94(3) 

Angle (") 
123(2) 

116.9(3) 
121.2(2) 
122.0(3) 
119.7(3) 
120(2) 
120(2) 

122.7(3) 

0(132)-N(13)-0(131) 
0(132)-N(13)-C(13) 
0(131)-N(13)-C(13) 
0(151)-N(15)-0(152) 
0(151)-N(15)-C(15) 
0(152)-N(15)-C(15) 
C(17)-0(172)-H(172) 
C(26)-C(21)-C(22) 
C(26)-C(21)-C(27) 
C(22)-C(21)-C(27) 
C(23)-C(22)-C(21) 
C(23)-C(22)-H(22) 
C(21)-C(22)-H(22) 
C(22)-C(23)-C(24) 
C(22)-C(23)-N(23) 
C(24)-C(23)-N(23) 
C(23)-C(24)-C(25) 
C(23)-C(24)-C(28) 
C(25)-C(24)-C(28) 
C(26)-C(25)-C(24) 
C(26)-C(25)-N(25) 
C(24)-C(25)-N(25) 
C(25)-C(26)-C(21) 
C(25)-C(26)-H(26) 
C(21)-C(26)-H(26) 
0(27I)-C(27)-0(272) 
0(271)-C(27)-C(21) 
0(272)-C(27)-C(21) 
C(24)-C(28)-H(28A) 
C(24)-C(28)-H(28B) 
H(28A)-C(28)-H(28B) 
C(24)-C(28)-H(28C) 
H(28A)-C(28)-H(28C) 
H(28B)-C(28)-H(28C) 
0(232)-N(23)-0(231) 
0(232)-N(23)-C(23) 
0(231)-N(23)-C(23) 
0(252)-N(25)-0(251) 
0(252)-N(25)-C(25) 
0(251)-N(25)-C(25) 
C(27)-0(272)-H(272) 
C(32)-C(31)-C(36) 
C(32)-C(31)-C(37) 
C(36)-C(31)-C(37) 
C(33)-C(32)-C(31) 
C(33)-C(32)-H(32) 
C(31)-C(32)-H(32) 

124.6(3) 
118.0(3) 
117.4(3) 
124.2(3) 
118.2(3) 
117.5(3) 
119(2) 
118.8(3) 
119.5(3) 
121.7(3) 
119.3(3) 
123(2) 
117(2) 
124.7(3) 
114.8(3) 
120.5(3) 
112.8(2) 
125.1(3) 
121.8(3) 
124.6(3) 
115.8(3) 
119.6(2) 
119.7(3) 
120(2) 
120(2) 
125.4(3) 
122.3(3) 
112.2(3) 
110(3) 
114(3) 
104(3) 
111(2) 
104(3) 
114(3) 
124.3(3) 
117.4(3) 
118.3(3) 
123.8(3) 
117.5(3) 
118.6(3) 
116(2) 
116.8(3) 
121.2(3) 
122.0(2) 
119.6(3) 
120(2) 
120(2) 
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Table 4.8 (continued) 
N(310)-C(39)-H(39) 
C(38)-C(39)-H(39) 
C(311)-N(310)-C(39) 
N(310)-C(311)-C(312) 
N(310)-C(311)-H(311) 
C(312)-C(311)-H(311) 
C(311)-C(312)-C(37) 
C(311)-C(312)-H(312) 
C(37)-C(312)-H(312) 

117(2) 
120(2) 
117.8(3) 
123.4(3) 
116(2) 
121(2) 
119.6(3) 
117(2) 
123(2) 

N(34)-C(33)-C(32) 
N(34)-C(33)-H(33) 
C(32)-C(33)-H(33) 
C(35)-N(34)-C(33) 
N(34)-C(35)-C(36) 
N(34)-C(35)-H(35) 
C(36)-C(35)-H(35) 
C(35)-C(36)-C(31) 
C(35)-C(36)-H(36) 

123.2(3) 
115(2) 
121(2) 
117.0(3) 
124.3(3) 
116(2) 
119(2) 
119.1(3) 
118(2) 

In both 2a and 3a, bipyridyl molecules break up the hydrogen bonds between the 

carboxyl groups as shown in Figure 4.7. The hydrogen bond geometries for 

complexes, 2a and 3a are listed in Tables 4.9 and 4.10, respectively. 

Table 4.9 Unique hydrogen bond parameters 2a 
H-bond D-H(A) H - A ( A ) D - A ( A ) D-H-A(° ) 

0(272)-H(272)---N(14) 0.97(4) 1.61(4) 2.577(7) 172(3) 
C(12)-H(12)--0(231) 1.06(5) 2.57(4) 3.296(8) 125(3) 
C(15)-H(15)-0(251) 1.02(4) 2.53(4) 3.439(8) 148(3) 
C(22)-H(22)--0(232) 0.90(5) 2.39(5) 2.722(9) 102(4) 
C(26)-H(26)---0(252) 0.97(4) 2.37(4) 2.702(8) 100(3) 

Table 4.10 Unique hydrogen bond parameters 3a 
H-bond D-H(A) H - A ( A ) D - A ( A ) D-H-A(° ) 

0(172)-H(172)---N(34) 0.95(4) 1.64(4) 2.579(5) 167(3) 
O(272)-H(272)---N(310) 1-01(5) 1.58(5) 2.581(5) 171(4) 
C(16)-H(16)-0(252) 0.99(3) 2.51(3) 3.489(4) 169(3) 
C(18)-H(18B)--N(15) 0.91(4) 2.52(5) 2.910(5) 106(4) 
C(22)-H(22)--0(272) 0.94(3) 2.37(3) 2.724(5) 101.8(19) 
C(28)-H(28B)---0(251) 0.98(4) 2.37(5) 2.872(6) 111(4) 
C(28)-H(28B)--N(25) 0.98(4) 2.55(5) 2.929(6) 103(3) 
C(28)-H(28C)--0(231) 0.94(4) 2.41(4) 2.768(6) 102(3) 
C(33)-H(33)-0(132) 0.94(3) 2.53(3) 3.453(5) 167(3) 
C(312)-H(312)---0(232) 0.94(3) 2.53(3) 3.240(4) 132(3) 
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l2i 

3a 

Figure 4.7: Top: Recognition pattern between 3,5-dinitrobenzoic acid, 2, and 4,4'-
bipyridine in the molecular complex, 2a. Bottom: Two-dimensional arrangement of 
supermolecules of 3,5-dinitro-4-methylbenzoic acid, 3, and 4,4'-bipyridyl in the 
complex, 3a. The dashed lines represent hydrogen bonds. 

Interestingly, interaction between the carboxylic acid and the bipyridyl molecule in 

these complexes occur through the formation of a single 0-H---N hydrogen bond 

(Figure 4.7), unlike the pair-wise hydrogen bond coupling observed in other related 

systems. The H---N distances in 2a and 3a are 1.61 and 1.65 A respectively. There are 

also C-H---0 hydrogen bonds between the acid molecules in both 2a and 3a (H---0 ~ 

2.4 to 2.5 A, ZC-H---0, 100° - 170°). Furthermore, molecules of 3a are arranged in 
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two dimensions to yield planar sheets (Figure 4.7, bottom) which in turn are stacked in 

the three-dimensional packing while molecules of 2a adopt a herringbone-packing 

pattern. 

Although both 2a and 3a do not possess cavities, the two-dimensional 

arrangement in 3a (Figure 4.7, bottom), which is similar to that of the structures of the 

pure acid, 3, encouraged us to investigate the co-crystallization of 2a and 3a in the 

presence of anthracene. 2a did not yield any co-crystals with anthracene, but 3a gave 

crystals of good quality suitable for single crystal X-ray diffraction studies. The 

asymmetric unit of the 3a-anthracene system consists of one dinitrobenzoic acid 

molecule, half a molecule of bipyridine, and half a molecule of anthracene as shown in 

Figure 4.8. The crystal structure data of this co-crystal, 3b, is given in Table 4.6. 

Figure 4.8: ORTEP plot of the complex of 3,5-dinitro-4-methylbenzoic acid + 4, 4'-
bipyridyl + anthracene, 3b. Thermal ellipsoids shown at 50% probability. 

The atomic coordinates and isotropic displacement parameters of 3b are listed in 

Table A1.5. The intramolecular bond lengths and angles of 3b are given in Table 4.11. 
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Table 4.11 Bond lengths 
Moiety 

0(372)-C(37) 
C(34)-C(33) 
C(34)-C(35) 
C(34)-C(38) 
C(21)-C(22) 
C(21)-C(26) 
C(21)-C(21)#l 
C(33)-C(32) 
C(33)-N(33) 
N(24)-C(23) 
N(24)-C(25) 
C(22)-C(23) 
N(33)-0(331) 
N(33)-0(332) 
C(31)-C(36) 
C(31)-C(32) 
C(31)-C(37) 
C(26)-C(25) 
0(371)-C(37) 
N(35)-0(352) 
N(35)-0(351) 
N(35)-C(35) 
C(36)-C(35) 
C(ll)-C(17) 
C(ll)-C(12) 
C(ll)-C(16) 
C(17)-C(16)#2 
C(16)-C(17)#2 
C(16)-C(15) 
C(12)-C(13) 
C(13)-C(14) 
C(15)-C(14) 

Moiety 
C(31)-C(36)-C(35) 

0(371)-C(37)-0(372) 
0(371)-C(37)-C(31) 
0(372)-C(37)-C(31) 
N(24)-C(25)-C(26) 
C(36)-C(35)-C(34) 
C(36)-C(35)-N(35) 
C(34)-C(35)-N(35) 
N(24)-C(23)-C(22) 
C(17)-C(ll)-C(12) 
C(17)-C(ll)-C(16) 
C(12)-C(ll)-C(16) 

C(16)#2-C(17)-C(ll) 

> and angles 3b 
Distance (A) 

1.308(3) 
1.389(4) 
1.397(4) 
1.510(4) 
1.384(4) 
1.389(4) 
1.488(5) 
1.378(4) 
1.481(4) 
1.327(4) 
1.337(4) 
1.381(4) 
1.218(3) 
1.223(3) 
1.379(4) 
1.376(4) 
1.505(4) 
1.379(4) 
1.202(3) 
1.218(3) 
1.225(3) 
1.480(4) 
1.383(4) 
1.393(4) 
1.427(4) 
1.434(4) 
1.388(4) 
1.388(4) 
1.424(4) 
1.341(5) 
1.412(5) 
1.354(5) 

Angle C) 
119.2(3) 
125.9(3) 
122.2(3) 
111.9(3) 
123.1(3) 
124.5(3) 
115.7(3) 
119.8(3) 
123.5(3) 
122.5(3) 
118.3(3) 
119.2(3) 
122.4(3) 

Moiety 
C(33)-C(34)-C(35) 
C(33)-C(34)-C(38) 
C(35)-C(34)-C(38) 
C(22)-C(21)-C(26) 
C(22)-C(21)-C(21)#l 
C(26)-C(21)-C(21)#l 
C(32)-C(33)-C(34) 
C(32)-C(33)-N(33) 
C(34)-C(33)-N(33) 
C(23)-N(24)-C(25) 
C(23)-C(22)-C(21) 
0(331)-N(33)-0(332) 
0(331)-N(33)-C(33) 
0(332)-N(33)-C(33) 
C(36)-C(31)-C(32) 
C(36)-C(31)-C(37) 
C(32)-C(31)-C(37) 
C(25)-C(26)-C(21) 
C(31)-C(32)-C(33) 
0(352)-N(35)-0(351) 
0(352)-N(35)-C(35) 
0(351)-N(35)-C(35) 
C(31)-C(36)-C(35) 
0(371)-C(37)-0(372) 
0(371)-C(37)-C(31) 
0(372)-C(37)-C(31) 
N(24)-C(25)-C(26) 
C(36)-C(35)-C(34) 
C(36)-C(35)-N(35) 
C(34)-C(35)-N(35) 
N(24)-C(23)-C(22) 
C(17)-C(ll)-C(12) 
C(17)-C(ll)-C(16) 
C(12)-C(ll)-C(16) 
C(16)#2-C(17)-C(ll) 
C(17)#2-C(16)-C(15) 
C(17)#2-C(16)-C(ll) 
C(15)-C(16)-C(ll) 
C(13)-C(12)-C(ll) 
C(12)-C(13)-C(14) 
C(14)-C(15)-C(16) 
C(15)-C(14)-C(13) 
C(33)-C(34)-C(35) 
C(33)-C(34)-C(38) 
C(35)-C(34)-C(38) 
C(22)-C(21)-C(26) 

Angle (°) 
113.1(3) 
124.2(3) 
122.5(3) 
116.5(3) 
122.2(3) 
121.3(3) 
124.3(3) 
114.9(3) 
120.8(3) 
117.0(3) 
119.9(3) 
124.5(3) 
118.8(3) 
116.7(3) 
118.9(3) 
119.4(3) 
121.7(3) 
120.0(3) 
120.0(3) 
125.1(3) 
117.8(3) 
117.1(3) 
119.2(3) 
125.9(3) 
122.2(3) 
111.9(3) 
123.1(3) 
124.5(3) 
115.7(3) 
119.8(3) 
123.5(3) 
122.5(3) 
118.3(3) 
119.2(3) 
122.4(3) 
123.6(3) 
119.3(3) 
117.1(3) 
121.2(4) 
120.0(4) 
121.4(4) 
121.0(4) 
113.1(3) 
124.2(3) 
122.5(3) 
116.5(3) 
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Table 4.11 (continued) 
C(17)#2-C(16)-C(15) 
C(17)#2-C(16)-C(ll) 
C(15)-C(16)-C(ll) 
C(13)-C(12)-C(ll) 
C(12)-C(13)-C(14) 
C(14)-C(15)-C(16) 
C(15)-C(14)-C(13) 
C(32)-C(31)-C(37) 
C(25)-C(26)-C(21) 
C(31)-C(32)-C(33) 
0(352)-N(35)-0(351) 
0(352)-N(35)-C(35) 

123.6(3) 
119.3(3) 
117.1(3) 
121.2(4) 
120.0(4) 
121.4(4) 
121.0(4) 
121.7(3) 
120.0(3) 
120.0(3) 
125.1(3) 
117.8(3) 

C(22)-C(21)-C(21)#l 
C(26)-C(21)-C(21)#l 
C(32)-C(33)-C(34) 
C(32)-C(33)-N(33) 
C(34)-C(33)-N(33) 
C(23)-N(24)-C(25) 
C(23)-C(22)-C(21) 
0(331)-N(33)-0(332) 
0(331)-N(33)-C(33) 
0(332)-N(33)-C(33) 
C(36)-C(31)-C(32) 
C(36)-C(31)-C(37) 
0(351)-N(35)-C(35) 

122.2(3) 
121.3(3) 
124.3(3) 
114.9(3) 
120.8(3) 
117.0(3) 
119.9(3) 
124.5(3) 
118.8(3) 
116.7(3) 
118.9(3) 
119.4(3) 
117.1(3) 

Symmetry transformations used to generate equivalent atoms: 
#1 -x+l,-y,-z-l 
#2-x,-y+l,-z+2 

Figure 4.9. Two-dimensional arrangement of hexagonal cavity, formed by acid, 3 and 
4,4'-bipyridyl which is filled by molecules of anthracene in the complex, 3b. 
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The complex, 3b formed between 3a and anthracene is stabilized by the formation of 

0-H---N and C-H---0 hydrogen bond couplings, not found either in 2a or 3a, as 

shown in Figure 4.9. The hydrogen bond geometries in 3b are given in Table 4.12. 

The H---N and H---0 distances between the acid and 4,4'-bipyridine in the anthracene 

adduct, 3b are 1.68 and 2.57 A, respectively. Figure 4.9 shows that the supermolecules 

are arranged in two dimensions in a hexagonal mode through the formation of C-

H---0 hydrogen bonds between anthracene and the neighbouring molecules of 

carboxylic acid, 3 such that a cavity of dimension 10x12 A results. The anthracene 

molecules are accommodated in these cavities through the formation of C-H---0 

hydrogen bonds. The H---0 distances are in the range of 2.76 - 2.93 A. A comparison 

of the structure of 3b (Figure 4.9) with the anthracene adduct formed by the parent 

carboxylic acid alone indicates that the recognition pattern between anthracene and the 

acid 3 is not perturbed in the presence of bipyridine in 3b. 

Table 4.12 Unique hydrogen bond parameters 3b 
H-bond D-H(A) H-A(A) D-A(A) D-H-A(°) 

N(32)-H(32A)--S(33) 0.860(13) 2.561(10) 3.410(10) 169.6(9) 
N(34)-H(34A)---S(45) 0.860(12) 2.476(10) 3.306(10) 162.6(10) 
N(36)-H(36A)---N(24) 0.860(13) 1.969(13) 2.829(13) 177.4(12) 
N(42)-H(42A)-N(29) 0.860(12) 1.939(12) 2.798(12) 178.7(12) 
N(44)-H(44A)---S(43) 0.860(14) 2.566(10) 3.408(10) 166.5(9) 
N(46)-H(46A)--S(33) 0.860(14) 2.776(10) 3.634(10) 174.6(11) 

4.3 A 2:1 supramolecular assembly of 3,5-dinitrobenzoic acid and 1,4-

diiodobenzene 

3,5-dinitrobenzoic acid, 2, forms a 2:1 molecular complex with 1,4-

diiodobenzene. The asymmetric unit consists of one molecule of 3,5-dinitrobenzoic 
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acid and a half molecule of 1,4-diiodobenzene, as shown in Figure 4.10. This complex 

crystallizes in a monoclinic crystal system and I2/a space group. Crystal structure 

determination of the complex reveals that the interacting molecules recognize each 

other through the formation of a three-centered iodo-nitro coupling consisting of two 

I---0 interactions as shown in Figure 4.11. The I---0 distances are within the 

acceptable limits described in the literature and conform to Q type contacts.'^^ Tables 

4.13 and 4.14 give the crystallographic data and interatomic bond distances and 

angles, respectively. The atomic coordinates and isotropic displacement parameters 

are listed in Table A 1.6. 
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C ( 2 2 ) ^ — ^ 
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Figure 4.10: ORTEP plot of the 3,5-dinitrobenzoic acid -1,4-diiodobenzene complex. 

Table 4.13 Crystal structure data for 3,5-dinitrobenzoic acid -
1,4-diiodobenzene complex. 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
aO 
PO 
YO 
Cell volume (A^) 

(C7H4N206):(C6H4l2) 
754.14 
Monoclinic 
I2/a 
9.647(1) 
8.978(1) 
28.263(2) 
90 
93.36(1) 
90 
2443.7(3) 
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Table 4.13 (continued) 
Z 
F(OOO) 
P (Mg/m') 
1̂ , mm"' 
X(A) 
Crystal size (mm) 
Diffractometer 
Radiation type 
Crystal-detector distance(cm) 
Temperature (K) 
No. of measured reflections 
No. of 
reflections 
Qmax (°) 

Range of/z, k, I 

Ri 
WR2 
S 
No. of parameters 
Max. eA"̂  

independent 

refined 

4 
1448 
2.05 
2.646 
0.7107 
0.35 X 0.25 X 0.30 
Smart, CCD area detector 
MoKa 
5.0 
293(2) 
4613 
1748 

2-24 
-9 to 10 
-9 to 9 
-31 to 28 
0.0424 
0.1141 
1.093 
196 
1.203 

The carboxylic group of the acid joins the adjacent supramolecular assemblages 

through the formation of a centrosymmetric dimeric unit of 0-H---0 hydrogen bonds 

(H---0, 1.79 A, Figure 4.11). This arrangement ultimately leads to a helical type 

structure in the three-dimensional network (not shown in the figure). 

Table 4.14 Bond 
diiodobenzene comph 

Moiety 
I(ll)-C(12) 
C(ll)-C(12) 
C(ll)-C(ll)#l 
C(ll)-H(ll) 
C(12)-C(13) 
C(13)-C(13)#l 
C(13)-H(12) 
N(21)-0(24) 
N(21)-0(23) 
N(21)-C(22) 

lengths and 1 
;x 
Distance (A) 

2.108(6) 
1.377(8) 
1.399(12) 
0.94(8) 
1.370(8) 
1.397(11) 
1.02(8) 
1.212(6) 
1.216(5) 
1.468(6) 

angles of 3,5-dinitroben2 

Moiety 
C(12)-C(ll)-C(ll)#l 
C(12)-C(ll)-H(ll) 
C(ll)#l-C(ll)-H(ll) 
C(13)-C(12)-C(ll) 
C(13)-C(12)-I(ll) 
C(ll)-C(12)-I(ll) 
C(12)-C(13)-C(13)#l 
C(12)-C(13)-H(12) 
C(13)#l-C(13)-H(12) 
0(24)-N(21)-0(23) 

:oic acid-1,4-

Angle n 
119.1(3) 
121(4) 
119(4) 
121.5(6) 
120.0(4) 
118.4(4) 
119.3(3) 
122(4) 
119(4) 
124.4(5) 
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Table 4.14 {continued) 
N(22)-0(22) 
N(22)-0(21) 
N(22)-C(26) 
0(25)-C(27) 
0(25)-H(24) 
0(26)-C(27) 
C(21)-C(22) 
C(21)-C(26) 
C(21)-H(22) 
C(22)-C(23) 
C(23)-C(24) 
C(23)-H(21) 
C(24)-C(25) 
C(24)-C(27) 
C(25)-C(26) 
C(25)-H{23) 

Moiety 
C(25)-C(26)-C(21) 
C(25)-C(26)-N(22) 
C(21)-C(26)-N(22) 
0(26)-C(27)-0(25) 
0(25)-C(27)-C(24) 

1.219(6) 
1.219(6) 
1.462(6) 
1.265(6) 
0.96(10) 
1.255(6) 
1.374(7) 
1.387(8) 
0.93(5) 
1.387(8) 
1.389(7) 
0.90(5) 
1.382(6) 
1.498(6) 
1.368(7) 
0.77(5) 

Angle (») 
122.5(5) 
119.1(5) 
118.4(5) 
124.4(4) 
116.7(4) 

0(24)-N(21)-C(22] 
0(23)-N(21)-C(22; 
0(22)-N(22)-0(2i; 
0(22)-N(22)-C(26] 
0(21)-N(22)-C(26J 
C(27)-0(25)-H(24] 
C(22)-C(21)-C(26) 
C(22)-C(21)-H(22) 
C(26)-C(21)-H(22) 
C(21)-C(22)-C(23) 
C(21)-C(22)-N(21) 
C(23)-C(22)-N(21) 
C(22)-C(23)-C(24) 
C(22)-C(23)-H(21) 
C(24)-C(23)-H(21] 
C(25)-C(24)-C(23) 
C(25)-C(24)-C(27) 
C(23)-C(24)-C(27) 
C(26)-C(25)-C(24) 
C(26)-C(25)-H(23] 
C(24)-C(25)-H(23] 
0(26)-C(27)-C(24] 

117.1(4) 
118.5(4) 

) 123.4(5) 
117.8(4) 
118.8(5) 
103(6) 
116.6(5) 
118(3) 
125(3) 
123.3(5) 
118.4(4) 
118.3(5) 
117.7(5) 
121(3) 
121(3) 
120.6(4) 
119.6(4) 
119.8(4) 
119.3(5) 
125(4) 
116(4) 
118.9(4) 

Symmetry transformations used to generate equivalent atoms: 
#1 -x-l/2,y,-z+l 

In accordance with the previous reports of designing supramolecular assemblies using 

iodo-nitro interactions,'^^ formation of a molecular complex between 2 and 1,4-

diiodobenzene is expected to be in the ratio of 1:1 as the acid 2 possesses two nitro 

groups. Such a 1:1 complex is described by Scheme 4.1. However, a 2:1 complex is 

only obtained exclusively even when we start with a 1:1 mixture of the acid and 

diiodobenzene. The hydrogen bond geometries are indicated in Table 4.15. 
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Figure 4.11: Packing arrangement of 3,5-dinitrobenzoic acid and 1,4-diiodobenzene, 
in the complex. 

HOOC—f "^ 

No,--i-^ y_,... 

N O , — - I — ^ \ I---- OjN 

^ ^>—COOH 

Scheme 4.1 

Table 4.15 Unique hydrogen bond parameters of the complex of 
3,5-dinitrobeiizoic acid and 1,4-diiodobenzene 

H-bond 

0(25)-H(24)-
C(13)-H(12)--
C(21)-H(22)--
C(25)-H(23)--

•0(26) 
•0(21) 
•0(24) 
•0(25) 

D-H (A) 
0.96(10) 
1.02(8) 
0.93(5) 
0.77(5) 

H -ACA) 
1.78(9) 
2.54(7) 
2.35(5) 
2.42(5) 

D - A ( A ) 
2.693(6) 
3.530(8) 
2.678(7) 
2.752(7) 

D-H-A(° ) 
157(10) 
162(5) 
101(4) 
107(4) 

In addition, we have found that 3,5-dinitro-4-methylbenzoic acid, 3, which is 

analogous to 2 does not form any complex with 1,4-diiodobenzene. Formation of a 2:1 
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complex (Figure 4.11) between 2 and 1,4-diiodobenzene could be rationalized on the 

basis of the following considerations. In the crystal structure of the acid 2, '^ one of 

the nitro groups is involved in the formation of a centrosymmetric dimer through C-

H---0 hydrogen bonds as shown in Scheme 4.2a while the other nitro group is 

essentially free. It would therefore, be natural for 2 to form only a 2:1 complex with 

diiodobenzene through the free nitro group. This effect is seen more vividly in the 

structure of the acid'^^ 3 where both the nitro groups are involved in the formation of 

centrosymmetric couplings with the adjacent molecules through C-H---0 hydrogen 

bonds (Scheme 4.2b), thereby preventing 3 from forming a complex with 1,4-

diiodobenzene. Thus, the interactions present in the parent molecules can be used as a 

basis to rationalize the nature of the intermolecular interactions present in the target 

structure. 

COOH 

HOOC 

COOH 

(a) 

HOOC 

COOH 

Scheme 4.2 
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4.4 Layered hydrogen-bonded structures formed by aliphatic dicarboxylic 

acids with azaaromatics 

Co-crystallization of 2,4,6-triaminopyrimidine with malonic (4), glutaric (5), 

and adipic (6) acids resulted in the formation of molecular complexes, which are 

designated as 4a, 5a and 6a respectively. The asymmetric units for 4a and 5a are 

shown in Figure 4.12. The crystal structure data for the three co-crystals are given in 

Table 4.16. The atomic coordinates and isotropic displacement parameters for the 

three complexes 4a, 5a and 6a are given in Tables A 1.7, A 1.8 and A 1.9, respectively. 

H(24BI 

CI26I H(2681 

5a 

Figure 4.12: ORTEP plots of the complexes of 2,4,6-triaminopyrimidine with malonic 
acid, 4a and glutaric acid, 5a. 

Table 4.16 Crystal structure data of molecular complexes of 2,4,6-
triaminopyrimidine with malonic (4a), glutaric (5a) and adipic acids (6a) 

Chemical 
formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
a(°) 
PC) 

4a 
C4H7N5:C3H404 
:0.5(H2O) 
237.21 
Monoclinic 
C2/c 
12.060(2) 
10.748(2) 
16.501(2) 
90 
107.22(9) 

5a 
C4H7N5:C5H804 
:1.5(H20) 
281.26 
monoclinic 
C2/c 
11.929(3) 
10.883(3) 
20.559(5) 
90 
98.77(3) 

6a 
2(C4H7N5):3(C6H,o04) 

688.71 
Monoclinic 
P2|/c 
9.808(1) 
16.104(1) 
10.182(1) 
90 
93.07(2) 
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Table 4.16 {continued) 

YO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m') 
|i, mm"' 
^(A) 
Crystal size 
(mm) 
Diffractometer 

Radiation type 
Crystal-detector 
distance (cm) 
Temperature (K) 
No. of measured 
reflections 
No. of 
independent 
reflections 
©max (°) 
Range of /i, Ic, I 

Ri 
WR2 

S 
No. of 
parameters 
refined 
Max. eA''' 

90 
2043.0(6) 
8 
992 
1.542 
0.130 
0.7107 
0.30 X 0.25 X 
0.25 
Smart, CCD 
area detector 
MoKa 
5.0 

298 
3788 

1477 

2 - 2 4 
-13 to 13 
-11 to 7 
-14 to 18 
0.074 
0.120 
1.097 
175 

0.572 

90 
2638.1(2) 
8 
1184 
1.416 
0.118 
0.7107 
0.20 X 0.25 X 
0.15 
Smart, CCD 
area detector 
MoKa 
5.0 

298 
2359 

1609 

2 - 2 4 
-13 to 9 
-6 to 12 
-20 to 21 
0.056 
0.105 
1.02 
178 

0.422 

90 
1605.9(1) 
2 
732 
1.424 
0.114 
0.7107 
0.40 X 0.35 X 0.25 

Smart, CCD area 
detector 
MoKa 
5.0 

298 
2246 

2323 

2 - 2 4 
-7 to 10 
-16 to 17 
-8 to 11 
0.044 
0.083 
1.377 
230 

0.373 

The crystal structures of these complexes reveal a new structural feature related to the 

hydrogen bonds involving the carboxylic group and the heterocyclic nitrogen. The 

basic recognition between the pyrimidine and the acids occurs between the carboxylic 

group and the pyridyl nitrogen. Figure 4.13 depicts the molecular tapes formed by the 

adducts of 2,4,6-triaminopyrimidine with malonic (4a) and glutaric (5a) acids. Note 

that there are water molecules in both the crystal structures, forming N-H---0 
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hydrogen bonds with the pyrimidines and 0-H---0 hydrogen bonds with the 

carboxylic acid molecules. 

» ^ il.97 1.96: 

4a 5a 

Figure 4.13: Molecular tapes formed by 2,4,6-triaminopyrimidine in the adducts 4a 
(left) and 5a (right). 

The asymmetric unit of the triaminopyrimidine-adipic acid complex, 6a, is 

depicted in Figure 4.14. The complex 6a crystallizes in a P2i/c space group. The 

interatomic bond distances and angles for the three complexes, 4a, 5a and 6a are listed 

in Tables 4.17, 4.18 and 4.19, respectively. The bond lengths of the C-C and C-N 

bonds in the pyrimidine ring ~ 1.40 and 1.33 A, respectively. The C-C bonds in the 

aliphatic acids have bond lengths in the range of- 1.50 to 1.54 A. The C-C-C angles 

in the acids is 109.5°. The hydrogen bond pattern in 6a is depicted in Figure 4.15. 
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H(35A1 

H(35ei 

'Hn2AJ 

6(132) «131l 

Figure 4.14: ORTEP plot of the triaminopyrimidine-adipic acid crystal, 6a. Thermal 
ellipsoids are given at 5Oyo probability. 

Figure 4.15: Arrangement of molecules ofadipic acid and 2,4,6-triaminopyrimidine in 
a two-dimensional planar sheet of the complex, 6a 
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Table 4.17 Bond lengths and angles 4a 
Moiety 

N(22)-C(23) 
N(22)-C(21) 
N(23)-C(23) 
N(25)-C(25) 
C(26)-C(21) 
C(26)-C(25) 
N(24)-C(23) 
N(24)-C(25) 
N(21)-C(21) 
0(112)-C(11) 
0(132)-C(13) 
0(111)-C(11) 
C(12)-C(13) 
C(12)-C(ll) 
0(131)-C(13) 

Distance (A) 
1.353(6) 
1.378(5) 
1.328(5) 
1.330(6) 
1.374(7) 
1.375(6) 
1.323(6) 
1.363(5) 
1.319(6) 
1.254(4) 
1.218(6) 
1.233(5) 
1.500(7) 
1.515(7) 
1.294(5) 

Table 4.18 Bond lengths and angles 5a 
Moiety 

C(ll)-0(112) 
C(ll)-0(111) 
C(ll)-C(12) 
C(12)-C(13) 
C(12)-H(12A) 
C(12)-H(12B) 
C(13)-C(14) 
C(13)-H(13A) 
C(13)-H(13B) 
C(14)-C(15) 
C(14)-H(14A) 
C(14)-H(14B) 
C(15)-0(151) 
C(15)-0(152) 
C(21)-C(26) 
C(21)-C(22) 
C(21)-H(21A) 
N(22)-C(22) 
N(22)-H(22A) 
N(22)-H(22B) 
C(22)-N(23) 
N(23)-C(24) 
N(23)-H(23A) 
N(24)-H(24B) 
C(24)-N(25) 
N(25)-C(26) 
N(25)-H(25A) 
N(26)-C(26) 

Distance (A) 
1.243(7) 
1.248(6) 
1.527(8) 
1.526(7) 
0.97 
0.97 
1.538(8) 
0.97 
0.97 
1.512(7) 
0.97 
0.97 
1.243(7) 
1.289(7) 
1.388(7) 
1.399(8) 
0.93 
1.329(6) 
0.86 
0.86 
1.360(7) 
1.343(6) 
0.86 
0.86 
1.379(7) 
1.353(7) 
0.86 
1.339(7) 

Moiety 
C(23)-N(22)-C(21) 
C(21)-C(26)-C(25) 
C(23)-N(24)-C(25) 
N(25)-C(25)-N(24) 
N(25)-C(25)-C(26) 
N(24)-C(25)-C(26) 
N(24)-C(23)-N(23) 
N(21)-C(21)-C(26) 
N(21)-C(21)-N(22) 

C(26)-C(21)-N(22) 
C(13)-C(12)-C(ll) 
0(132)-C(13)-0(131) 
0(132)-C(13)-C(12) 
0(131)-C(13)-C(12) 
0(112)-C(11)-C(12) 

Moiety 
0(112)-C(11)-0(111) 
0(112)-C(11)-C(12) 
0(111)-C(11)-C(12) 
C(ll)-C(12)-C(13) 
C(11)-C(12)-H(12A) 
C(13)-C(12)-H(12A) 
C(11)-C(12)-H(12B) 
C(13)-C(12)-H(12B) 
H(12A)-C(12)-H(12B) 
C(12)-C(13)-C(14) 
C(12)-C(13)-H(13A) 
C(14)-C(13)-H(13A) 
C(12)-C(13)-H(13B) 
C(14)-C(13)-H(13B) 
H(13A)-C(13)-H(13B) 
C(15)-C(14)-C(13) 
C(15)-C(14)-H(14A) 
C(13)-C(14)-H(14A) 
C(15)-C(14)-H(14B) 
C(13)-C(14)-H(14B) 
H(14A)-C(14)-H(14B) 
0(151)-C(15)-0(152) 
0(151)-C(15)-C(14) 
0(152)-C(15)-C(14) 
C(26)-C(21)-C(22) 
C(26)-C(21)-H(21A) 
C(22)-C(21)-H(21A) 
C(22)-N(22)-H(22A) 

Angle C) 
120.5(4) 
119.4(4) 
118.9(4) 
116.0(4) 
122.9(4) 
121.1(4) 
120.1(4) 
125.2(3) 
116.6(4) 
118.1(4) 
114.3(3) 
123.4(4) 
120.6(4) 
116.0(5) 
119.1(4) 

Angle (») 
123.6(5) 
118.6(5) 
117.9(5) 
109.8(5) 
109.7(3) 
109.7(3) 
109.7(3) 
109.7(3) 
108.2 
110.6(5) 
109.5(3) 
109.5(4) 
109.5(3) 
109.5(3) 
108.1 
114.0(5) 
108.8(3) 
108.8(3) 
108.8(3) 
108.8(4) 
107.6 
122.9(5) 
121.4(5) 
115.7(5) 
117.5(5) 
121.3(3) 
121.3(3) 
120.0(3) 
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Table 4.18 (continued) 
N(26)-H(26A) 
N(26)-H(26B) 

Moiety 
N(24)-C(24)-N(25) 
N(23)-C(24)-N(25) 
C(26)-N(25)-C(24) 
C(26)-N(25)-H(25A) 
C(24)-N(25)-H(25A) 
C(26)-N(26)-H(26A) 
C(26)-N(26)-H(26B) 
H(26A)-N(26)-H(26B) 
N(25)-C(26)-N(26) 
N(26)-C(26)-C(21) 

0.86 
0.86 

Angle O 
120.6(4) 
117.3(5) 
121.4(4) 
119.3(3) 
119.3(3) 
120.0(3) 
120.0(3) 
120 
117.6(4) 
121.4(5) 

Table 4.19 Bond lengths and angles 6a 
Moiety 

C(ll)-C(ll)#l 
C(ll)-C(12) 
C(12)-C(13) 
C(13)-0(131) 
C(13)-0(132) 
C(21)-0(211) 
C(21)-0(212) 
C(21)-C(22) 
C(22)-C(23) 
C(23)-C(24) 
C(24)-C(25) 
C(25)-C(26) 
C(26)-0(261) 
C(26)-0(262) 
C(31)-N(31) 
C(31)-N(36) 
C(31)-N(32) 
N(32)-C(33) 
C(33)-N(33) 
C(33)-C(34) 
C(34)-C(35) 
C(35)-N(35) 
C(35)-N(36) 

Distance (A) 
1.508(12) 
1.526(10) 
1.469(8) 
1.218(6) 
1.312(7) 
1.194(6) 
1.307(6) 
1.496(7) 
1.506(8) 
1.511(8) 
1.527(7) 
1.509(7) 
1.227(6) 
1.282(6) 
1.327(7) 
1.325(6) 
1.339(6) 
1.370(7) 
1.328(7) 
1.359(7) 
1.372(7) 
1.330(6) 
1.357(6) 

C(22)-N(22)-H(22B) 
H(22A)-N(22)-H(22B) 
N(22)-C(22)-N(23) 
N(22)-C(22)-C(21) 
N(23)-C(22)-C(21) 
C(24)-N(23)-C(22) 
C(24)-N(23)-H(23A) 
C(22)-N(23)-H(23A) 
C(24)-N(24)-H(24A) 
C(24)-N(24)-H(24B) 
H(24A)-N(24)-H(24B) 
N(24)-C(24)-N(23) 
N(25)-C(26)-C(21) 

Moiety 
C(ll)#l-C(ll)-C(12) 
C(13)-C(12)-C(ll) 
0(131)-C(13)-0(132) 
0(131)-C(13)-C(12) 
0(132)-C(13)-C(12) 
0(211)-C(21)-0(212) 
0(211)-C(21)-C(22) 
0(212)-C(21)-C(22) 
C(23)-C(22)-C(21) 
C(22)-C(23)-C(24) 
C(23)-C(24)-C(25) 
C(26)-C(25)-C(24) 
0(261)-C(26)-0(262) 
0(261)-C(26)-C(25) 
0(262)-C(26)-C(25) 
N(31)-C(31)-N(36) 
N(31)-C(31)-N(32) 
N(36)-C(31)-N(32) 
C(31)-N(32)-C(33) 
N(33)-C(33)-C(34) 
N(33)-C(33)-N(32) 
C(34)-C(33)-N(32) 
C(33)-C(34)-C(35) 
N(35)-C(35)-N(36) 
N(35)-C(35)-C(34) 
N(36)-C(35)-C(34) 
C(31)-N(36)-C(35) 

120.0(3) 
120 
117.6(5) 
123.2(5) 
119.1(4) 
123.6(5) 
118.2(3) 
118.2(3) 
120.0(3) 
120.0(3) 
120 
122.1(5) 
121.0(5) 

Angle (») 
113.5(6) 
111.1(5) 
121.0(5) 
125.2(6) 
113.8(5) 
122.1(5) 
124.7(5) 
113.2(4) 
113.6(5) 
114.2(5) 
110.5(4) 
116.7(4) 
123.0(5) 
122.3(4) 
114.6(5) 
118.6(5) 
118.0(5) 
123.4(4) 
119.4(4) 
123.8(5) 
116.8(5) 
119.4(5) 
118.4(5) 
115.5(5) 
122.4(5) 
122.2(5) 
117.2(4) 
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The complexes 4a-6a differ from one another in some aspects, the common feature 

being that the pyrimidine and the acid molecules are held together by the couplings 

consisting of 0"---H^-N / N-H---0 bonds as shown in Figures 4.13 and 4.15. While 4a 

and 5a are formed in a 1:1 ratio, with each pyrimidine attached to an acid molecule 

through 0'---H'^-N / N-H---0 hydrogen bonds (Figure 4.13), the complex 6a between 

adipic acid and the pyrimidine is formed in the 3:2 ratio (Figure 4.15). On comparison 

with the literature data on aminopyrimidines,'^^ we would expect the hydrogen-bond 

coupling in 4a-6a to be 0-H---N and N-H---0. However the couplings actually 

observed by us in 4a-6a involve proton transfer from the carboxylic group to the 

heterocyclic nitrogen as shown below in Scheme 4.3. 

O - H - N p - - H - N 

O - H - N 0--H—N 

Scheme 4.3 

Such proton transfer occurs because of strong hydrogen bonds initially formed 

between the carboxyl and the pyridyl nitrogen atoms. The H---0 distances in the 

cyclic hydrogen bond structures also supports the occurrence of proton transfer as the 

H^---0" and H - - 0 distances in the 0---H^-N and 0---H-N bonds are comparable 

(~1.80A). The complexes 4a-5a are stabilized by the incorporation of guest molecules. 

In the case of 4a and 5a, water molecules are the guest molecules. The interaction of 

the water molecules with the acids and the pyrimidine is shown in Figure 4.13. 

However in 6a, additional acid molecule has been incorporated as the guest molecule. 
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It appears that the large chain length of adipic acid, 6 facilitates the formation of larger 

voids as shown in Figure 4.16 (right) which are filled by the additional acid molecules. 

Furthermore, the three-dimensional arrangement resembles a typical inorganic pillared 

type structure as depicted in Figure 4.16 (left). 

•^^S"?^!^ 

6a 

Figure 4.16: Three-dimensional arrangement of the planar sheets formed in the co-
crystals, 6a formed by 2,4,6-triaminopyrimidine and adipic acid. Left: the additional 
adipic acid molecules are shown as pillaring the sheets. Right: Another orientation of 
the planar sheets, after removal of the guest adipic acid molecules, to depict the 
porosity in the structure. 

In addition, a comparison of the crystal packing of the complexes 4a-6a reveals 

another noteworthy feature that the number of -CH2 groups in the constituent acid 

plays an important role in the pattern of crystallization. This becomes evident as 6a 
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consisting of an acid with even number -CH2 groups yields two-dimensional network 

(Figure 4.15) whereas complexes 4a and 5a with acids possessing an odd number of 

CH2 groups constitute three-dimensional crossed networks. Such a network 

corresponding to 4a is shown in Figure 4.17. The hydrogen bond geometries in 4a- 6a 

are given in Tables 4.20 to 4.22. 

4a 

Figure 4.17: Three-dimensional arrangement of molecular tapes observed in the 
crystal structure of the complex between 2,4,6-triaminopyrimidine and malonic acid, 
4a. A crossed ribbon network is shown. 

Table 4.20 Unique hydrogen bond parameters 4a 
H-bond D-H(A) H.A(A) D-A(A) D - H - A Q 

N(21)-H(21A)--0(111) 
N(21)-H(21B) •••0(1) 
N(22)-H(22)̂ ^ •0(112) 
N(23)-H(23A)^-0(111) 
N(23)-H(23B)̂  ••0(132) 
N(24)-H(24)^^-0(131) 
N(25)-H(25B)- •0(132) 

0.859(5) 
0.861(6) 
0.95(6) 
0.86(5) 
1.03(6) 
0.860(5) 
0.860(6) 

1.968(5) 
2.124(5) 
1.81(6) 
1.91(5) 
1.81(6) 
1.767(6) 
2.083(5) 

2.818(5) 
2.950(5) 
2.754(5) 
2.741(6) 
2.840(5) 
2.624(6) 
2.934(5) 

169.7(5) 
160.9(5) 
179(5) 
164(4) 
174(5) 
173.5(5) 
170.3(5) 
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Table 4.21 Unique hydrogen bond parameters 5a 
H-bond 

N(22)-H(22A)---0(1) 
N(22)-H(22B)---0(111) 
N(23)-H(23A)---0(112) 
N(24)-H(24A)---0(111) 
N(24)-H(24B)--0(152) 
N(25)-H(25A)---0(151) 
N(26)-H(26A)---0(2) 
N(26)-H(26B)---0(152) 

D-H (A) 
0.860(6) 
0.860(6) 
0.860(6) 
0.860(6) 
0.860(6) 
0.860(5) 
0.859(6) 
0.860(7) 

H-A(A) 
2.475(4) 
1.977(7) 
1.791(6) 
1.950(6) 
1.864(6) 
1.816(5) 
2.126(6) 
1.956(6) 

Table 4.22 Unique hydrogen bond parameters 6a 
H-bond 

N(31)-H(31A)--0(131) 
N(31)-H(31B)---0(261) 
N(32)-H(32A)---0(262) 
N(33)-H(33A)---0(131) 
N(33)-H(33B)---0(211) 
N(35)-H(35A)---0(I32) 
N(35)-H(35B)---0(261) 
0(132)-H(132)---N(36) 
0(212)-H(212)---0(262) 
C(11)-H(11A)---0(132) 
C(25)-H(25B)-"0(212) 

D-H (A) 
0.860(6) 
0.860(6) 
0.860(6) 
0.860(7) 
0.860(7) 
0.860(7) 
0.860(7) 
0.820(6) 
1.03(8) 
0.971(9) 
1.12(7) 

H- -ACA) 
2.178(6) 
1.952(6) 
1.849(6) 
2.093(6) 
2.061(7) 
2.518(7) 
2.038(6) 
1.820(6) 
1.58(8) 
2.569(8) 
2.51(6) 

D- •A(A) 
3.305(5) 
2.834(7) 
2.649(7) 
2.808(6) 
2.722(6) 
2.671(5) 
2.958(6) 
2.812(6) 

D ••A(A) 
3.023(6) 
2.811(6) 
2.709(6) 
2.949(6) 
2.797(7) 
3.191(7) 
2.891(6) 
2.613(6) 
2.607(6) 
2.900(8) 
3.048(6) 

D - H - A C ) 
162.6(5) 
174.8(5) 
174.5(5) 
176.8(5) 
175.3(5) 
172.5(5) 
162.8(6) 
173.1(5) 

D-H •A(°) 
167.0(5) 
178.0(5) 
178.8(5) 
174.1(7) 
143.2(6) 
135.8(5) 
171.5(6) 
162.1(6) 
172(8) 

100.0(6) 
108(4) 

4.5 Solvent-directed supramolecular assembly in the adducts formed by 

4,4'-bipyridine with cyanuric acid and A^-methylcyanuric acid 

Cyanuric acid crystallized from methanol has a planar sheet structure wherein 

adjacent molecules are held together by symmetrical cyclic N-H---0 hydrogen bonds 

(H---0, 1.90A), as shown in Figure 4.18a.''*'' This bonding gives rise to molecular 

tapes connected to each other by single N-H---0 hydrogen bonds (H---0, 1.80 A). 

Cyanuric acid crystallized from water, however, incorporates the solvent of 

crystallization into the structure giving the composition cyanuric acid.H20. This has a 

chain structure where adjacent molecules are connected together by single N-H---0 
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bonds (H---0, 2.01 A) rather than by the cycHc hydrogen-bonded dimers'^^ (Figure 

4.18b). The chains are held together by 0-H---0 and N-H---0 hydrogen bonds with 

the water molecules (H---0, 2.00-2.ISA). The N-H---0 bonds forming the chains in 

cyanuric acid.HzO (Figure 4.18b) are considerably longer than those in cyanuric acid 

crystallized from methanol. 

(a) (b) 

Figure 4.18: (a) Arrangement of molecules forming tapes in cyanuric acid, 
crystallized from methanol in its crystal structure (b) Interaction of water molecules 
with cyanuric acid forming a planar sheet structure in a two-dimensional 
arrangement 

Co-crystallization of cyanuric acid, 7, with 4,4'-bipyridine results in two 

different types of molecular complexes depending upon the solvent of crystallization. 

From methanol, a complex, 7a, in a ratio of 2:1 results while co-crystallization from 

water gives a 1:1 adduct, 7b. The asymmetric units of 7a and 7b are shown in Figure 
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4.19. In both cases, the solvent molecule does not get incorporated into the crystal 

structure. For the adduct from methanol, 7a, the asymmetric unit contains one 

cyanuric acid molecule and half a molecule of 4,4'-bipyridine. 7a crystallizes in a 

triclinic, P-1 space group. 7b crystallizes in a monoclinic P2i/n space group. The 

crystallographic data for the two complexes are given in Table 4.23. The atomic 

coordinates and isotropic displacement parameters for 7a and 7b are listed in Tables 

Al. 10 and Al. 11, respectively. 

Figure 4.19: ORTEP plots of the cyanuric acid-4,4'-bipyridine complex crystallized 
from methanol, 7a and water, 7b. 

Table 4,23 Crystal structure data of molecular complexes of cyanuric acid + 
4,4'-bipyridyl + methanol (7a) and cyanuric acid + 4,4'-bipyridyl + water (7b) 

7a 7b 
Chemical formula 
Formula weight 

(C,oH8N2):2(C3H3N303) C.oHgNa: C3H3N3O3 
414.35 285.27 
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Table 4.23 {continued) 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 

aO 
PO 
YO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m^) 
|i, mm'' 
A. (A) 
Crystal size (mm) 
Diffractometer 

Radiation type 
Crystal-detector 
distance (cm) 
Temperature (K) 
No. of measured 
reflections 
No. of independent 
reflections 
Qmax ( ) 

Range of A, k, I 

Ri 
WR2 

S 
No. of parameters 
refined 
Max. eA"̂  

Triclinic 
P-1 
4.320(1) 
9.202(1) 
11.70(2) 
78.75(1) 
82.64(2) 
86.36(1) 
452.1(1) 
1 
214 
1.522 
0.120 
0.7107 
0.25x0.15x0.30 
Smart, CCD 
detector 
MoKa 
5.0 

293(2) 
1767 

1259 

2-24 
-4 to 4 
-9 to 10 
-12 to 11 
0.0325 
0.0869 
1.037 
165 

0.129 

Monoclinic 
P2,/n 
6.845(1) 
28.779(3) 
7.139(1) 
90 
115.47(1) 
90 
1269.6(3) 
4 
592 
1.492 
0.111 
0.7107 
0.25 X 0.35 X 0.20 

area Smart, CCD area detector 

MoKa 
5.0 

293(2) 
5266 

1820 

2-24 
-7 to 7 
-31 to 31 
-7 to 7 
0.0577 
0.1251 
1.240 
235 

0.319 

The interatomic bond distances and angles for the two complexes 7a and 7b are given 

in Tables 4.24 and 4.25, respectively. The distances of the C-N bonds in cyanuric acid 

in the two complexes are in the range of 1.36 - 1.37 A. 
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Table 4.24 Bond lengths and angles 7a 
Moiety 

N(23)-C(21) 
N(23)-C(22) 
N(23)-H(23) 
N(22)-C(22) 
N(22)-C(23) 
N(22)-H(22) 
N(21)-C(23) 
N(21)-C(21) 
N(21)-H(21) 
0(23)-C(23) 
N(12)-C(19) 
N(12)-C(18) 
0(22)-C(22) 
0(21)-C(21) 
C(16)-C(110) 
C(16)-C(17) 
C(110)-C(19) 
C(110)-H(110) 
C(19)-H(19) 
C(17)-C(18) 
C(17)-H(17) 
C(18)-H(18) 

Moiety 
N(ll)-C(12)-H(12) 
C(13)-C(12)-H(12) 
N(12)-C(18)-C(17) 
N(12)-C(18)-H(18) 
C(17)-C(18)-H(18) 
N(ll)-C(ll)-C(15) 
N(ll)-C(ll)-H(ll) 
C(15)-C(ll)-H(ll) 

Distance (A) 
1.364(4) 
1.379(5) 
0.91(5) 
1.368(4) 
1.376(4) 
0.93(4) 
1.360(4) 
1.372(4) 
0.94(4) 
1.216(4) 
1.329(5) 
1.339(5) 
1.211(4) 
1.216(4) 
1.392(5) 
1.392(5) 
1.382(5) 
0.97(4) 
0.94(3) 
1.372(5) 
1.00(3) 
0.93(3) 

Angle n 
123(2) 
114(2) 
123.4(4) 
118(2) 
118(2) 
123.3(4) 
116(2) 
120(2) 

Moiety 
C(21)-N(23)-C(22) 
C(21)-N(23)-H(23) 
C(22)-N(23)-H(23) 
C(22)-N(22)-C(23) 

C(22)-N(22)-H(22) 
C(23)-N(22)-H(22) 
C(23)-N(21)-C(21) 
C(23)-N(21)-H(21) 
C(21)-N(21)-H(21) 
C(19)-N(12)-C(18) 
0(23)-C(23)-N(21) 
0(23)-C(23)-N(22) 
N(21)-C(23)-N(22) 
C(110)-C(16)-C(17) 
C(110)-C(16)-C(14) 
C(17)-C(16)-C(14) 
0(22)-C(22)-N(22) 
0(22)-C(22)-N(23) 
N(22)-C(22)-N(23) 
C(15)-C(14)-C(16) 
0(21)-C(21)-N(23) 
0(21)-C(21)-N(21) 
N(23)-C(21)-N(21) 
C(19)-C(110)-C(16) 
C(19)-C(110)-H(110) 
C(16)-C(110)-H(110) 
N(12)-C(19)-C(110) 
N(12)-C(19)-H(19) 
C(110)-C(19)-H(19) 
C(18)-C(17)-C(16) 
C(18)-C(17)-H(17) 
C(16)-C(17)-H(17) 

Angle (•) 
124.9(3) 
114(3) 
120(3) 
124.7(3) 
113(3) 
122(3) 
125.5(3) 
125(2) 
110(2) 
116.5(3) 
122.5(3) 
122.5(3) 
115.0(3) 
115.9(3) 
122.4(3) 
121.7(3) 
122.6(3) 
122.4(3) 
115.0(3) 
122.0(3) 
123.1(3) 
122.1(3) 
114.8(3) 
119.9(4) 
124(2) 
116(2) 
123.8(4) 
118(2) 
118(2) 
120.5(4) 
121(2) 
119(2) 

Table 4.25 Bond lengths and angles 7b 
Moiety 

N(26)-C(21) 
N(26)-C(25) 
0(25)-C(25) 
0(23)-C(23) 
N(24)-C(25) 
N(24)-C(23) 

Distance (A) 
1.370(2) 
1.370(2) 
1.218(2) 
1.213(2) 
1.364(2) 
1.375(2) 

Moiety 
C(21)-N(26)-C(25) 
C(21)-N(22)-C(23) 
C(16)-C(ll)-C(ll)#l 
C(15)-N(14)-C(13) 
0(25)-C(25)-N(26) 
C(13)-C(12)-C(ll) 

Angle n 
124.42(14) 
124.07(14) 
122.3(2) 
116.3(2) 
121.87(14) 
119.9(2) 
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Table 4.25 {continued) 
0(21)-C(21) 
N(22)-C(21) 
N(22)-C(23) 
C(ll)-C(16) 
C(ll)-C(12) 
C(ll)-C(ll)#l 
N(14)-C(15) 
N(14)-C(13) 
C(12)-C(13) 
C(16)-C(15) 

Moiety 
0(21)-C(21)-N(26) 
N(14)-C(13)-C(12) 

1.227(2) 
1.359(2) 
1.373(2) 
1.383(2) 
1.384(2) 
1.491(3) 
1.325(2) 
1.326(2) 
1.376(3) 
1.374(3) 

Angle (°) 
121.50(14) 
123.8(2) 

N(14)-C(15)-C(16) 
0(23)-C(23)-N(24) 
0(21)-C(21)-N(22) 
N(22)-C(21)-N(26) 
C(25)-N(24)-C(23) 
C(16)-C(ll)-C(12) 
C(12)-C(ll)-C(ll)#l 
0(25)-C(25)-N(24) 
N(24)-C(25)-N(26) 
C(15)-C(16)-C(ll) 
0(23)-C(23)-N(22) 
N(22)-C(23)-N(24) 

123.9(2) 
122.2(2) 
122.29(14) 
116.21(14) 
125.23(14) 
116.0(2) 
121.7(2) 
123.36(14) 
114.77(14) 
120.0(2) 
122.7(2) 
115.13(14) 

Symmetry transformations used to generate equivalent atoms: 
#l-x,-y+l,-z-l 

In 7a, adjacent molecules of 7 are held together by two different cyclic N-H---0 

hydrogen-bonded dimers (H---0, 1.94 and 1.96A) as shown in Figure 4.20. The 

hydrogen bond geometries are listed in Tables 4.26 and 4.27. The bipyridyl molecules 

interact with 7 through a N-H---N hydrogen bond (H---N, 1.77A). There is also a C-

H---0 interaction between bipyridyl and 7 (H---0, 2.40A). The structure of the 1:1 

hydrogen-bonded adduct, 7b, crystallized from water is altogether different from that 

of the 2:1 hydrogen-bonded adduct 7a, crystallized from methanol. We show the 

structure of 7b in Figure 4.20. In this structure, molecules of 7 form a chain held 

together by single N-H- • -O hydrogen bonds (H- • -O, 2.02A). The bipyridyl molecules 

hold the chains together through N-H...N bonds (H---N, 1.92, 1.94A). The N-H---0 

bonds forming the chains in 7b are very much longer than those in 7a. The N-H---N 

hydrogen bond between bipyridyl and 7 is also considerably longer in 7b. 

104 



Results and discussion -

Table 4.26 Unique hydrogen bond parameters 7a 
H-bond 

N(22)-H(22)-. 
N(23)-H(23)--
C(19)-H(19)-

•N(12) 
•0(23) 
•0(22) 

D-H (A) 
0.93(4) 
0.91(6) 
0.94(4) 

H - A ( A ) 
1.92(4) 
2.02(6) 
2.38(4) 

D"A(A) 
2.843(4) 
2.928(5) 
3.221(5) 

D-H"A(°) 
174(5) 
173(4) 
149(3) 

- Part 1 

Table4.27 Unique hydrogen bond parameters 7b 
H-bond D-H (A) H-•A(A) D-A(A) D-H-A(°) 

N(22)-H(22)-
N(22)-H(22)-
C(12)-H(12)-

•N(14) 
•N(14) 
•0(23) 

0.93(4) 
0.91(5) 
0.95(3) 

1.92(3) 
2.02(4) 
2.37(4) 

2.84(3) 
2.93(4) 
3.22(4) 

174(1) 
172(1) 
149(3) 

7a 

Figure 4.20: Arrangement of molecules of cyanuric acid, and 4,4'-bipyridyl in the 
crystal structure of the complex, 7a. Dashed lines represent hydrogen bonds. Unique 
hydrogen bond distances are quoted. 

The chain structure of the 1:1 adduct between bipyridyl and cyanuric acid, 7b, 

(Figure 4.21) is comparable to that of the crystal structure of 7 obtained from 
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crystallization from water (Figure 4.18b), the water being replaced by bipyridyl 

forming N-H---N bonds (instead of the 0-H--'0 or N-H---0 bonds). Interestingly, the 

N-H---0 bonds forming the chains are of comparable length. Similarly, the structure 

of the 2:1 adduct between cyanuric acid and bipyridyl (Figure 4.20) crystallized from 

methanol (7a) bears resemblance to the structure of 7 crystallized from the same 

solvent (Figure 4.18a) both having cyclic hydrogen bond couplings between adjacent 

molecules of 7. The N-H---0 hydrogen bonds in the dimers have comparable 

dimensions. 

Figure 4.21: Two-dimensional arrangement of molecules of cyanuric acid and 4,4'-
bipyridyl in a planar sheet of complex, 7b. 

106 



Results and discussion - Part 1 

Thus, the formation of two different hydrogen-bonded adducts between 7 and 

bipyridyl from methanol and water solvents can be attributed to the presence of 

different hydrogen bonding networks in the parent structures of 7 crystallized from 

these solvents. 

When one of the N-H groups in 7 is methylated to form A^-methylcyanuric 

acid, 8, we would expect differences in the nature of the hydrogen-bonded structures 

formed by them. For example, the formation of the cyclic (dimeric) hydrogen bonds 

between the amide groups would not be as favoured in 8 compared to 7. A search on 

the Cambridge Crystallographic Database (CSD) showed that there was no structural 

information on 8 in the literature. We have, therefore, carried out a structural study of 

8 crystallized from methanol and water. The asymmetric unit of A^-methylcyanuric 

acid is shown in Figure 4.22. The structural data of 8 crystallized from methanol and 

water are given in Table 4.28. 

Figure 4.22: ORTEP plots of N-methylcyanuric acid, 8 and 8 + H2O. Thermal 
ellipsoids are given at 50% probability. 
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Table 4.28 Crystal structure data of molecular complexes of A -̂methylcyanuric acid (8), its 
adduct with water (8 + H2O) and A -̂methylcyanuric acid + 4,4'-bipyridyl (8a). 

8 8 + H2O 8a 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
aO 
PO 
YO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m') 
\)i, mm"' 

X{k) 
Crystal size (mm) 
Crystal color 
Diffractometer 

Radiation type 
Crystal-detector distance 
(cm) 
Temperature (K) 
No. of measured 
reflections 
No. of independent 
reflections 
Qmax ( ) 

Range of h, k, I 

Ri 
WR2 
S 
No. of parameters 
refined 
Max. eA'̂  

C4H5N3O3 
143.11 
Orthorhombic 
Pnma 
6.743(2) 
6.306(2) 
13.612(4) 
90 
90 
90 
578.8(3) 
4 
296 
1.642 
0.142 
0.7107 
0.10x0.10x0.15 

Smart, CCD area 
detector 
MoKa 
5.0 

293(2) 
2184 

459 

2 - 2 4 
-7 to 6 
-5 to 7 
-15 to 14 
0.0501 
0.1072 
1.16 
68 

0.38 

C4H5N303:H20 

161.13 
Monoclinic 
P2i /m 

6.695(2) 
6.275(2) 
8.375(2) 
90 
105.06(4) 
90 
339.8(2) 
2 
168 
1.575 
0.141 
0.7107 
0.25x0.10x0.20 

Smart, CCD area 
detector 
MoKa 
5.0 

293(2) 
1263 

531 

2 - 2 4 
-7 to 7 
-6 to 5 
-9 to 8 
0.057 
0.088 
1.805 
87 

0.243 

Ci4H,3N503 
299.29 
Monoclinic 
P2,/n 
3.878(1) 
16.943(1) 
20.830(2) 
90 
90.75(1) 
90 
1368.5(4) 
4 
624 
1.453 
0.107 
0.7107 
0.15x0.25x0.30 

Smart, CCD area 
detector 
MoKa 
5.0 

293(2) 
5640 

1977 

2 - 2 4 
-4 to 4 
-14 to 18 
-23 to 22 
0.0633 
0.1105 
0.69 
240 

0.48 

The atomic coordinates and isotropic displacement parameters for A^-methylcyanuric 

acid crystallized from methanol (8) and water (8 + H2O) are listed in Table A 1.12. 
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The bond distances and angles for 8 crystallized from methanol and water are given in 

Tables 4.29 and 4.30. 

Table 4.29 Bond 1 
Moiety 

N(3)-C(3) 
N(3)-C(l) 
N(3)-C(4) 
N(2)-C(2) 
N(2)-C(l) 
N(l)-C(3) 
N(l)-C(2) 
0(3)-C(3) 
0(1)-C(1) 
C(2)-0(2) 

Moiety 
N(2)-C(l)-N(3) 

Table 4.30 Bond 1 
Moiety 

N(3)-C(3) 
N(3)-C(l) 
N(3)-H(3) 
N(2)-C(3) 
N(2)-C(2) 
N(2)-C(4) 
0(2)-C(3) 
N(l)-C(l) 
N(l)-C(2) 
N(l)-H(l) 
0(1)-C(1) 
C(4)-H(4C) 
C(4)-H(4B) 
C(2)-0(3) 
0(4)-H(42) 
0(4)-H(41) 

Moiety 
N(l)-C(l)-N(3) 

engths and angl 
Distance (A) 

1.36(2) 
1.39(2) 
1.456(12) 
1.36(2) 
1.36(2) 
1.388(12) 
1.395(14) 
1.235(12) 
1.20(2) 
1.216(12) 
Angle (») 
115.9(14) 

lengths and angl 
Distance 

(A) 
1.369(5) 
1.370(5) 
0.96(4) 
1.373(5) 
1.383(5) 
1.483(6) 
1.217(5) 
1.356(4) 
1.371(5) 
0.91(5) 
1.216(4) 
0.92(5) 
1.00(5) 
1.201(4) 
0.73(5) 
1.02(6) 
Angle (») 
114.4(4) 

H(42)-0(4)-H(41) 107(5) 

es8 
Moiety 

C(3)-N(3)-C(l) 
C(3)-N(3)-C(4) 
C(l)-N(3)-C(4) 
C(2)-N(2)-C(l) 
C(3)-N(l)-C(2) 
0(2)-C(2)-N(2) 
0(2)-C(2)-N(l) 
N(2)-C(2)-N(l) 
0(3)-C(3)-N(3) 
0(3)-C(3)-N(l) 
N(3)-C(3)-N(l) 
0(1)-C(1)-N(2) 
0(1)-C(1)-N(3) 

les 8 + H2O 
Moiety 

C(3)-N(3)-C(l) 
C(3)-N(3)-H(3) 
C(l)-N(3)-H(3) 
C(3)-N(2)-C(2) 
C(3)-N(2)-C(4) 
C(2)-N(2)-C(4) 
C(l)-N(l)-C(2) 
C(l)-N(l)-H(l) 
C(2)-N(l)-H(l) 
0(2)-C(3)-N(3) 
0(2)-C(3)-N(2) 
N(3)-C(3)-N(2) 
N(2)-C(4)-H(4C) 
N(2)-C(4)-H(4B) 

Angle (°) 
123.2(11) 
117.1(11) 
119.7(13) 
125.8(11) 
122.9(13) 
124.6(12) 
120(2) 
115.1(11) 
124.2(11) 
118.6(14) 
117.2(10) 
121.7(13) 
122.4(12) 

Angle (") 

125.5(4) 
118(2) 
117(2) 
123.1(3) 
117.8(4) 
119.1(4) 
125.6(4) 
122(2) 
113(2) 
121.1(4) 
123.2(3) 
115.7(4) 
114(3) 
112(3) 

H(4C)-C(4)-H(4B) 101(3) 
0(3)-C(2)-N(l) 
0(3)-C(2)-N(2) 
N(l)-C(2)-N(2) 
0(1)-C(1)-N(1) 

121.9(4) 
122.4(4) 
115.7(4) 
123.7(4) 
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A^-methylcyanuric acid, 8 yields different hydrogen-bonded assemblies when 

crystallized from methanol and water, incorporating the solvent of crystallization in 

the latter case. The structure of 8 crystallized from methanol solution has linear chains 

formed by N-H---0 hydrogen bonds (H---0, 1.87A). These chains are held together 

through N-H---0 (H---0, 1.78A) bonds on one side and by weak C-H---0 interaction 

(H---0, 2.87A) on the other. This results in a hexagonal network involving molecules 

of 8 as shown in Figure 4.23a. The unique hydrogen bond distances are listed in Table 

4.31. 

Table 4.31 Important hydrogen bond parameters 8 
H-bond D-H (A) H - A (A) D - A (A) D-H-A (°) 

N(l)-H(l)--0(1) 0.96(3) 1.86(2) 2.808(3) 165.2(5) 
N(2)-H(2)"-0(2) 1.00(3) 1.77(3) 2.781(4) 177.2(5) 
C(4)-H(4B)---0(1) 0.96(4) 2.34(3) 2.762(4) 106.0(6) 

7V-methylcyanuric acid obtained by crystallization from water has a structure similar to 

that of cyanuric acid obtained from water (see Figure 4.18b). The unique hydrogen 

bond parameters are given in Table 4.32. 

Table 4.32 Important hydrogen bond parameters 8+H2O 
H-bond D-H (A) H - A (A) D - A (A) D-H- -AC") 

N(l)-H(l)-0(4) 0.91(4) 1.92(5) 2.811(5) 167(4) 
N(3)-H(3)-0(3) 0.96(4) 1.81(4) 2.772(5) 175(3) 
0(4)-H(41)---0(l) 1-02(7) 1.88(7) 2.885(5) 166(5) 
0(4)-H(42)"-0(2) 0.73(6) 2.05(6) 2.776(5) 179(7) 
C(4)-H(4C)-0(3) 0.92(6) 2.43(5) 2.763(6) 102(4) 

The structure involves chains of molecules of 8 formed by N-H---0 hydrogen bonds 

(H---0, 1.82A). These chains are, in turn, connected together by water molecules 

forming O-H-'-O and N-H--0 hydrogen bonds (H---0 1.88 - 2.05A) as shown in 
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Figure 4.23b. It is evident from Figure 4.23 that unlike cyanuric acid, Â -

methylcyanuric acid crystallizes in chain structures involving single hydrogen bonds 

from both the solvents, the cyclic hydrogen-bonded dimers being disfavored by the 

presence of the methyl group. 

(a) 8 (b) 8 + H2O 

Figure 4.23: (a) Hexagonal arrangement of molecules of N-methylcyanuric acid, 8, 
crystallized from methanol, (b) Interaction of water molecules with N-methylcyanuric 
acid in a two-dimensional planar sheet 8 + H2O. 

The 1:1 adduct 8a formed between A'-methylcyanuric acid and 4,4'-bipyridyl 

crystallized from either methanol and water has the same structure. The asymmetric 

unit is shown in Figure 4.24. The crystallographic information for A^-methylcyanuric 

acid-4,4'-bipyridine complex (8a) are listed in Table 4.28. The atomic coordinates and 

isotropic displacement parameters are given in Table A1.13. The two-dimensional 

111 



Results and discussion - Part I 

arrangement of molecules in 8a is shown in Figure 4.25. Amazingly, the linear chains 

of molecules of 8 only involve weak C-H'--0 interaction (H---0, 2.73 A). 

Figure 4.24: ORTEP plot of the adduct of N-methylcyanuric acid with 4,4'-bipyridine 
8a. Thermal ellipsoids are given at 50% probability. 

Figure 4.25: Arrangement of molecules of N-methylcyanuric acid and 4,4'-bipyridyl 
in the crystal structure of the complex, 8a. 
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The bond distances and angles are given in Table 4.33 and the unique hydrogen bond 

geometries are given in Table 4.34. 

Table 4.33 Bond leng 
Moiety 

0(21)-C(21) 
0(23)-C(23) 
0(22)-C(22) 
N(24)-C(15) 
N(24)-C(13) 
N(23)-C(22) 
N(23)-C(21) 
N(22)-C(22) 
N(22)-C(23) 
N(22)-C(24) 
C(ll)-C(16) 
C(ll)-C(12) 
C(ll)-C(17) 
N(21)-C(21) 
N(21)-C(23) 
C(17)-C(18) 

C(17)-C(112) 
C(16)-C(15) 
C(18)-C(19) 
N(110)-C(lll) 
N(110)-C(19) 
C(112)-C(lll) 
C(13)-C(12) 

Moiety 
N(24)-C(15)-C(16) 
N(110)-C(19)-C(18) 
C(13)-C(12)-C(ll) 

ths and angles 
Distance (A) 

1.225(5) 
1.214(5) 
1.225(5) 
1.322(6) 
1.324(5) 
1.374(5) 
1.374(5) 
1.371(5) 
1.385(5) 
1.476(5) 
1.375(5) 
1.395(6) 
1.485(5) 
1.356(5) 
1.377(5) 
1.373(5) 
1.398(5) 
1.382(6) 
1.372(5) 
1.321(5) 
1.327(5) 
1.377(6) 
1.383(6) 

Angle (°) 
125.0(5) 
123.3(4) 
119.1(5) 

Sa 
Moiety 

C(15)-N(24)-C(13) 
C(22)-N(23)-C(21) 
C(22)-N(22)-C(23) 
C(22)-N(22)-C(24) 
C(23)-N(22)-C(24) 
C(16)-C(ll)-C(12) 
C(16)-C(ll)-C(17) 
C(12)-C(ll)-C(17) 
C(21)-N(21)-C(23) 
C(18)-C(17)-C(112) 

C(18)-C(17)-C(ll) 
C(112)-C(17)-C(ll) 
C(ll)-C(16)-C(15) 
0(21)-C(21)-N(21) 
0(21)-C(21)-N(23) 
N(21)-C(21)-N(23) 
C(19)-C(18)-C(17) 
C(lll)-N(110)-C(19) 
0(22)-C(22)-N(22) 
0(22)-C(22)-N(23) 
N(22)-C(22)-N(23) 
0(23)-C(23)-N(21) 
0(23)-C(23)-N(22) 
N(21)-C(23)-N(22) 
C(lll)-C(112)-C(17) 
N(24)-C(13)-C(12) 
N(110)-C(lll)-C(112) 

Angle (°) 
115.7(4) 
124.2(4) 
123.7(4) 
119.0(4) 
117.3(4) 
116.8(4) 
121.6(4) 
121.5(4) 
124.6(4) 
116.0(4) 
122.5(4) 
121.5(4) 
119.1(5) 
122.7(4) 
121.3(4) 
116.0(4) 
120.7(4) 
116.6(4) 
123.1(4) 
121.0(4) 
115.9(4) 
121.7(4) 
122.7(4) 
115.5(4) 
119.2(4) 
124.2(5) 
124.2(5) 

Table 4.34 Important hydrogen bond parameters 8a 
H-bond D-H 

(A) 
H - A 

(A) 
D - A 

(A) 
D-H-

(°) 
N(21)-H(21)-
N(23)-H(23)-
C(12)-H(12)-
C(15)-H(15)-
C(16)-H(16)-
C(18)-H(18)-
C(19)-H(19)-

•N(llO) 
••N(24) 
•0(22) 
•0(21) 
•0(23) 
•0(22) 
•0(21) 

1.00(3) 
1.01(3) 
0.92(5) 
0.86(5) 
0.98(3) 
0.93(4) 
1.03(4) 

1.83(3) 
1.83(5) 
2.72(5) 
2.83(5) 
2.83(6) 
2.48(4) 
2.61(4) 

2.819(5) 
2.828(7) 
3.563(7) 
3.395(6) 
3.455(5) 
3.365(6) 
3.389(6) 

169.6(6) 
173.1(7) 
150.0(4) 
124.1(4) 
121.6(5) 
155.3(5) 
131.4(6) 
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Table 4.34 (continued) 
C(24)-H(24B)--0(23) 0.95(4) 2.28(3) 2.732(4) 107(7) 
C(24)-H(24C)---0(21) 0.95(5) 2.72(6) 3.208(5) 111(3) 
C(24)-H(24D)--0(22) 0.96(4) 2.79(5) 3.515(4) 133(4) 
C(112)-H(112)-0(23) 0.90(4) 2.86(5) 3.760(4) 171.1(5) 

The chains are actually the consequence of the positioning of the molecules of 

8 along the chain, through strong N-H---N bonds (H---N, 1.83A) with bipyridyl, 

besides the strong C-H---0 interaction (H---0, 2.49A) between the two molecules. 

This C-H- • -O interaction is considerably stronger than that between the molecules of 8 

in the linear chain or in the parent 8 crystals (Figure 4.23a). In Table 4.35, the 

hydrogen-bonded distances in cyanuric acid and A^-methylcyanuric acid structures are 

listed for comparison. 

The above co-crystallization experiments form a basis for the rationalization of 

structural comparisons between the formed co-crystals and the crystal structure of one 

ofthe pure phases. 

Table 4.35 Hydrogen bond distances [in A] in cyanuric acid, N-methylcyanuric acid and their adducts with 
4,4'-bipyridine 

H-bond CA CA.BP(H20) Cyanuric CA.BP(MeOH) 8 S+HjO 8a 
acid.HjO 

H-0(N-H--0)'' TSO '- ZOl Z02 LST 1̂ 82 ^̂  
H--0(N-H---0)'' 1.90 1.94,1.96 - . . . . 
H---N(N-H--N)= - 1.77 - 1.92,1.94 
H---O(C-H---O)'' - 2.40 - - 2.87 

H •••O(O-H-O)' - - 2.01, 
2J5 

^single N - H - - 0 bond forming chains between cyanuric acid molecules. 
''cyclic dimer formed between two cyanuric acid molecules 
"^N-H-'-N bond between 4,4'-bipyridine and cyanuric acid (N-methylcyanuric acid) 
' ' C - H - 0 interaction 
' O - H - O bonds formed by water molecules; water molecules also form N - H - - 0 bonds using 
the lone pair on the oxygen atom, the H - - 0 distances being 2.00 and 1.92 A respectively in 
cyanuric acid.H20 and TV-methylcyanuric acid 
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For Table 4.35: 
is an additional N-H--0 bond (H--0, 1.78 A) between the A'-methylcyanuric acid 

molecules 

4.6 Cyanurate mimics of hydrogen bonding patterns of nucleic bases: A 

1:1 molecular complex formed by 9-ethyladenine with A^-methylcyanuric 

acid 

A 1:1 adduct of TV-methylcyanuric acid, 8 (MCA) with 9-ethyladenine was 

obtained upon co-crystallization from a methanol solution. Crystal structure 

determination of the adduct, 8b, gave an asymmetric unit of the co-crystals in a 

triclinic, P-1 space group, as shown in Figure 4.26. The crystal structure data on 8b 

and 9-ethyladenine are given in Table 4.36. In this structure of the adduct 8b, both iV-

methylcyanuric acid 8 and 9-ethyladenine molecules are quite planar and the crystal 

structure involves two-dimensional sheets that are in turn stacked in three 

dimensions. In each sheet (see Figure 4.27), the molecules are held together to form 

molecular strips as in the crystal structure of 9-ethyladenine with 5,5'-

diethylbarbituric acid or other uracil derivatives.'^^ 

Figure 4.26: ORTEP drawing of the molecular complex of N-methycyanuric acid and 
9-ethyladenine (8b). 
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Table 4.36 Crystal structure data of molecular complexes of 9-ethyladenine (EA) 
and the molecular complex of 9-ethyladenine + A -̂methylcyanuric acid (8b) 

9-ethyladenine (EA) 8b 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
a(°) 
PO 
YO 
Cell volume (A') 
Z 
F(OOO) 
P (Mg/m') 
|i, mm"' 
^(A) 
Crystal size (mm) 
Diffractometer 

Radiation type 
Crystal-detector 
distance(cm) 
Temperature (K) 
No. of measured reflections 
No. of independent 
reflections 
©max ( ) 

Range oih, k, I 

Ri 
wR2 
S 
No. of parameters refined 
Max. eA'̂  

C7H9N5 
163.19 
Monoclinic 
P2,/c 
8.712(1) 
12.524(2) 
8.438(1) 
90 
117.2(1) 
90 
818.9(2) 
4 
344 
1.324 
0.09 
0.7107 
0.35 X 0.30 X 0.30 
Smart, CCD 
detector 
MoKa 
5.0 

293(2) 
3310 
1175 

2 - 2 4 
-9 to 9 
-13 to 13 
-9 to 9 
0.0665 
0.1423 
1.136 
146 
0.274 

(C4H5N303):(C7H9N5) 

306.3 
Triclinic 
P-1 
7.334(3) 
8.164(2) 
12.640(5) 
75.12(3) 
82.59(3) 
70.78(3) 
689.8(4) 
2 
320 
1.475 
0.113 
0.7107 
0.30 X 0.25 X 0.30 

area Smart, CCD area detector 

MoKa 
5.0 

293(2) 
2904 
1944 

2 -24 
-8 to 6 
-7 to 9 
-10 to 14 
0.0783 
0.138 
1.942 
256 
0.417 

The arrangement of the molecular strips in two-dimensional sheets is however 

unique with each strip containing molecules of both ethyladenine and 7V-

methylcyanuric acid existing as pairs (cyanuric acid and ethyladenine did not yield a 

complex perhaps due to the fact that cyanuric acid forms an infinite chain of molecular 
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network rather than simple dimers to yield a molecular strip). There are two distinct 

types of hydrogen-bonded interactions in this complex - homomeric (MCA-•-MCA 

and EA-• -EA) and heteromeric (MCA-- -EA). 

T Homomeric 
Heteromeric 

Figure 4.27: Molecular strips showing homomeric and heteromeric arrangement of 
the molecules of MCA and 9-ethyladenine (EA) in the complex MCA:EA (8b) 

Each strip consists of a polymeric chain made up of continuous hydrogen-bonded 

networks of alternating homo- and hetero-dimers, MCA---MCA---EA---EA---

MCA---MCA---. In both cases, the N-H---0 and N-H---N hydrogen bonds form 

distinct cyclic rings. The geometries of the intra- and intermolecular interactions of 9-
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ethyladenine and the complex, 8b, are given in Tables 4.37 to 4.40. The atomic 

coordinates and isotropic displacement parameters of 9-ethyladenine and the complex, 

8b are listed in Tables A 1.14 and A1.15, respectively. 

Table 4.37 Bond lengths 
Moiety 

N(19)-C(19) 
N(19)-H(19B) 
N(19)-H(19A) 
C(19)-N(18) 
C(19)-C(13) 
N(16)-C(17) 
N(16)-C(14) 
C(13)-C(14) 
C(13)-N(12) 
N(15)-C(ll) 
N(15)-C(14) 
N(15)-C(12) 
N(12)-C(ll) 
N(18)-C(17) 
C(12)-C(22) 
C(12)-H(12B) 
C(12)-H(12A) 
C(17)-H(17) 
C(ll)-H(ll) 
C(22)-H(22B) 
C(22)-H(22B) 
C(22)-H(22A) 

Moiety 
N(15)-C(ll)-H(ll) 
C(12)-C(22)-H(22B) 
C(12)-C(22)-H(22B) 
H(22B)-C(22)-H(22B) 
C(12)-C(22)-H(22A) 
H(22B)-C(22)-H(22A) 

and angles 9 
Distance (A) 

1.325(5) 
0.90(4) 
0.99(4) 
1.348(4) 
1.414(5) 
1.325(5) 
1.344(5) 
1.380(5) 
1.388(4) 
1.355(5) 
1.375(4) 
1.475(5) 
1.313(5) 
1.334(5) 
1.496(8) 
1.12(4) 
1.05(5) 
0.93(4) 
1.01(4) 
0.90(5) 
0.94(6) 
0.90(8) 

Angle (») 
120(2) 
114(3) 
98(4) 
108(5) 
108(5) 
110(6) 

Table 4.38 Important hydrogen bond 
H-bond 

N(19)-H(19A)---N(12) 
N(19)-H(19B)---N(18) 

D-H(A) K 
0.99(4) 
0.90(4) 

-ethyladenine (EA). 
Moiety 

C(19)-N(19)-H(19B) 
C(19)-N(19)-H(19A) 
H(19B)-N(19)-H(19A) 
N(19)-C(19)-N(18) 
N(19)-C(19)-C(13) 
N(18)-C(19)-C(13) 
C(17)-N(16)-C(14) 
C(14)-C(13)-N(12) 
C(14)-C(13)-C(19) 
N(12)-C(13)-C(19) 
C(ll)-N(15)-C(14) 
C(ll)-N(15)-C(12) 
C(14)-N(15)-C(12) 
C(ll)-N(12)-C(13) 
N(16)-C(14)-N(15) 
N(16)-C(14)-C(13) 
N(15)-C(14)-C(13) 
C(17)-N(18)-C(19) 
N(15)-C(12)-C(22) 
N(15)-C(12)-H(12B) 
C(22)-C(12)-H(12B) 
N(15)-C(12)-H(12A) 
C(22)-C(12)-H(12A) 
H(12B)-C(12)-H(12A) 
N(16)-C(17)-N(18) 
N(16)-C(17)-H(17) 
N(18)-C(17)-H(17) 
N(12)-C(ll)-N(15) 
N(12)-C(ll)-H(ll) 
H(22B)-C(22)-H(22A) 

Angle (») 
122(2) 
121(2) 
116(3) 
118.5(3) 
124.6(3) 
116.9(3) 
109.9(3) 
110.4(3) 
117.1(3) 
132.4(3) 
105.4(3) 
128.5(4) 
126.1(4) 
103.3(3) 
126.6(3) 
127.2(3) 
106.1(3) 
118.8(3) 
110.7(5) 
110(2) 
112(2) 
113(2) 
102(3) 
108(3) 
130.1(4) 
113(2) 
117(2) 
114.7(4) 
125(2) 
119(7) 

parameters 9-ethyladenine (EA) 
[•••A (A) D - A ( A ) D-H-"A(°) 
2.08(4) 3.069(5) 
2.12(4) 2.983(5) 

[76(3) 
161(4) 
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Table 4.39 Bond lengths 
Moiety 

0(21)-C(21) 
0(23)-C(23) 
0(22)-C(22) 
N(23)-C(22) 
N(23)-C(21) 
N(23)-H(23) 
N(22)-C(23) 
N(22)-C(22) 
N(22)-C(24) 
N(21)-C(23) 
N(21)-C(21) 
N(21)-H(21) 
C(24)-H(24C) 
C(24)-H(24A) 
C(24)-H(24B) 
N(15)-C(14) 
N(15)-C(16) 
N(ll)-C(13) 
N(ll)-C(16) 
N(ll)-C(12) 
N(14)-C(15) 
N(14)-C(14) 
C(17)-C(16) 
C(17)-N(12) 
C(17)-C(15) 
N(13)-C(15) 
N(13)-H(13B) 
N(13)-H(13A) 
C(14)-H(14) 
N(12)-C(13) 
C(12)-C(ll) 
C(12)-H(12B) 
C(12)-H(12A) 
C(13)-H(13) 
C(11)-H(11C) 
C(11)-H(11B) 
C(11)-H(11A) 

Moiety 
H(12B)-C(12)-H(12A) 

N(12)-C(13)-N(ll) 
N(12)-C(13)-H(13) 
N(ll)-C(13)-H(13) 

C(12)-C(11)-H(11C) 
C(12)-C(11)-H(11B) 

H(11C)-C(11)-H(11B) 
C(12)-C(11)-H(11A) 

, and angles 8b (MCA:EA) 
Distance (A) 

1.222(6) 
1.218(5) 
1.210(6) 
1.363(6) 
1.369(6) 
0.97(5) 
1.386(7) 
1.388(5) 
1.465(7) 
1.378(7) 
1.378(6) 
0.86(5) 
1.10(9) 
0.91(7) 
0.95(9) 
1.338(5) 
1.343(6) 
1.359(7) 
1.381(5) 
1.464(6) 
1.350(6) 
1.351(6) 
1.376(7) 
1.395(6) 
1.410(6) 
1.337(6) 
0.99(5) 
0.92(5) 
0.97(4) 
1.320(6) 
1.497(8) 
1.06(4) 
0.95(5) 
0.99(5) 
1.01(8) 
0.98(7) 
1.04(6) 

Angle (») 
108(4) 

114.6(4) 
126(3) 
119(3) 
110(4) 
115(4) 
109(6) 
116(3) 

Moiety 
C(22)-N(23)-C(21) 
C(22)-N(23)-H(23) 
C(21)-N(23)-H(23) 
C(23)-N(22)-C(22) 
C(23)-N(22)-C(24) 
C(22)-N(22)-C(24) 
C(23)-N(21)-C(21) 
C(23)-N(21)-H(21) 
C(21)-N(21)-H(21) 

0(23)-C(23)-N(21) 
0(23)-C(23)-N(22) 
N(21)-C(23)-N(22) 
0(22)-C(22)-N(23) 
0(22)-C(22)-N(22) 
N(23)-C(22)-N(22) 
0(21)-C(21)-N(23) 
0(21)-C(21)-N(21) 
N(23)-C(21)-N(21) 
N(22)-C(24)-H(24C) 
N(22)-C(24)-H(24A) 
H(24C)-C(24)-H(24A) 
N(22)-C(24)-H(24B) 
H(24C)-C(24)-H(24B) 
H(24A)-C(24)-H(24B) 
C(14)-N(15)-C(16) 
C(13)-N(ll)-C(16) 
C(13)-N(ll)-C(12) 
C(16)-N(ll)-C(12) 
C(15)-N(14)-C(14) 
C(16)-C(17)-N(12) 
C(16)-C(17)-C(15) 
N(12)-C(17)-C(15) 
C(15)-N(13)-H(13B) 
C(15)-N(13)-H(13A) 
H(13B)-N(13)-H(13A) 
N(15)-C(16)-C(17) 
N(15)-C(16)-N(ll) 
C(17)-C(16)-N(ll) 
N(13)-C(15)-N(14) 
N(13)-C(15)-C(17) 
N(14)-C(15)-C(17) 
N(15)-C(14)-N(14) 
N(15)-C(14)-H(14) 
N(14)-C(14)-H(14) 
C(13)-N(12)-C(17) 
N(ll)-C(12)-C(ll) 

Angle (°) 
125.7(4) 
114(3) 
120(3) 
122.5(4) 
118.0(4) 
119.4(4) 
125.8(5) 
113(3) 
120(3) 
121.8(5) 
122.6(5) 
115.6(4) 
122.1(4) 
121.7(5) 
116.3(4) 
123.3(4) 
123.1(4) 
113.6(5) 
114(4) 
119(4) 
105(6) 
120(6) 
97(6) 
98(6) 
110.1(4) 
105.7(4) 
126.9(4) 
127.2(4) 
119.9(4) 
111.1(4) 
116.9(4) 
132.0(4) 
118(3) 
114(3) 
128(4) 
128.3(4) 
125.9(4) 
105.8(4) 
119.1(4) 
124.1(5) 
116.8(4) 
128.1(5) 
121(3) 
110(3) 
102.8(4) 
111.9(5) 
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Table 4.39 {continued) 
H(11C)-C(11)-H(11A) 102(5) N(11)-C(12)-H(12B) 111(3) 
H(11B)-C(11)-H(11A) 105(5) C(11)-C(12)-H(12B) 109(3) 
C(11)-C(12)-H(12A) 111(3) N(11)-C(12)-H(12A) 105(3) 

Table 4.40 Important hydrogen bond parameters 8b (MCA:EA) 
H-bond D-H(A) H-A(A) D-A(A) D-H- -AC") 

N(13)-H(13A)---0(21) 0.92(6) 2.30(6) 3.220(6) 177(5) 
N(13)-H(13B)---N(12) 0.99(5) 2.02(5) 2.969(7) 162(4) 
N(21)-H(21)--0(21) 0.86(5) 2.03(5) 2.886(6) 171(5) 
N(23)-H(23)-"N(14) 0.97(6) 1.82(6) 2.793(6) 178(5) 
C(ll)-H(llC)---0(22) 1.02(8) 2.56(7) 3.461(10) 148(5) 
C(13)-H(13)--0(23) 0.99(6) 2.25(5) 3.165(7) 154(4) 
C(14)-H(14)--0(22) 0.99(5) 2.53(5) 3.362(7) 144(4) 

While in both MCA-•-MCA and EA---EA homomeric units, the H---0 and H---N 

distances 2.03 and 2.02 A, respectively, the corresponding distances in the heteromeric 

unit are 2.30 and 1.82 A. Thus heterodimer formation involves lengthening of the 

H---0 distance by 0.28 A but shortening of the H---N distance by 0.2 A compared to 

the homodimers (see Table 4.40). The strips are aligned in a two-dimensional 

arrangement in an an^z-parallel manner, stabilized by hydrophobic interaction between 

the ethyl groups located in the adjacent strips, leading to a molecular zip as shown in 

Figure 4.27. 

The observed complementary hydrogen bonding interaction between 8 and 

ethyladenine is similar to that between thymine and adenine with respect to Watson-

Crick base pairing of hydrogen bonds as shown in Scheme 4.4. However, the helical 

arrangement of units in a chain or a sheet is absent and only a a-planar arrangement is 

seen. 
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H3C 0 H-N N ^""^ J""^~^\_J% 

H b̂- H H b̂ H 

(a) (b) 

Scheme 4.4 (a) Thymine • • -adenine (b) MCA • • -adenine 

It is interesting to note the unusual features of hydrogen bonding patterns in the homo-

and heteromeric pairs, particularly the nature of N-H---0 hydrogen bonds. The N-

H---0 hydrogen bond in the heteromeric pattern is unusually longer and appears to be 

the resultant of a strong C-H---0 hydrogen bond with an H---0 distance of 2.53 A. 

Such a correlation is in agreement with the statistical analysis of Leonard et al from a 

series of crystal structures found in the literature.'^^ Further, in the homomeric pattern, 

the N-H---0 bond between the MCA molecules is longer than the corresponding 

distance in the parent crystal structure of MCA. The N-H---N hydrogen bond pattern 

between dimeric EA molecules adopts a 10-membered homodimeric structure in a 

centrosymmetric pattern. A comparison of the structural patterns exhibited by this 

complex with that of pure ethyladenine: 9-ethyladenine crystallizes in a monoclinic 

space group, P2i/c from an ethylacetate solution. The molecules are packed in a two-

dimensional arrangement to yield the layer structure shown in Figure 4.28. In each 

layer, adjacent molecules are held together, yielding one-dimensional molecular tapes 

through the formation of unsymmetrical N-H---N hydrogen bonds, with H---N 

distances of 2.08 and 2.12 A. These distances are similar to that noted in the complex 
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with //-methylcyanuric acid. For a given pair of molecules, both the acceptor and the 

donor moieties of a pyrimidine moiety interact with both the imadazole and 

pyrimidine moieties of the adjacent molecules to give a 9-membered dimer ring. The 

adjacent molecular tapes are then aligned to form layers in a two-dimensional 

arrangement in which the hydrocarbon groups are always oriented on one side and 

interlocked (Figure 4.27) as in the DNA-recognizing leucine zipper protein.'^^ 

Figure 4.28: Two-dimensional arrangement of the adjacent molecules connected 
together by hydrogen bonds in the crystal structure of 9-ethyladenine (EA). 
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(b) 

Figure 4.29: (a) Three-dimensional packing of the sheets in the crystal structure of 
EA. (b) Three-dimensional arrangement of stacking of the sheets in the crystal 
structure of the MCA.EA complex, 8b. 

The three-dimensional arrangement shown in Figure 4.29a is unusual and unique. The 

layers arranged in a three-dimensional stack exhibit two types of interactions between 

them, one due to n-n stacking and the other resulting from the packing of the nonpolar 

ethyl side chain. In contrast, in the crystal structure of the molecular complex of 9-

ethyladenine and iV-methylcyanuric acid, although the sheets stack to yield a three-

dimensional structure, generally n-n interactions are only involved in the stabilization 

of sheets. The role of the nucleobases T or U in complementary base pairing with A 

can be mimicked by iV-methylcyanuric acid in its complexation with 9-ethyladenine. 

This study highlights the intriguing feature of cyanurate-adenine molecular 
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recognition, with implications for development of different bio-relevant experimental 

and computational structural models. 

4.7 Hydrothermal synthesis of organic channel structures formed by 

meiamine with cyanuric and trithiocyanuric acids 

Whitesides and co-workers have studied the 1:1 complex of cyanuric acid and 

meiamine as a model two-component hydrogen-bonded system.'^' As a resuh of the 

geometrical disposition of the supramolecular functionality in the two components, a 

sheet structure was proposed for the cyanuric acid-melamine complex containing 

hexagonal rosettes. Meiamine combines with cyanuric acid in water to form a fine, 

insoluble white precipitate. Difficulty in obtaining single crystals suitable for X-ray 

analysis was due to the limited solubility in most organic solvents and extensive 

hydrogen bonding of both cyanuric acid and meiamine. Hence, verification of the 

crystal structure of the complex was hindered for a number of years. We therefore 

attempted to crystallize the cyanuric acid-melamine complex with the utilization of the 

hydrothermal synthesis method.'"** 

Cyanuric acid, 7, forms a 1:1 adduct with meiamine, 9. Crystals of the adduct 

are however obtained only by the hydrothermal method. The adduct, 9a, has an 

asymmetric unit consisting of the molecules of 7 and 9 with 50% occupancy of each. 

An ORTEP drawing of the superimposed asymmetric unit is shown in Figure 4.30. 

The adduct (9a) crystallizes in a C2/m space group. The crystal structure data of the 

adduct 9a are given in Table 4.41. The atomic coordinates and isotropic displacement 

parameters are given in Table A1.16. 
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Figure 4.30: An ORTEP drawing showing the asymmetric unit in the 1:1 adduct of 
cyanuric acid with melamine, 9a. 

Table 4.41 Crystal structure data of molecular complexes of cyanuric acid + 
melamine (9a) and trithiocyanuric acid + melamine (9b) 

Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
a(°) 

PO 
YO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m^) 
|i, mm'' 
^(A) 
Crystal size (mm) 
Crystal color 
Diffractometer 

Radiation type 
Crystal-detector distance(cm) 
Temperature (K) 

9a 
(C3H3N303):(C3H6N6) 
255.22 
Monoclinic 
C2/m 
14.853(2) 
9.641(2) 
3.851(1) 
90 
92.26(1) 
90 
512.4(2) 
2 
264 
1.654 
0.136 
0.7107 
0.25 X 0.30 X 0.30 
Colorless 
Smart, CCD area 
detector 
MoKa 
5.0 
293(2) 

9b 
(C3H3N3S3):(C3H6N6) 
303.39 
Monoclinic 
C2/m 
14.862(3) 
9.650(2) 
3.588(1) 
90 
92.32(1) 
90 
514.2(2) 
2 
294 
1.901 
0.716 
0.7107 
0.25 X 0.35 X 0.35 
Yellow 
Smart, CCD area 
detector 
MoKa 
5.0 
293(2) 
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Table 4.41 {continued) 
No. of measured reflections 

No. of independent 
reflections 
©max ( ) 

Range oih, k, I 

Ri 
wRa 
S 
No. of parameters refined 
Max. eA'̂  

1095 

395 

2 -24 
-16 to 14 
-8 to 10 
-3 to 3 
0.0557 
0.1413 
1.766 
56 
0.393 

1091 

397 

2 -24 
-13 to 16 
-10 to 10 
-3 to 3 
0.0622 
0.1341 
1.936 
47 
0.474 

Packing analysis shows that 7 and 9 are held together by antiparallel, triple, N-

H " ' 0 and N-H'"N hydrogen bonds yielding the hexameric unit (rosette). Such a 

rosette is shown in Figure 4.31. The hydrogen atoms were not included in the 

refinement. The bond distances and angles are given below in Table 4.42. 

Table 4.42 Bond lengths and angles 9a 
Moiety 

N(2)-C(2)#l 
N(2)-C(2) 
N(l)-C(2) 
N(l)-C(l) 
C(2)-N(3) 
C(2)-0(l) 
C(l)-N(4) 
C(l)-0(2) 
C(l)-N(l)#l 

Moiety 
0(2)-C(l)-N(l) 
N(l)#l-C(l)-N(l) 

Distance (A) 
1.364(4) 
1.364(4) 
1.354(5) 
1.365(4) 
1.300(14) 
1.299(9) 
1.29(3) 
1.27(2) 
1.365(4) 

Angle (») 
119.6(2) 
120.3(4) 

Moiety 
C(2)#l-N(2)-C(2) 
C(2)-N(l)-C(l) 
N(3)-C(2)-0(l) 
N(3)-C(2)-N(l) 
0(1)-C(2)-N(1) 
N(3)-C(2)-N(2) 
0(1)-C(2)-N(2) 
N(l)-C(2)-N(2) 
N(4)-C(l)-0(2) 
N(4)-C(l)-N(l)#l 
0(2)-C(l)-N(l)#l 
N(4)-C(l)-N(l) 

Angle (") 
118.7(4) 
119.4(3) 
17.3(6) 

118.3(6) 
120.6(5) 
119.7(6) 
117.8(5) 
121.1(3) 
16(2) 
119.6(2) 
119.6(2) 
119.6(2) 

Symmetry transformations used to generate equivalent atoms: 
#1 x,-y,z 
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2.94 

' ^ v . • ' ^ ^ #•-

• _ 2.85 
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2.97. 2.88: 2.97. 

< ^ * ^ 

9a 

Figure 4.31: Hexagonal arrangement of the molecules of 7 and 9 forming a rosette 
structure in the adduct, 9a. Only the donor •• -acceptor distances are indicated. 

The intermolecular N - - 0 and N--N distances corresponding to N-H---0 and N-

H--N bonds are in the range of 2.94 - 2.98A and 2.85 - 2.88 A, respectively. The 

hexamers are arranged in two dimensions to form planar sheets, the structure being 

exactly as predicted by Whitesides (refer Scheme 2.2). A significant feature is that the 

planar sheets are stacked in three dimensions to give channels with a diameter of 4A 

(Figure 4.32). These charmels are comparable to the cavities in cryptands. 

The best stacking arrangement was one with alternating cyanuric acid and 

melamine molecules (with 50% occupation each), as established by the low R-factor 

(Ri) and also by energy calculations using the MOP AC program. 
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Figure 4.32: Three-dimensional arrangement of the sheets in the adduct 9a forming 
channels. 

The least stable arrangement is the one with cyanuric acid on top of another cyanuric 

acid molecule. Cyanuric acid on top of melamine is more stable by 37 kcal mol"' 

relative to cyanuric acid on cyanuric acid. The packing coefficient of the cyanuric acid 

(7): melamine (9) adduct calculated using Cerius is 67.5 %. 

Crystal structure of the adduct, 9b, found in trithiocyanuric acid, 10 and 

melamine, 9 reveals that it also has features similar to those of 9a with a superimposed 

asymmetric unit (Figure 4.33), except that the N-H---0 hydrogen bonds are replaced 
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by the N-H---S hydrogen bonds as shown in Figure 4.34. The crystal structure data of 

9b are given in Table 4.41. The atomic coordinates and isotropic displacement 

parameters are listed in Table A 1.17. 

Figure 4.33: An ORTEP drawing showing the asymmetric unit in the 1:1 adduct of 
trithiocyanuric acid with melamine, 9b. 

The bond lengths and angles are listed below in Table 4.43. 

Table 4.43 Bond lengths and angles 9b 
Moiety Distance (A) Moiety Angle n 

N(4)-C(2) 
N(4)-C(2)#l 
N(3)-C(l) 
N(3)-C(2) 
C(2)-N(l) 
C(2)-S(l) 
C(l)-S(2) 
C(l)-N(2) 
C(l)-N(3)#l 

Moiety 
N(2)-C(l)-N(3)#l 
S(2)-C(l)-N(3) 

1.358(5) 
1.358(5) 
1.358(4) 
1.363(5) 
1.32(2) 
1.288(7) 
1.287(9) 
1.32(2) 
1.358(4) 

Angle (») 
118.4(3) 
119.3(3) 

C(2)-N(4)-C(2)#l 
C(l)-N(3)-C(2) 
N(l)-C(2)-S(l) 
N(l)-C(2)-N(4) 
S(l)-C(2)-N(4) 
N(l)-C(2)-N(3) 
S(l)-C(2)-N(3) 
N(4)-C(2)-N(3) 
S(2)-C(l)-N(2) 
S(2)-C(l)-N(3)#l 
N(2)-C(l)-N(3) 
N(3)#l-C(l)-N(3) 

119.0(5) 
118.8(4) 
17.8(8) 
118.0(8) 
119.8(4) 
119.4(8) 
118.9(4) 
121.0(4) 
18.0(9) 
119.3(3) 
118.4(3) 
121.2(5) 

Symmetry transformations used to generate equivalent atoms: #1 x,-y,z 
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The N---S and N---N distances corresponding to N-H---S and N-H---N bonds are 

in the range of 2.96 - 2.98A and 2.86 - 2.88 A, respectively. The sheets are stacked in 

a three-dimensional channel arrangement as depicted in Figure 4.35. The diameter of 

the channel (in Figure 4.35) is approximately 4A here as well. 

The best stacking arrangement is trithiocyanuric acid on top of melamine. The 

packing coefficient of the adduct is 74.6 % as calculated from Cerius. 

2.98 

2.88 

2.98 

9b 

Figure 4.34: Rosette structure noticed in the adduct, 9b. 

The powder X-ray diffraction pattern of the cyanuric acid:melamine adduct simulated 

on the basis of structure found by us agrees with the experimental powder pattern of 

the poly crystalline sample. 
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Figure 4.35: Three-dimensional arrangement of the sheets in the crystal structure of 
9b. 

It is evident that the two crystal structures of the adducts 9a and 9b suggest an 

equivalent structure-directing role for N-H---0 and N-H---S hydrogen bonds. The 

main difference in structure between 9a and 9b arises largely from the differences in 

the strengths and directionality of the N-H---0 and N-H---S hydrogen bond 

interactions. 
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4.8 Organic porous solids formed by the hydrogen-bonded self-assembly of 

trithiocyanuric acid and 4,4*-bipyridine 

We have carried out a systematic study of the supramolecular hydrogen-

bonded assemblages obtained from the crystallization of frithiocyanuric acid, 10, with 

4,4'-bipyridine in a variety of solvents. While the adduct of 10 with 4,4'-bipyridine 

was not stable, the adducts of these molecules obtained along with benzene, toluene, 

0-, m- and p-xylenes and anthracene gave good crystals, whose structures we have 

investigated. In Table 4.44, the crystal structure data of these hydrogen-bonded 

adducts are given. All these adducts crystallize in a triclinic, P-1 space group. The 

fractional atomic coordinates and isotropic displacement parameters of these adducts 

are listed in Tables A1.18 to A1.23. 

Table 4.44 Crystal structure data for molecular complexes of trithiocyanuric acid and 4, 4'-
bipyridine with benzene (10a), toluene (10b), p-xylene (10c), o-xylene (lOd), m-xylene 
(lOe) and anthracene (lOf) 

10a 10b 10c 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
a(°) 
P(°) 
y(°) 
Cell volume (A') 
Z 
F(OOO) 
P (Mg/m^) 
|i, mm'' 
^(A) 
Crystal size (mm) 
Diffractometer 

Radiation type 

C11H10N4S3 

294.41 
Triclinic 
P-1 
7.019(1) 
10.336(1) 
10.748(1) 
63.79(1) 
75.77(1) 
73.80(1) 
665.04(13) 
2 
304 
1.47 
0.543 
0.7107 
0.26x0.18x0.31 
Smart, CCD area 
detector 
MoKa 

C23H22N12S6 

658.89 
Triclinic 
P-1 
7.112(1) 
10.489(1) 
10.681(1) 
65.40(1) 
76.58(1) 
73.05(1) 
687.35(13) 
1 
340 
1.592 
0.539 
0.7107 
0.25 X 0.35 X 0.30 
Smart, CCD area 
detector 
MoKa 

C24H24N8S6 

616.87 
Triclinic 
P-1 
7.282(1) 
10.621(1) 
10.648(1) 
66.30(1) 
76.53(1) 
70.42(1) 
705.86(13) 
1 
320 
1.451 
0.516 
0.7107 
0.20x0.15x0.15 
Smart, CCD area 
detector 
MoKa 
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Table 4.44 {continued) 
Crystal-detector distance 
(cm) 
Temperature (K) 
No. of measured 
reflections 
No. of independent 
reflections 
©max ( ) 
Range of/z, k, I 

Ri 
WR2, Goodness-of-fit (S) 
No. of parameters refined 
Max. eA'̂  
Table 4.44 {continued) 

Chemical formula 

Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 

aO 
PO 
YO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m^) 
\i., mm"' 
^(A) 
Crystal size (mm) 
Diffractometer 

Radiation type 
Crystal-detector distance 
(cm) 
Temperature (K) 
No. of measured 
reflections 
No. of independent 
reflections 
Qmax ( ) 
Range of h, Ic, I 

5.0 

293(2) 
2603 

1857 

2-24 
-5 to 7 
-11 t o l l 
-11 t o l l 
0.0350 
0.0778,1.181 
203 
0.193 

lOd 
C24H24N8S6 

616.87 
Triclinic 
P-1 
10.324(1) 
11.615(1) 
12.319(1) 
102.16(1) 
93.46(1) 
90.68(1) 
1441.0(2) 
2 
640 
1.422 
0.505 
0.7107 
0.30 X 0.25 X 0.20 
Smart, CCD area 
detector 
MoKa 
5.0 

293(2) 
6134 

4109 

2-24 
-11 to 9 

5.0 

293(2) 
2887 

1928 

2-24 
-7 to 7 
-11 to 9 
-11 to 5 
0.0698 
0.1538,1.253 
188 
0.535 

lOe 
(C3H3N3S3):1.5(C,o 

H8N2):(C8H,o) 
872.23 
Triclinic 
P-1 
10.359(1) 
11.467(1) 
18.412(1) 
83.65(1) 
75.00(1) 
67.94(1) 
1957.7(3) 
2 
902 
1.48 
0.553 
0.7107 
0.25 X 0.35 X 0.20 
Smart, CCD area 
detector 
MoKa 
5.0 

293(2) 
7548 

5489 

2-24 
-10 to 11 

5.0 

293(2) 
2781 

1970 

2 -24 
-7 to 8 
-11 t o l l 
-11 t o l l 
0.0555 
0.1489, 1.163 
219 
0.253 

lOf 
C23H19N8S6 

599.82 
Triclinic 
P-1 
10.472(1) 
11.419(1) 
12.932(1) 
100.46(2) 
107.69(2) 
111.28(2) 
1296.5(2) 
2 
618 
1.536 
0.559 
0.7107 
0.10x0.25x0.10 
Smart, CCD area 
detector 
MoKa 
5.0 

293(2) 
4996 

3556 

2-24 
-11 to 9 

133 



Results and discussion - Part 1 

Table 4.44 (continued) 

Ri 
WR2, Goodness-of-fit (S) 
No. of parameters refined 
Max. eA"̂  

-12 to 12 
-10 to 13 
0.0829 
0.1929,1.315 
344 
0.985 

-12 to 12 
-12 to 20 
0.0575 
0.1315,0.436 
478 
0.561 

-11 to 12 
-13 to 14 
0.0487 
0.0983,1.263 
334 
0.422 

4.8.1 Adduct of trithiocyanuric acid and 4,4'-bipyridyl from methanol solution 

Co-crystallization of trithiocyanuric acid with 4,4'-bipyridyl from methanol 

solution gives a 2:1 hydrogen-bonded adduct containing the solvent of crystallization. 

The crystal structure of the adduct reveals the presence of intermolecular N-H---N 

hydrogen bonds between trithiocyanuric acid and the bipyridyl as shown in Figure 

4.36. 

2^\-i 

Figure 4.36: Self-assembly of trithiocyanuric acid, 10 and 4,4'-bipyridyl forming a 
layered network with a cavity. 
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This hydrogen-bonded structure has a cavity of lOA in dimension, occupied by 

methanol molecules. These crystals were unstable under ambient conditions because 

of the evaporation of methanol. 

4.8.2 Adduct of trithiocyanuric acid with 4,4'-bipyridyl and benzene 

The 2:1 adduct of 10 with 4,4'-bipyridyl incorporating benzene was highly 

stable (10a). The molar ratio of benzene and bipyridyl was 1:1. These crystals also 

gave the same two-dimensional hydrogen-bonded structure as in Figure 4.36. The 

asymmetric unit of this adduct, 10a, which consists of trithiocyanuric acid, 4,4'-

bipyridyl and benzene is depicted in Figure 4.37. 

Figure 4.37: An ORTEP drawing showing the asymmetric unit in the 2:1:1 adduct of 
trithiocyanuric acid, 4,4'-bipyridine and benzene, 10a. 

The intramolecular bond distances and angles of the adduct 10a are given in Table 

4.45 and the intermolecular, hydrogen bond interactions are given in Table 4.46. 
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Table 4.45 Bond 
Moiety 

S(25)-C(25) 
S(23)-C(23) 
S(21)-C(21) 
N(26)-C(21) 
N(26)-C(25) 
C(ll)-C(12) 
C(ll)-C(16) 
C(ll)-C(ll)#l 
C(15)-N(14) 
C(15)-C(16) 
C(12)-C(13) 
N(24)-C(23) 
N(24)-C(25) 
N(22)-C(23) 
N(22)-C(21) 
N(14)-C(13) 
C(2)-C(3) 
C(2)-C(l) 
C(l)-C(3)#2 
C(3)-C(l)#2 

Moiety 

lengths and angles 
Distance (A) 

1.644(3) 
1.658(3) 
1.661(3) 
1.354(3) 
1.365(3) 
1.391(4) 
1.394(4) 
1.494(5) 
1.330(4) 
1.385(4) 
1.375(4) 
1.354(3) 
1.380(3) 
1.362(3) 
1.373(3) 
1.330(4) 
1.351(10) 
1.362(11) 
1.372(11) 
1.372(11) 
Angle (») 

C(2)-C(3)-C(l)#2 119.6(8) 

for the benzene adduct, 
Moiety 

C(21)-N(26)-C(25) 
C(12)-C(ll)-C(16) 
C(12)-C(ll)-C(ll)#l 
C(16)-C(ll)-C(ll)#l 
N(14)-C(15)-C(16) 
C(13)-C(12)-C(ll) 
C(23)-N(24)-C(25) 
C(15)-C(16)-C(ll) 
C(23)-N(22)-C(21) 
C(15)-N(14)-C(13) 
N(26)-C(25)-N(24) 
N(26)-C(25)-S(25) 
N(24)-C(25)-S(25) 
N(24)-C(23)-N(22) 
N(24)-C(23)-S(23) 
N(22)-C(23)-S(23) 
N(26)-C(21)-N(22) 
N(26)-C(21)-S(21) 
N(22)-C(21)-S(21) 
N(14)-C(13)-C(12) 

C(3)-C(2)-C(l) 
C(2)-C(l)-C(3)#2 

Symmetry transformations used to generate equivalent atoms 
#1 -x+2,-y+l,-z 
#2-x+2,-y+l,-z-l 

Table 4.46 Important hydrogen bond 
H-bond 

N(22)-H(22)---
N(24)-H(24)---
N(26)-H(26)---

10a 
Angle (°) 
123.7(2) 
116.5(3) 
121.7(3) 
121.7(3) 
123.4(3) 
119.8(3) 
125.3(2) 
119.6(3) 
125.1(2) 
117.0(2) 
115.4(2) 
123.7(2) 
120.9(2) 
114.3(2) 
123.6(2) 
122.1(2) 
116.1(2) 
122.9(2) 
121.0(2) 
123.7(3) 
120.9(7) 
119.5(8) 

parameters for the benzene adduct, 10a 
D-H(A) H - A ( A ) D -A (A) D-H-A(° ) 

S(21) 0.84(3) 2.50(3) 3.324(2) 167(3) 
S(23) 0.88(4) 2.44(4) 3.316(2) 175(4) 
N(14) 0.97(5) 1.80(5) 2.769(4) 176(4) 

The lengths of the C-N and C-S bonds of trithiocyanuric acid in 10a are -1 .4 and 1.6 

A, respectively. The C-C and C-N distances of the bipyridyl ring are - 1 . 4 and - 1.3 

A, respectively. The crystal structure of the adduct, 10a, is stabilized by the three-

point recognition synthon (C-H---S- N-H---N- C-H---S) a centrosymmetric N-H---S 

hydrogen bonded dimeric coupling. The N-H---N bonds have hydrogen bond (H---N) 

distances of the order of -2.77 A. The weak C-H---S bonds (H---S, 2.91, 2.93A) 
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between 10 and 4,4'-bipyridyl also stabilize the structure. The N-H---S hydrogen 

bonds between the trithiocyanuric acid molecules have H- • -S distances of ~ 2.5 A. The 

donor--acceptor (D---A) distances are of the order of 3 A. The N-H--S and N-H---N 

hydrogen bond angles are in the range of-167 - 175° (see Table 4.46). 

The three-dimensional structure of the 2:1 adduct of trithiocyanuric acid, 10 

and 4,4'-bipyridyl with benzene is shown in Figure 4.38. The structure clearly reveals 

the presence of channels formed by the stacking of the layers with cavities. The 

channels accommodate benzene molecules as can be seen in Figure 4.38. 

10a 

Figure 4.38: Three-dimensional structure of the 2:1 trithiocyanuric acid-4,4'-
bipyridyl adduct, 10a containing benzene in the channels 
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An interesting feature is that the crystals were stable and heating up to 180°C or 

slightly higher did not destroy the crystals. Hence, we were interested to see whether 

the channel structure will remain intact even after the removal of benzene molecules to 

have a zeolite-type structure. In this connection, thermogravimetric analysis was 

carried out on the crystals of the adduct, 10a. 

(b) 
100 -

i 90 -

85 

100 

Temperature, "C 

150 

100 

Temperature, °C 

r 
150 

200 

200 

Figure 4.39: Thermogravimetric analysis of the adducts, (a) 10a and (b) 10b. 
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The TGA curves are shown in Figure 4.39. In Figure 4.39(a), the TGA curve of the 

benzene adduct is shown, recorded at a heating rate of 2°C min"'. We see that all the 

benzene (mass loss, 13%) is removed around 190°C, which is well above the boiling 

point of benzene (shown in curve 1). After the removal of benzene, the host crystals 

soaked in benzene for several hours were again subjected for TGA. These crystals 

showed a loss of benzene at a lower temperature (158°C). Furthermore, the amount of 

benzene in the channels is less by about 4% as can be seen from curve 2 in Figure 

4.39a (see Table 4.47 for results of the TGA experiments). A repetition of this 

procedure showed that the removal of benzene continued to occur around the same 

temperature (158°C) with the same mass loss (curve 3 in Figure 4.39a). It thus appears 

that after the benzene in the channels of the initial adduct is removed, the empty 

channel can accommodate benzene which is removed around 158°C. 

Table 4.47 Summary if the results of thermogravimetric analyses 
Complex 

benzene 
toluene 

o-xyelne 
m-xylene 
p-xylene 

First heat] 
Weight loss 

(%) 
13.86(13.26) 
14.81(15.26) 
16.16(17.18) 
17.67(17.18) 
12.24(12.15) 

ng 
Temp 
(°C) 
192 
183 
172 
131 
167 

Second 
Weight loss 

(%) 
9.70 
9.23 

-
-

6.84 

lieating 
Temp (°C) 

158 
166 

-
-

139 

(TGA) 
Third heating 

Weight 
loss (%) 

9.24 
9.26 

-
-

7.96 

Temp 
(°C) 
157 
162 

-
-

143 

The crystal structure of the adduct, 10a heated to 200°C (to remove all the 

benzene) gave a single crystal X-ray diffraction pattern, although the data were not 

sufficiently good to obtain the detailed structure. The dimensions of the unit cell 

remained essentially the same as those of the parent adduct. The unit cell parameters 

of the adduct with empty channels were: a=7.181, b=10.455, c=10.956A, a=63.80°, 

P=77.70° and y=75.82°. Encouraged by the findings, we were interested to see 
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whether the solvent molecules, benzene, in the channels can be exchangeable with 

other molecules and also the prevalence of shape selectivity. So, 10 and 4,4'-bipyridyl 

were co-crystallized in various solvents like toluene, different isomers of xylenes and 

anthracene. 

4.8.3 Adduct of trithiocyanuric acid, 4,4 '-bipyridyl and toluene 

Thioimide, 10 and 4,4'-bipyridyl indeed formed a structure, 10b, with toluene, 

identical to that of 10a, with a three-dimensional channel structure (refer Figure 4.38) 

except that benzene molecules are replaced by the toluene molecules. The asymmetric 

unit of this adduct 10b is depicted in Figure 4.40. 

Figure 4.40: An ORTEP drawing showing the asymmetric unit in the 2:1:1 adduct of 
trithiocyanuric acid, 4,4''-bipyridine and toluene, 10b. 

The geometries of the intra- and intermolecular (hydrogen bonding) interactions are 

listed in Tables 4.48 and 4.49, respectively. 
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Table 4.48 Bond lengths and angli 
Moiety 

S(23)-C(23) 
S(22)-C(22) 
S(21)-C(21) 
N(23)-C(21) 
N(23)-C(23) 
C(ll)-C(16) 
C(ll)-C(12) 
C(ll)-C(ll)#l 
C(15)-N(14) 
C(15)-C(16) 
N(22)-C(22) 
N(22)-C(23) 
C(12)-C(13) 
N(21)-C(22) 
N(21)-C(21) 
N(14)-C(13) 
C(4)-C(7) 
C(4)-C(2)#2 
C(4)-C(6)#2 
C(4)-C(5) 
C(4)-C(6) 
C(3)-C(5) 
C(3)-C(6) 
C(3)-C(2) 
C(5)-C(6) 
C(5)-C(7) 
C(2)-C(6) 
C(2)-C(4)#2 
C(6)-C(4)#2 

Moiety 
C(2)-C(6)-C(4)#2 
C(5)-C(6)-C(4)#2 

C(2)-C(6)-C(3) 
C(5)-C(6)-C(3) 

C(4)#2-C(6)-C(3) 
C(2)-C(6)-C(4) 
C(5)-C(6)-C(4) 

C(4)#2-C(6)-C(4) 
C(3)-C(6)-C(4) 
C(4)-C(7)-C(5) 
C(2)-C(6)-C(5) 

Distance (A) 
1.654(6) 
1.651(6) 
1.662(6) 
1.357(8) 
1.369(8) 
1.387(9) 
1.393(9) 
1.493(11) 
1.339(8) 
1.393(9) 
1.363(7) 
1.378(7) 
1.392(9) 
1.361(8) 
1.369(7) 
1.327(9) 
1.26(3) 
1.39(3) 
1.41(2) 
1.47(3) 
1.78(3) 
1.35(4) 
1.53(4) 
1.97(5) 
1.23(3) 
1.60(3) 
1.20(3) 
1.39(3) 
1.41(2) 

Angle (") 
64(2) 
148(3) 
91(3) 
57(2) 
155(3) 
157(3) 
55(2) 
93(2) 
112(3) 
61(2) 
148(3) 

es for the toluene adduct, 
Moiety 

C(21)-N(23)-C(23) 
C(16)-C(ll)-C(12) 
C(16)-C(ll)-C(ll)#l 
C(12)-C(ll)-C(ll)#l 
N(14)-C(15)-C(16) 
C(22)-N(22)-C(23) 
C(13)-C(12)-C(ll) 
N(23)-C(23)-N(22) 
N(23)-C(23)-S(23) 
N(22)-C(23)-S(23) 
C(ll)-C(16)-C(15) 
C(22)-N(21)-C(21) 
N(21)-C(22)-N(22) 
N(21)-C(22)-S(22) 
N(22)-C(22)-S(22) 
C(13)-N(14)-C(15) 
N(23)-C(21)-N(21) 
N(23)-C(21)-S(21) 
N(21)-C(21)-S(21) 
N(14)-C(13)-C(12) 
C(7)-C(4)-C(2)#2 
C(7)-C(4)-C(6)#2 
C(2)#2-C(4)-C(6)#2 
C(7)-C(4)-C(5) 
C(2)#2-C(4)-C(5) 
C(6)#2-C(4)-C(5) 
C(7)-C(4)-C(6) 
C(2)#2-C(4)-C(6) 
C(6)#2-C(4)-C(6) 
C(5)-C(4)-C(6) 
C(5)-C(3)-C(6) 
C(5)-C(3)-C(2) 
C(6)-C(3)-C(2) 
C(6)-C(5)-C(3) 
C(6)-C(5)-C(4) 
C(3)-C(5)-C(4) 
C(6)-C(5)-C(7) 
C(3)-C(5)-C(7) 
C(4)-C(5)-C(7) 
C(6)-C(2)-C(4)#2 
C(6)-C(2)-C(3) 
C(4)#2-C(2)-C(3) 

10b 
Angle (») 
123.3(5) 
116.5(6) 
122.4(7) 
121.1(7) 
122.4(7) 
125.4(5) 
119.6(6) 
115.8(5) 
123.4(4) 
120.9(5) 
120.5(6) 
126.1(5) 
113.4(5) 
122.8(5) 
123.7(5) 
117.5(6) 
115.9(6) 
122.6(4) 
121.5(5) 
123.5(7) 
107(3) 
158(2) 
51(2) 
71(2) 
178(3) 
131(2) 
115(2) 
138(2) 
87(2) 
43.3(11) 
50(2) 
88(3) 
38(2) 
72(3) 
82(2) 
154(4) 
130(3) 
158(4) 
48.1(14) 
65(2) 
51(2) 
116(3) 

Symmetry transformations used to generate equivalent atoms: 
#1 -x-f2,-y,-z 
#2-x+2,-y,-z-l 
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Table 4.49 Important hydrogen bond parameters for the toluene adduct, 10b 
H-bond D-H(A) H--A(A) D-A(A) D-H--A(°) 

N(21)-H(21)-"S(21) 0.79(7) 2.60(7) 3.370(6) 167(7) 
N(22)-H(22)"-S(22) 0.87(8) 2.47(8) 3.336(5) 180(8) 
N(23)-H(23)--N(14) 0.91(11) 1.88(11) 2.788(8) 171(10) 

The H - S and H--N bond distances in the hydrogen-bonded adduct 10b are of 

the order of- 2.5 and ~ 1.9 A. The N-H--S and N-H---N hydrogen bond angles vary 

between 170° - 180°. TG analysis on the crystals of this adduct reveals that the channel 

structure remains intact even in the absence of the toluene molecules. TGA of the 

toluene adduct (Figure 4.41b) shows a mass loss of 14.8% at 183°C (curve 1). The 

host crystal with the empty channels soaked in toluene and then subjected to TGA, 

gives a mass loss of 9.2% at 166°C (curve 2). A repetition of the procedure shows that 

the same mass loss occurs at 162°C (curve 3). The behaviour is similar to that of the 

benzene adduct (Table 4.47). 

4.8.4. Adduct of trithiocyanuric acid, 4,4 '-bipyridyl andp-xylene 

Co-crystallization of 10 with 4,4'-bipyridyl from /^-xylene yields a complex, 

10c, in a 2:1:1 ratio similar to that of 10a and 10b. The asymmetric unit of the adduct 

10c is depicted in Figure 4.41. The bond distances and angles of the adduct 10c are 

given in Table 4.50. The unique hydrogen bond parameters are given in Table 4.51. 

Table 4.S0 Bond lengths and angles for the p-xylene adduct, 10c 
Moiety 

C(ll)-C(12) 
C(11)-H(11C) 
C(11)-H(11B) 
C(11)-H(11A) 
C(12)-C(13) 
C(12)-C(14)#l 
C(13)-C(14) 
C(i3)-H(13) 

Distance (A) 
1.54(2) 

0.96 
0.96 
0.96 
1.35(2) 
1.42(2) 
1.39(2) 
0.93 

Moiety 
C(12)-C(11)-H(11C) 
C(12)-C(11)-H(11B) 
H(11C)-C(11)-H(11B) 
C(12)-C(11)-H(11A) 
H(11C)-C(11)-H(11A) 
H(11B)-C(11)-H(11A) 
C(13)-C(12)-C(14)#l 
C(13)-C(12)-C(n) 

Angle (°) 
109.5(8) 
109.5(8) 
109.5 
109.5(6) 
109.5 
109.5 
115(2) 
124(2) 
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Table 4.50 {continued) 
C(14)-C(12)#l 
C(14)-H(14) 
C(21)-C(22) 
C(21)-H(21C) 
C(21)-H(21B) 
C(21)-H(21A) 
C(22)-C(24)#2 
C(22)-C(23) 
C(23)-C(24) 
C(23)-H(223) 
C(24)-C(22)#2 
C(24)-H(24) 
N(31)-C(31) 
N(31)-C(32) 
N(31)-H(31) 
S(31)-C(31) 
C(31)-N(33) 
S(32)-C(32) 
N(32)-C(32) 
N(32)-C(33) 
N(32)-H(32) 
S(33)-C(33) 
N(33)-C(33) 
N(33)-H(33) 
C(41)-C(46) 
C(41)-C(42) 
C(41)-C(41)#3 
C(42)-C(43) 
C(42)-H(42) 
C(43)-N(44) 
C(43)-H(43) 
N(44)-C(45) 
C(45)-C(46) 
C(45)-H(45) 
C(46)-H(46) 
C(51)-C(52) 
C(51)-C(56) 
C(51)-C(57) 
C(52)-C(53) 
C(52)-H(52) 
C(53)-N(54) 
C(53)-H(53) 
N(54)-C(55) 
C(55)-C(56) 
C(55)-H(55) 
C(56)-H(56) 
C(57)-C(512) 

1.42(2) 
0.93 
1.48(2) 
0.96 
0.96 
0.96 
1.36(2) 
1.37(2) 
1.40(2) 
0.93 
1.36(2) 
0.93 
1.368(11) 
1.406(11) 
0.86 
1.634(10) 
1.375(10) 
1.624(9) 
1.359(11) 
1.373(11) 
0.86 
1.610(9) 
1.414(11) 
0.86 
1.382(12) 
1.397(13) 
1.50(2) 
1.373(12) 
0.93 
1.321(11) 
0.93 
1.343(12) 
1.383(12) 
0.93 
0.93 
1.340(12) 
1.390(13) 
1.504(12) 
1.374(13) 
0.93 
1.342(12) 
0.93 
1.308(11) 
1.372(12) 
0.93 
0.93 
1.363(12) 

C(14)#l-C(12)-C(ll) 
C(12)-C(13)-C(14) 
C(12)-C(13)-H(13) 
C(14)-C(13)-H(13) 
C(13)-C(14)-C(12)#l 
C(13)-C(14)-H(14) 
C(12)#l-C(14)-H(14) 
C(22)-C(21)-H(21C) 
C(22)-C(21)-H(21B) 
H(21C)-C(21)-H(21B) 
C(22)-C(21)-H(21A) 
H(21C)-C(21)-H(21A) 
H(21B)-C(21)-H(21A) 
C(24)#2-C(22)-C(23) 
C(24)#2-C(22)-C(21) 
C(23)-C(22)-C(21) 
C(22)-C(23)-C(24) 
C(22)-C(23)-H(223) 
C(24)-C(23)-H(223) 
C(22)#2-C(24)-C(23) 
C(22)#2-C(24)-H(24) 
C(23)-C(24)-H(24) 
C(31)-N(31)-C(32) 
C(31)-N(31)-H(31) 
C(32)-N(31)-H(31) 
N(31)-C(31)-N(33) 
N(31)-C(31)-S(31) 
N(33)-C(31)-S(31) 
C(32)-N(32)-C(33) 
C(32)-N(32)-H(32) 
C(33)-N(32)-H(32) 
N(32)-C(32)-N(31) 
N(32)-C(32)-S(32) 
N(31)-C(32)-S(32) 
C(31)-N(33)-C(33) 
C(31)-N(33)-H(33) 
C(33)-N(33)-H(33) 
N(32)-C(33)-N(33) 
N(32)-C(33)-S(33) 
N(33)-C(33)-S(33) 
C(46)-C(41)-C(42) 
C(46)-C(41)-C(41)#3 
C(42)-C(41)-C(41)#3 
C(43)-C(42)-C(41) 
C(43)-C(42)-H(42) 
C(41)-C(42)-H(42) 
N(44)-C(43)-C(42) 

121(2) 
125(2) 
117.5(10) 
117.5(10) 
120.0(14) 
120.0(10) 
120.0(12) 
109.5(12) 
109.5(9) 
109.5 
109.5(9) 
109.5 
109.5 
115(2) 
120(2) 
126(2) 
122(2) 
119(2) 
118.9(14) 
123(2) 
118.6(14) 
118.6(14) 
127.0(8) 
116.5(5) 
116.5(5) 
114.4(8) 
121.9(7) 
123.6(7) 
128.5(9) 
115.7(5) 
115.7(6) 
111.8(8) 
124.8(8) 
123.4(7) 
124.7(8) 
117.7(5) 
117.6(5) 
113.1(8) 
123.5(8) 
123.2(7) 
116.3(8) 
122.0(12) 
121.8(11) 
119.2(9) 
120.4(6) 
120.4(6) 
125.1(10) 
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Table 4.50 (continued) 
C(57)-C(58) 
C(58)-C(59) 
C(58)-H(58) 
C(59)-N(510) 
C(59)-H(59) 
S(61)-C(61) 
C(61)-N(62) 
C(61)-N(63) 
N(61)-C(63) 
N(61)-C(62) 
N(61)-H(61) 
S(62)-C(62) 
N(62)-C(63) 
N(62)-H(62) 
C(62)-N(63) 
S(63)-C(63) 
N(63)-H(63) 
S(71)-C(71) 
N(71)-C(73) 
N(71)-C(72) 
N(71)-H(71) 
C(71)-N(73) 
C(71)-N(72) 
S(72)-C(72) 
C(72)-N(72) 
N(72)-H(72) 
S(73)-C(73) 
N(73)-C(73) 
N(73)-H(73) 
N(510)-C(511) 
C(511)-C(512) 
C(511)-H(511) 
C(512)-H(512) 

Moiety 
C(58)-C(59)-H(59) 
N(62)-C(61)-N(63) 
N(62)-C(61)-S(61) 
N(63)-C(61)-S(61) 
C(63)-N(61)-C(62) 
C(63)-N(61)-H(61) 
C(62)-N(61)-H(61) 
C(63)-N(62)-C(61) 
C(63)-N(62)-H(62) 
C(61)-N(62)-H(62) 
N(63)-C(62)-N(61) 
N(63)-C(62)-S(62) 
N(61)-C(62)-S(62) 

1.409(12) 
1.381(12) 
0.93 
1.307(11) 
0.93 
1.668(9) 
1.360(11) 
1.379(11) 
1.365(10) 
1.398(11) 
0.86 
1.623(9) 
1.357(10) 
0.86 
1.366(10) 
1.640(10) 
0.86 
1.662(10) 
1.352(10) 
1.373(10) 
0.86 
1.352(11) 
1.372(10) 
1.642(9) 
1.380(11) 
0.86 
1.649(9) 
1.357(11) 
0.86 
1.316(11) 
1.384(13) 
0.93 
0.93 
Angle (•) 
117.9(6) 
114.0(8) 
123.1(8) 
122.9(7) 
125.0(8) 
117.5(5) 
117.5(5) 
127.2(8) 
116.4(5) 
116.4(5) 
114.4(8) 
120.8(7) 
124.8(7) 

N(44)-C(43)-H(43) 
C(42)-C(43)-H(43) 
C(43)-N(44)-C(45) 
N(44)-C(45)-C(46) 
N(44)-C(45)-H(45) 
C(46)-C(45)-H(45) 
C(41)-C(46)-C(45) 
C(41)-C(46)-H(46) 
C(45)-C(46)-H(46) 
C(52)-C(51)-C(56) 
C(52)-C(51)-C(57) 
C(56)-C(51)-C(57) 
C(51)-C(52)-C(53) 
C(51)-C(52)-H(52) 
C(53)-C(52)-H(52) 
N(54)-C(53)-C(52) 
N(54)-C(53)-H(53) 
C(52)-C(53)-H(53) 
C(55)-N(54)-C(53) 
N(54)-C(55)-C(56) 
N(54)-C(55)-H(55) 
C(56)-C(55)-H(55) 
C(55)-C(56)-C(51) 
C(55)-C(56)-H(56) 
C(51)-C(56)-H(56) 
C(512)-C(57)-C(58) 
C(512)-C(57)-C(51) 
C(58)-C(57)-C(51) 
C(59)-C(58)-C(57) 
C(59)-C(58)-H(58) 
C(57)-C(58)-H(58) 
N(510)-C(59)-C(58) 
N(510)-C(59)-H(59) 
N(72)-C(71)-S(71) 
N(71)-C(72)-N(72) 
N(71)-C(72)-S(72) 
N(72)-C(72)-S(72) 
C(71)-N(72)-C(72) 
C(71)-N(72)-H(72) 
C(72)-N(72)-H(72) 
C(71)-N(73)-C(73) 
C(71)-N(73)-H(73) 
C(73)-N(73)-H(73) 
N(71)-C(73)-N(73) 
N(71)-C(73)-S(73) 
N(73)-C(73)-S(73) 
C(511)-N(510)-C(59) 

117.4(6) 
117.5(6) 
115.9(9) 
123.1(10) 
118.4(6) 
118.4(6) 
120.4(10) 
119.8(6) 
119.8(6) 
116.0(10) 
121.7(9) 
122.3(9) 
120.8(11) 
119.6(6) 
119.6(7) 
123.7(10) 
118.1(6) 
118.1(7) 
115.2(9) 
124.3(10) 
117.9(6) 
117.9(7) 
120.0(10) 
120.0(7) 
120.0(6) 
115.5(9) 
124.1(10) 
120.3(9) 
118.7(10) 
120.6(6) 
120.6(6) 
124.1(10) 
117.9(6) 
122.0(7) 
114.3(8) 
122.5(7) 
123.2(7) 
124.1(8) 
118.0(5) 
118.0(5) 
126.0(8) 
117.0(5) 
117.0(5) 
114.5(8) 
122.8(8) 
122.7(8) 
118.0(9) 
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Table 4.50 {continued) 
C(62)-N(63)-C(61) 
C(62)-N(63)-H(63) 
C(61)-N(63)-H(63) 
N(62)-C(63)-N(61) 
N(62)-C(63)-S(63) 
N(61)-C(63)-S(63) 
C(73)-N(71)-C(72) 
C(73)-N(71)-H(71) 

125.2(8) 
117.4(5) 
117.4(5) 
114.2(9) 
122.6(7) 
123.2(7) 
125.9(8) 
117.1(5) 

N(510)-C(511)-C(512) 
N(510)-C(511)-H(511) 
C(512)-C(511)-H(511) 
C(57)-C(512)-C(511) 
C(57)-C(512)-H(512) 
C(511)-C(512)-H(512) 
C(72)-N(71)-H(71) 
N(73)-C(71)-N(72) 
N(73)-C(71)-S(71) 

121.9(10) 
119.0(6) 
119.0(6) 
121.7(10) 
119.2(6) 
119.2(7) 
117.0(5) 
115.1(9) 
122.8(8) 

Symmetry transformations used to 
#1 -x,-y+l,-z+l #2 -x+l,-y+l,-z #3 

generate equivalent atoms: 
-x+l,-y+l,-z+l 

S<32l 

S(63) 

Figure 4.41: An ORTEP drawing showing the asymmetric unit in the 2:1:1 adduct of 
trithiocyanuric acid, 4,4'-bipyridine and p-xylene, 10c. 

Table 4.51 Important hydrogen bond 
H-bond 

N(31)-H(31)-
N(32)-H(32)-
N(33)-H(33)-

N(61)-H(61)--
N(62)-H(62)-
N(63)-H(63)-
N(71)-H(71)-
N(72)-H(72)-
N(73)-H(73)-

•S(32) 
•S(61) 
•N(54) 
N(510) 
•S(71) 
•S(32) 
•S(73) 
•N(44) 
•S(63) 

D-H (A) 
0.860(12) 
0.861(11) 
0.860(11) 
0.860(10) 
0.861(13) 
0.860(11) 
0.860(11) 
0.860(10) 
0.860(12) 

parameters for the /j-xylene 
H " A ( A ) 
2.541(10) 
2.471(9) 
1.928(12) 
1.934(11) 
2.551(10) 
2.749(8) 
2.475(9) 
1.939(11) 
2.479(9) 

D •••A(A) 
3.389(10) 
3.310(9) 
2.787(12) 
2.793(11) 
3.403(10) 
3.596(8) 
3.325(9) 

2.799(11) 
3.308(9) 

adduct, 10c 
D - H - A C ) 

169.0(8) 
164.8(9) 
177.6(11) 
177.6(9) 
170.5(8) 
168.6(8) 
169.9(9) 
177.9(11) 
162.4(8) 
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Figure 4.42: Thermogravimetric analysis curves of the adducts (a) 10c and (b) lOe. 

TGA of the p-xylene adduct shows a mass loss (12.2%) due to the removal of/?-

xylene around 167°C (curve 1 in Figure 4.42a). After re-incorporation of/j-xylene in 

the channels, the mass loss occurs around 139°C, but the magnitude of mass loss is 
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smaller (7%) as can be seen from curve 2 in Figure 4.42a. The temperature of 

decomposition and the mass loss remain the same in further cycling (curve 3 of Figure 

4.42a). 

4.8.5 Adduct of trithiocyanuric acid and 4,4'-bipyridyl with o- and m-xylenes 

Unlike lOa-lOc, co-crystallization of 4,4'-bipyrdiyl from o- and w-xylenes 

(b) C(8) 

H(13AI 

Figure 4.43: ORTEP diagrams showing the asymmetric units in the adducts of 
trithiocyanuric acid and 4,4'-bipyridine with (a) o-xylene, lOd and (b) m-xylene, lOe. 

147 



Results and discussion - Part 1 

formed slightly different lattices (see unit cell dimensions in Table 4.44). These 

adducts are labeled as lOd and lOe. The asymmetric unit of the adducts lOd and lOe 

are depicted in Figure 4.43. The geometries of the intra- and intermolecular bonds for 

the adducts lOd and lOe are listed in Tables 4.52 to 4.55. 

Table 4.52 Bond lengths 
Moiety 

S(13)-C(13) 
S(ll)-C(ll) 
S(12)-C(12) 
N(13)-C(12) 
N(13)-C(13) 
N(13)-H(13) 
C(21)-C(23) 
C(21)-C(22) 
C(21)-C(21)#l 
N(12)-C(ll) 
N(12)-C(13) 
N(12)-H(12) 
C(25)-N(24) 
C(25)-C(22) 
C(25)-H(25) 
N(ll)-C(12) 
N(ll)-C(ll) 
N(ll)-H(ll) 
N(24)-C(21) 
C(23)-C(21) 
C(23)-H(23) 
C(22)-H(22) 
C(21)-H(21) 
C(4)-C(l)#2 
C(4)-C(5) 
C(4)-C(3) 
C(3)-C(2) 
C(3)-C(l)#2 
C(3)-C(7) 
C(5)-C(7)#2 
C(5)-C(2)#2 
C(5)-C(l)#2 
C(l)-C(3)#2 
C(l)-C(2)#2 
C(l)-C(4)#2 
C(l)-C(2) 
C(l)-C(5)#2 
C(l)-C(l)#2 

1 and angles for the o-xylene adduct, lOd 
Distance (A) 

1.643(4) 
1.647(4) 
1.657(4) 
1.358(5) 
1.363(5) 
0.84(6) 
1.372(7) 
1.391(7) 
1.489(8) 
1.346(5) 
1.372(5) 
0.78(4) 
1.330(6) 
1.381(7) 
0.94(6) 
1.368(5) 
1.364(6) 
0.74(4) 
1.316(6) 
1.372(7) 
0.85(6) 
0.88(6) 
0.86(8) 
1.39(3) 
1.95(5) 
1.91(5) 
1.27(3) 
1.38(4) 
1.96(10) 
1.04(13) 
1.22(2) 
1.85(5) 
1.38(4) 
1.41(2) 
1.39(3) 
1.61(2) 
1.85(5) 
1.83(3) 

Moiety 
C(12)-N(13)-C(13) 
C(12)-N(13)-H(13) 
C(13)-N(13)-H(13) 
C(23)-C(21)-C(22) 
C(23)-C(21)-C(21)#l 
C(22)-C(21)-C(21)#l 
C(ll)-N(12)-C(13) 
C(ll)-N(12)-H(12) 
C(13)-N(12)-H(12) 
N(24)-C(25)-C(22) 
N(24)-C(25)-H(25) 
C(22)-C(25)-H(25) 
N(13)-C(13)-N(12) 
N(13)-C(13)-S(13) 
N(12)-C(13)-S(13) 
C(12)-N(ll)-C(ll) 
C(12)-N(ll)-H(ll) 
C(ll)-N(ll)-H(ll) 
N(13)-C(12)-N(ll) 
N(13)-C(12)-S(12) 
N(ll)-C(12)-S(12) 
C(21)-N(24)-C(25) 
C(21)-C(23)-C(21) 
C(21)-C(23)-H(23) 
C(21)-C(23)-H(23) 
N(12)-C(ll)-N(ll) 
N(12)-C(ll)-S(ll) 
N(ll)-C(ll)-S(ll) 
C(25)-C(22)-C(21) 
C(25)-C(22)-H(22) 
C(21)-C(22)-H(22) 
N(24)-C(21)-C(23) 
N(24)-C(21)-H(21) 
C(23)-C(21)-H(21) 
C(l)#2-C(4)-C(5) 
C(l)#2-C(4)-C(3) 
C(5)-C(4)-C(3) 
C(2)-C(3)-C(l)#2 

Angle (•) 
124.1(4) 
118(4) 
118(4) 
115.4(4) 
122.7(5) 
121.9(5) 
126.5(4) 
119(3) 
114(3) 
123.5(5) 
115(3) 
122(3) 
114.7(4) 
123.6(3) 
121.6(3) 
125.8(4) 
118(3) 
116(3) 
115.4(4) 
123.1(3) 
121.6(3) 
116.4(4) 
121.0(5) 
118(4) 
122(4) 
113.4(4) 
124.4(3) 
122.1(3) 
120.0(5) 
117(4) 
123(4) 
123.7(5) 
119(5) 
117(5) 
65(2) 
45.9(13) 
111(2) 
64.1(11) 
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Table 4.52 {continued) 
C(2)-C(5)#2 
C(2)-C(7) 
C(2)-C(l)#2 
C(7)-C(5)#2 

Moiety 
C(4)#2-C(l)-C(l)#2 
C(2)-C(l)-C(l)#2 
C(5)#2-C(l)-C(l)#2 
C(5)#2-C(2)-C(7) 
C(5)#2-C(2)-C(3) 
C(7)-C(2)-C(3) 
C(5)#2-C(2)-C(l)#2 
C(7)-C(2)-C(l)#2 
C(3)-C(2)-C(l)#2 
C(5)#2-C(2)-C(l) 
C(7)-C(2)-C(l) 
C(3)-C(2)-C(l) 
C(l)#2-C(2)-C(l) 
C(5)#2-C(7)-C(2) 
C(5)#2-C(7)-C(3) 
C(2)-C(7)-C(3) 
C(2)#2-C(l)-C(l)#2 

1.22(2) 
1.36(6) 
1.41(2) 
1.04(13) 

Angle (") 
160(3) 
47.6(11) 
88(2) 
47(6) 
144(3) 
96(6) 
155(3) 
156(6) 
62(3) 
80(3) 
126(6) 
136(3) 
74.4(13) 
59(4) 
99(4) 
40(3) 
58.0(12) 

C(2)-C(3)-C(4) 
C(l)#2-C(3)-C(4) 
C(2)-C(3)-C(7) 
C(l)#2-C(3)-C(7) 
C(4)-C(3)-C(7) 
C(7)#2-C(5)-C(2)#2 
C(7)#2-C(5)-C(l)#2 
C(2)#2-C(5)-C(l)#2 
C(7)#2-C(5)-C(4) 
C(2)#2-C(5)-C(4) 
C(l)#2-C(5)-C(4) 
C(3)#2-C(l)-C(2)#2 
C(3)#2-C(l)-C(4)#2 
C(2)#2-C(l)-C(4)#2 
C(3)#2-C(l)-C(2) 
C(2)#2-C(l)-C(2) 
C(4)#2-C(l)-C(2) 
C(3)#2-C(l)-C(5)#2 
C(2)#2-C(l)-C(5)#2 
C(4)#2-C(l)-C(5)#2 
C(2)-C(l)-C(5)#2 
C(3)#2-C(l)-C(l)#2 

Symmetry transformations used to generate equivalent atoms: 
#1 -x+2,-y,-z 
#2 -x,-y,-z+l 

Table 4.53 Bond lengths 
Moiety 

S(33)-C(33) 
S(22)-C(22) 
S(31)-C(31) 
S(32)-C(32) 
S(21)-C(21) 
S(23)-C(23) 
N(33)-C(33) 
N(33)-C(31) 
N(23)-C(22) 
N(23)-C(23) 
N(32)-C(32) 
N(32)-C(33) 
N(22)-C(21) 
N(22)-C(23) 

N(110)-C(19) 
N(110)-C(lll) 
N(21)-C(22) 
N(21)-C(21) 
C(32)-N(31) 

and angles for the w-xylene adduct, lOe 
Distance (A) 

1.651(10) 
1.656(10) 
1.651(10) 
1.620(10) 
1.646(10) 
1.626(10) 
1.360(11) 
1.365(12) 
1.363(11) 
1.378(12) 
1.366(11) 
1.375(11) 
1.357(12) 
1.371(11) 
1.313(12) 
1.327(13) 
1.353(11) 
1.371(11) 
1.388(11) 

Moiety 
C(33)-N(33)-C(31) 
C(22)-N(23)-C(23) 
C(32)-N(32)-C(33) 
C(21)-N(22)-C(23) 
N(33)-C(33)-N(32) 
N(33)-C(33)-S(33) 
N(32)-C(33)-S(33) 

C(19)-N(110)-C(lll) 
N(22)-C(23)-N(23) 
N(22)-C(23)-S(23) 
N(23)-C(23)-S(23) 
C(22)-N(21)-C(21) 
N(32)-C(32)-N(31) 
N(32)-C(32)-S(32) 
N(31)-C(32)-S(32) 
N(14)-C(15)-C(16) 
C(15)-C(16)-C(ll) 
C(13)-N(14)-C(15) 
C(lll)-C(112)-C(17) 

111(3) 
46(2) 
44(3) 
107(3) 
153(3) 
74(5) 
131(5) 
59(2) 
166(6) 
102(3) 
43(2) 
54(2) 
88(3) 
142(3) 
160(3) 
105.6(13) 
112(3) 
160(2) 
146(2) 
72(2) 
40.4(14) 
112(3) 

Angle («) 
122.8(8) 
126.2(9) 
125.5(8) 
126.7(8) 
117.0(8) 
122.5(7) 
120.5(7) 
117.1(9) 
112.5(8) 
124.0(7) 
123.5(8) 
124.6(8) 
112.6(8) 
124.6(8) 
122.7(7) 
123.2(10) 
120.8(10) 
116.5(9) 
119.8(10) 
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Table 4.53 {continued) 
C(15)-N(14) 
C(15)-C(16) 
C(16)-C(ll) 
N(14)-C(13) 
C(112)-C(lll) 
C(112)-C(17) 
C(ll)-C(12) 
C(ll)-C(17) 
N(31)-C(31) 
C(12)-C(13) 
C(18)-C(19) 
C(18)-C(17) 
C(7)-C(l) 
C(4)-C(3) 
C(4)-C(5) 
C(2)-C(l) 
C(2)-C(3) 
C(l)-C(6) 
C(5)-C(8) 
C(5)-C(6) 

Moiety 
C(4)-C(3)-C(2) 
C(4)-C(5)-C(8) 
C(4)-C(5)-C(6) 
C(8)-C(5)-C(6) 
C(l)-C(6)-C(5) 

1.339(13) 
1.362(13) 
1.378(13) 
1.331(12) 
1.347(14) 
1.374(14) 
1.381(13) 
1.498(13) 
1.375(11) 
1.386(14) 
1.365(14) 
1.387(13) 
1.58(3) 
1.15(4) 
1.18(4) 
1.43(3) 
1.88(5) 
1.43(4) 
1.21(6) 
1.91(6) 
Angle (°) 

81(5) 
156(8) 
120(4) 
84(6) 
100(3) 

N(21)-C(22)-N(23) 
N(21)-C(22)-S(22) 
N(23)-C(22)-S(22) 
C(16)-C(ll)-C(12) 
C(16)-C(ll)-C(17) 
C(12)-C(ll)-C(17) 
C(31)-N(31)-C(32) 
C(ll)-C(12)-C(13) 
C(19)-C(18)-C(17) 
C(112)-C(17)-C(18) 
C(112)-C(17)-C(ll) 
C(18)-C(17)-C(ll) 
N(33)-C(31)-N(31) 
N(33)-C(31)-S(31) 
N(31)-C(31)-S(31) 
N(110)-C(lll)-C(112) 
N(22)-C(21)-N(21) 
N(22)-C(21)-S(21) 
N(21)-C(21)-S(21) 
N(110)-C(19)-C(18) 
N(14)-C(13)-C(12) 
C(3)-C(4)-C(5) 
C(l)-C(2)-C(3) 
C(6)-C(l)-C(2) 
C(6)-C(l)-C(7) 
C(2)-C(l)-C(7) 

115.2(9) 
123.2(7) 
121.6(7) 
116.4(9) 
122.8(9) 
120.7(9) 
126.0(8) 
119.7(10) 
119.3(10) 
116.7(9) 
123.0(9) 
120.3(10) 
115.9(8) 
123.3(7) 
120.9(8) 
123.7(11) 
114.8(9) 
123.0(8) 
122.2(8) 
123.4(10) 
123.3(10) 
163(8) 
139(2) 
117(3) 
131(4) 
112(2) 

Table 4.54 Important hydrogen bond parameters for the o-xylene adduct, lOd 
H-bond D-H(A) H-'A(A) D-A(A) D-H-A(°) 

N(ll)-H(ll)-
N(12)-H(12)-
N(13)-H(13)-

•S(12) 
•S(ll) 
•N(24) 

0.75(5) 
0.78(4) 
0.84(7) 

2.66(5) 
2.58(4) 
1.96(7) 

3.397(4) 
3.360(4) 
2.796(6) 

173(5) 
173(4) 
177(6) 

Table 4.55 Important hydrogen bond parameters for the /w-xylene adduct, lOe 
H-bond D-H(A) H-A(A) D-A(A) D-H-A(°) 

N(21)-H(21A)--
N(22)-H(22A)-
N(23)-H(23A)-
N(31)-H(31A)-
N(32)-H(32A)-
N(33)-H(33A)--

•N(14) 
••S(31) 
••S(22) 
••S(21) 
••S(32) 
•N(llO) 

0.859(12) 
0.860(12) 
0.859(12) 
0.860(12) 
0.860(11) 
0.860(12) 

1.983(13) 
2.528(9) 
2.482(9) 
2.511(9) 
2.430(8) 
1.885(12) 

2.842(13) 
3.381(9) 
3.330(9) 
3.346(9) 
3.284(8) 

2.745(12) 

178.9(10) 
171.8(9) 
169.1(9) 
163.9(9) 
172.0(9) 
177.8(10) 

Although, the basic recognition pattern and cavity structure is similar to lOa-lOc, the 

two-dimensional network shows expanded cavity as shown in Figure 4.44 for the 
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adduct of lOe obtained from m-xylene. The corresponding three-dimensional channel 

structure is given in Figure 4.45. 

In addition, an interesting feature is that the crystals of lOd and lOe appear to 

be unstable with the removal of the corresponding solvent molecules as they could not 

be re-incorporated after their removal from the as-prepared crystals. 

lOe 

Figure 4.44: Two-dimensional arrangement of the molecules of 10 and 4,4'-bipyridyl 
in the complex, lOe, with m-xylene. 
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lOe 

Figure 4.45: Three-dimensional arrangement of molecules in the crystal structure of 
lOe shown channels occupied by m-xylene molecules. 

Typical TGA data is shown for the w-xylene adduct in Figure 4.42b. The as-prepared 

adduct of w-xylene undergoes a mass loss (17%) at 131°C (curve 1). However m-

xylene could not be put back in the channels even after soaking the host crystals with 

empty channels in /w-xylene for long periods. This is confirmed by the TGA curves 2 

and 3 in Figure 4.42b which shows no mass loss corresponding to m-xylene (Table 

4.47). The behaviour of the o-xylene adduct was similar to that of the m-xylene 

adduct, in that o-xylene could not be reintroduced into the channels once it was 

removed at 172°C from the as-prepared adduct. Clearly, there is some selectivity in the 

channels of the trithiocyanuric acid-4,4'-bipyridyl adduct. This can be understood from 
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the obvious differences in the shapes of p-, o- and w-xylenes. In p-xylene, the two 

methyl groups are symmetrically positioned and favour the ready re-incorporation into 

the channels of the host crystal. This is not the case in the other two isomers. 

Accordingly, the empty channels of the trithiocyanuric acid-4,4'-bipyridyl adduct only 

take in p-xylene from a mixture of the three xylene isomers. Furthermore, no crystals 

were obtained when mesitylene is the solvent of crystallization to form an adduct 

between 10 and 4,4'-bipyridyl and supports the shape selectivity of the channels 

towards guest molecules. 

4.8.6 Adduct of trithiocyanuric acid and 4,4'-bipyridyl with anthracene 

In further continuation of the work, we intended to accommodate larger 

molecules like naphthalene and anthracene in the channels of the adduct of 10 and 

4,4'-bipyridyl. We present here, the results obtained with anthracene. 10 and 4,4'-

bipyridyl upon co-crystallization with anthracene from methanol solution yields a 

structure, lOf, the asymmetric unit of which is depicted in Figure 4.46. 

SI31I KII32A) 

H(2eAI 

NI29I 

HI21AI 

CI41I 

'N(<6) V—OH(42AI 

S(43l 

Figure 4.46: ORTEP diagram showing the asymmetric unit in the adducts of 
trithiocyanuric acid, 4,4'-bipyridine and anthracene, lOf. 
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The molecules of 10 and bipyridyl form a hexagonal network with channels in three-

dimensional arrangement, which are being occupied by anthracene molecules (see 

Figure 4.47). The three-dimensional structure of the adduct of trithiocyanuric acid and 

4,4'-bipyridyl with anthracene is shown in Figure 4.47. It is seen that trithiocyanuric 

acid and bipyridyl form channels that accommodate anthracene. The bond lengths and 

angles are listed in Table 4.56. The unique hydrogen bond parameters are listed in 

Table 4.57. 

lOf 

Figure 4.47: Three-dimensional structure of adduct of trithiocyanuric acid and 4,4'-
bipyridine with anthracene (10f) in the channels. 
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Table 4.56 Bond lengths 
Moiety 

S(43)-C(43) 
S(41)-C(41) 
S(35)-C(35) 
S(45)-C(45) 
S(31)-C(31) 
S(33)-C(33) 
N(44)-C(45) 
N(44)-C(43) 
N(42)-C(43) 
N(42)-C(41) 
N(36)-C(31) 
N(36)-C(35) 
N(46)-C(45) 
N(46)-C(41) 
N(34)-C(33) 
N(34)-C(35) 
N(32)-C(33) 
N(32)-C(31) 
C(21)-C(26) 
C(21)-C(22) 
C(21)-C(27) 
C(27)-C(2n) 
C(27)-C(27) 
N(29)-C(210) 
N(29)-C(28) 
C(210)-C(211) 
C(28)-C(27) 
C(26)-C(25) 
N(24)-C(23) 
N(24)-C(25) 
C(22)-C(23) 
C(13)-C(12) 
C(13)-C(14) 
C(15)-C(16) 
C(15)-C(14) 
C(14)-C(12)#l 
C(12)-C(14)#l 
C(12)-C(ll) 
C(17)-C(ll)#l 
C(17)-C(16) 
C(ll)-C(17)#l 

Moiety 
C(14)#l-C(12)-C(ll) 
C(ll)#l-C(17)-C(16) 

C(15)-C(16)-C(17) 
C(17)#l-C(ll)-C(12) 

and angles for the anthracene adduct, lOf 
Distance (A) 

1.661(10) 
1.648(10) 
1.642(9) 

1.655(10) 
1.632(10) 
1.663(10) 
1.360(12) 
1.368(12) 
1.365(12) 
1.367(12) 
1.371(12) 
1.377(12) 
1.352(12) 
1.377(12) 
1.348(11) 
1.376(12) 
1.366(12) 
1.370(12) 
1.378(14) 
1.382(13) 
1.495(13) 
1.377(13) 
1.389(14) 
1.328(13) 
1.333(13) 
1.379(14) 
1.385(14) 
1.386(14) 
1.308(13) 
1.338(12) 
1.403(14) 
1.39(2) 
1.41(2) 
1.38(2) 
1.44(2) 
1.43(2) 
1.43(2) 
1.44(2) 
1.34(2) 
1.41(2) 
1.34(2) 

Angle (») 
118.4(14) 

120(2) 
121(2) 
122(2) 

Moiety 
C(45)-N(44)-C(43) 
C(43)-N(42)-C(41) 
C(31)-N(36)-C(35) 
C(45)-N(46)-C(41) 
C(33)-N(34)-C(35) 
C(33)-N(32)-C(31) 
C(26)-C(21)-C(22) 
C(26)-C(21)-C(27) 
C(22)-C(21)-C(27) 
N(34)-C(35)-N(36) 
N(34)-C(35)-S(35) 
N(36)-C(35)-S(35) 
C(211)-C(27)-C(27) 
C(211)-C(27)-C(21) 
C(27)-C(27)-C(21) 
N(34)-C(33)-N(32) 
N(34)-C(33)-S(33) 
N(32)-C(33)-S(33) 
N(46)-C(45)-N(44) 
N(46)-C(45)-S(45) 
N(44)-C(45)-S(45) 

C(210)-N(29)-C(28) 
N(29)-C(210)-C(211) 

N(29)-C(28)-C(27) 
N(42)-C(43)-N(44) 
N(42)-C(43)-S(43) 
N(44)-C(43)-S(43) 
C(21)-C(26)-C(25) 
C(23)-N(24)-C(25) 

C(210)-C(211)-C(27) 
N(24)-C(25)-C(26) 
N(42)-C(41)-N(46) 
N(42)-C(41)-S(41) 
N(46)-C(41)-S(41) 
C(21)-C(22)-C(23) 
C(28)-C(27)-C(27) 
N(36)-C(31)-N(32) 
N(36)-C(31)-S(31) 
N(32)-C(31)-S(31) 
N(24)-C(23)-C(22) 
C(12)-C(13)-C(14) 
C(16)-C(15)-C(14) 

C(13)-C(14)-C(12)#l 
C(13)-C(14)-C(15) 

C(12)#l-C(14)-C(15) 
C(13)-C(12)-C(14)#l 

Angle (°) 
125.1(8) 
124.1(8) 
125.3(8) 
126.0(9) 
126.5(8) 
126.7(8) 
116.5(9) 
123.2(9) 
120.3(9) 
114.0(8) 
123.4(7) 
122.6(7) 
115.6(9) 
122.5(9) 
121.8(9) 
113.7(8) 
122.0(7) 
124.2(7) 
114.4(8) 
123.8(7) 
121.8(7) 
116.6(9) 
122.2(10) 
124.3(10) 
115.7(8) 
122.5(8) 
121.8(7) 

120.2(10) 
116.7(9) 
122.0(10) 
123.2(10) 
114.6(8) 
124.6(7) 
120.8(8) 
119.3(10) 
119.2(9) 
113.7(8) 
124.6(7) 
121.7(8) 
123.9(10) 
121.1(11) 
119.8(13) 
119.3(12) 
122.1(12) 
118.5(12) 
119.5(11) 
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Table 4.56 {continued) C(13)-C(12)-C(ll) 121.9(12) 
Symmetry transformations used to generate equivalent atoms: 
#l:-x+2,-y+2,-z+2 

Table 4.57 Important hydrogen bond parameters for the anthracene adduct, lOf 
H-bond D-H(A) H-A(A) D-A(A) D-H-A(°) 

N(32)-H(32A)-S(33) 0.860(13) 2.561(10) 3.410(10) 169.6(9) 
N(34)-H(34A)---S(45) 0.860(12) 2.476(10) 3.306(10) 162.6(10) 
N(36)-H(36A)--N(24) 0.860(13) 1.969(13) 2.829(13) 177.4(12) 
N(42)-H(42A)--N(29) 0.860(12) 1.939(12) 2.798(12) 178.7(12) 
N(44)-H(44A)"-S(43) 0.860(14) 2.566(10) 3.408(10) 166.5(9) 
N(46)-H(46A)--S(33) 0.860(14) 2.776(10) 3.634(10) 174.6(11) 

The three-dimensional channels of the organic porous solid formed by the 

supramolecular hydrogen-bonded assembly of trithiocyanuric acid and 4,4'-bipyridyl 

can accommodate aromatic molecules like benzene, toluene, p-xylene and anthracene. 

This porous solid is thermally stable up to 200°C and exhibits selectivity with respect 

to the xylene isomers. The channels do not accommodate mesitylene. 

4.9 A hybrid layered compound formed by silver sheets with cyanuric acid 

as the spacer molecule 

During the course of our investigations of supramolecular assemblies of 

cyanuric acid, we have studied the role of hydrogen bonding interactions as steering 

forces in the presence of strong metal-ligand interactions. We have isolated a novel 

silver compound possessing two-dimensional silver sheets with the cyanuric acid 

molecules in the interlayer space, forming linear hydrogen-bonded chains. This 

compound of composition Aga.CA (CA: cyanuric acid), is a unique organic-inorganic 

hybrid with novel electrical properties. The asymmetric unit of the compound is 

shown in Figure 4.48. 
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Ag(2) 

^ g i i i 

0131 

^ N ( 3 ) ^ ^ 

^ C ( 3 ) ^ V 

W0(2) 

/i>CI2l 

1 Ndl 

^ H I I A ) 

YNI2I 

c i i i ^ ^ 

Oil) 

Ag(3l 

Figure 4.48: ORTEP drawing of silver-cyanurate complex 

This silver-cyanurate complex crystallizes in a C2/c space group. Crystal structure 

data are given in Table 4.58. The fractional atomic coordinates and isotropic 

displacement parameters are listed in Table A 1.24. 

Table 4.58 Crystal structure data for silver-cyanurate, AgaCA 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
aO 
PO 
yO 
Cell volume (A^) 
Z 
F(OOO) 
P (Mg/m^) 
\i, mm'' 
X{k) 
Crystal size (mm) 
Crystal color 
Diffractometer 
Radiation type 
Crystal-detector distance(cm) 

CsHiNjOsAgz 
342.81 
monoclinic 
C2/C 
12.726(1) 
13.064(1) 
6.623(1) 
90 
97.350(1) 
90 
1092.0(2) 
8 
1264 
4.17 
7.114 
0.7107 
0.35 X 0.25 X 0.20 
Colorless 
Smart, CCD area detector 
MoKa 
5.0 
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Table 4.58 {continued) 
Temperature (K) 293(2) 
No. of measured reflections 2266 
No. of independent reflections 785 
©max ( ) 

Range of A, k, I 

R 
Rw 
S 
No. of parameters refined 
Max. eA''' 

2-24 
-13 to 14 
-11 to 14 
-6 to 7 
0.0351 
0.0831 
1.201 
103 
1.602 

The structure viewed down the 6-axis (Figure 4.49) reveals the presence of two-

dimensional sheets of Ag atoms separated by cyanuric acid molecules, the intersheet 

separation being ~ 6 A. The average Ag---Ag distance in the sheets is 2.95 A, slightly 

longer than the Ag-Ag distance in metallic silver (2.89 A). The dative Ag-0 and Ag-N 

bond distances are in the range 2.22 - 2.76 and 2.09 - 2.21 A, respectively, and the 

cyanuric acid molecules are linked by relatively short N-H---0 hydrogen bonds 

(H---0, 1.90 A, N---0, 2.75 A), giving rise to a linear chain (Figure 4.49). The 

arrangement of the cyanuric acid molecules in the layers perpendicular to the silver 

sheets is illustrated in Figure 4.50. 

Another notable feature of Ag2.CA is that the organic spacer itself is the anion. 

Ag2.CA can also be compared with AgsO with an anti-Bih structure with the O atoms 

occupying 2/3 of the octahedral holes.'^' The Ag---Ag and Ag-0 distances in Aga.CA 

are slightly longer than in AgaO, except for one Ag-0 bond of 2.22 A. 
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Figure 4.49: Structure ofAg2.CA showing Ag sheets and linear cyanuric acid chains. 

QQO 

Figure 4.50: Structure of a layer perpendicular to the Ag sheets: solid line, covalent 
bonds; double lines, dative bonds; dashed lines, hydrogen bonds; double dashed lines, 
Ag-Ag bonds. A hexameric unit of silver atoms is shown in the inset. 

159 



Results and discussion - Part 1 

The presence of multipoint recognition patterns between CA and Ag in 

Ag2.CA is of interest. For instance, the hydrogen bonding motif (a) in Scheme 4.5 

found in the structure of cyanuric acid is replaced by the motif (b) in Ag2.CA by the 

substitution of Ag for H. Motif (b) is similar to that present in Ag carboxylates, except 

that two of the O atoms are replaced by N atoms. In addition, there are three-point 

recognition patterns (c) and (d) in Ag2.CA, comparable to the hydrogen bonding 

pattern (e) found in the adduct of CA with melamine. 

0- H-N 0-A9—N 

( > { ) 
N-H 0 N-Ag—0 

(a) (b) 

o-A^o 0-Ag-o N_̂ ....o 

) ( ) ( ) 
M-Ag-N N- H-N \ „_/ 

O-Ĥ g-O O-A9-O \_^ I 

(c) (d) (e) 

Scheme 4.5 

Ag2.CA crystals are mica-like and are readily cleaved because of the layer structure 

and the presence of weakly bound Ag sheets. The presence of two-dimensional Ag 

sheets is expected to give rise to conductivity. Accordingly, the values of the dc 

conductivity are of the order of lO"' S cm' , at 300 K. The conductivity along the 

sheets is temperature-independent down to 15 K. Ag2.CA, in which the conducting Ag 

sheets are separated by the organic spacer molecules, can be considered as an infinite 

capacitor with the organic cyanuric acid spacer molecules acting as the dielectric 

160 



Results and discussion - Part 1 

medium. In accord with this, the crystals possess a high static dielectric constant of ~ 

22000 at 300 K, a phenomenally high value which promises potential applications. 

This value of the dielectric constant is comparable with that of barium titanate (of the 

order of 12000 at 300 K). Bond lengths and angles of the Ag2CA complex are given 

below in Table 4.59. 

Table 4.59 Bond lengths and angles Ag2CA 
Moiety 

Ag(l)-N(3) 
Ag(l)-N(3)#l 

Ag(l)-Ag(2)#l 
Ag(l)-Ag(2) 

Ag(l)-Ag(l)#2 
Ag(l)-Ag(l)#3 
Ag(2)-0(3)#3 

Ag(2)-0(3) 
Ag(2)-Ag(l)#3 

0(3)-C(3) 
0(3)-Ag(3)#4 

N(3)-C(3) 
N(3)-C(2) 
C(3)-N(l) 

Ag(3)-N(2) 
Ag(3)-0(1)#5 
Ag(3)-0(3)#6 
Ag(3)-Ag(3)#5 
Ag(3)-Ag(3)#7 

0(2)-C(2) 
N(2)-C(l) 
N(2)-C(2) 
N(l)-C(l) 

N(1)-H(1A) 
C(l)-0(1) 

0(1)-Ag(3)#5 
Moiety 

Ag(3)#5-Ag(3)-Ag(3)#7 
C(l)-N(2)-C(2) 

C(l)-N(2)-Ag(3) 
C(2)-N(2)-Ag(3) 
C(l)-N(l)-C(3) 

C(1)-N(1)-H(1A) 
C(3)-N(1)-H(1A) 

Distance (A) 
2.085(5) 
2.085(5) 
2.9231(6) 
2.9231(6) 
3.3115(5) 
3.3115(5) 
2.388(4) 
2.388(4) 

2.9231(6) 
1.246(7) 
2.490(4) 
1.355(8) 
1.365(8) 
1.364(8) 
2.156(5) 
2.217(4) 
2.490(4) 

2.9938(10) 
3.0083(10) 

1.252(6) 
1.341(8) 
1.377(8) 
1.369(8) 

0.86 
1.252(8) 
2.217(4) 
Angle O 
85.29(2) 
119.3(5) 
122.4(4) 
118.2(4) 
123.3(5) 
118.3(3) 
118.3(3) 

Moiety 
N(3)-Ag(l)-N(3)#l 

N(3)-Ag(I)-Ag(2)#I 
N(3)#l-Ag(l)-Ag(2)#l 

N(3)-Ag(l)-Ag(2) 
N(3)#l-Ag(l)-Ag(2) 
Ag(2)#l-Ag(l)-Ag(2) 
N(3)-Ag(l)-Ag(l)#2 

N(3)#l-Ag(l)-Ag(l)#2 
Ag(2)#l-Ag(l)-Ag(l)#2 

Ag(2)-Ag(l)-Ag(l)#2 
N(3)-Ag(l)-Ag(l)#3 

N(3)#l-Ag(l)-Ag(l)#3 
Ag(2)#l-Ag(l)-Ag(l)#3 

Ag(2)-Ag(l)-Ag(l)#3 
Ag(l)#2-Ag(l)-Ag(l)#3 

0(3)#3-Ag(2)-0(3) 
0(3)#3-Ag(2)-Ag(l)#3 

0(3)-Ag(2)-Ag(l)#3 
0(3)#3-Ag(2)-Ag(l) 

0(3)-Ag(2)-Ag(l) 
Ag(l)#3-Ag(2)-Ag(l) 

C(3)-0(3)-Ag(2) 
C(3)-0(3)-Ag(3)#4 

Ag(2)-0(3)-Ag(3)#4 
C(3)-N(3)-C(2) 

C(3)-N(3)-Ag(l) 
C(2)-N(3)-Ag(l) 
0(3)-C(3)-N(3) 
0(3)-C(3)-N(l) 
N(3)-C(3)-N(l) 

N(2)-Ag(3)-0(1)#5 
N(2)-Ag(3)-0(3)#6 

0(l)#5-Ag(3)-0(3)#6 
N(2)-Ag(3)-Ag(3)#5 

Angle (°) 
180 

94.49(14) 
85.51(14) 
85.51(14) 
94.49(14) 

180 
68.17(13) 
111.83(13) 
55.498(9) 
124.501(9) 
111.83(13) 
68.17(13) 
124.503(9) 
55.498(9) 

180 
156.5(2) 

72.32(10) 
129.77(10) 
129.77(10) 
72.32(10) 
69.00(2) 
120.6(4) 
138.7(4) 
98.1(2) 
120.5(5) 
120.2(4) 
119.2(4) 
122.4(5) 
120.5(5) 
117.1(5) 
161.3(2) 
124.4(2) 

73.42(14) 
84.71(13) 
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Table 4.59 {continued) 
0(2)-C(2)-N(2) 
0(2)-C(2)-N(3) 
N(2)-C(2)-N(3) 
0(1)-C(1)-N(2) 
0(1)-C(1)-N(1) 

C(l)-0(1)-Ag(3)#5 

120.5(6) 
118.6(6) 
120.9(5) 
124.0(6) 
117.3(5) 
131.9(4) 

0(1)#5-Ag(3)-Ag(3)#5 
0(3)#6-Ag(3)-Ag(3)#5 
N(2)-Ag(3)-Ag(3)#7 

0(1)#5-Ag(3)-Ag(3)#7 
0(3)#6-Ag(3)-Ag(3)#7 

N(2)-C(l)-N(l) 

76.78(12) 
149.23(10) 
102.11(13) 
79.23(11) 
96.40(10) 
118.6(5) 

Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y,-z-l 
#2 -x,y,-z-l/2 
#3 -x,y,-z-3/2 
#4 -x4-l/2,y+1/2,-2-1/2 
#5 -x+l,-y,-z 
#6 -x+l/2,y-l/2,-z-l/2 
#7-x+l,y,-z-l/2 
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PART 2 

INVESTIGATIONS OF HYDROGEN-BONDED 

ORGANIC SOLIDS BY EXPERIMENTAL CHARGE 

DENSITIES* 

SUMMARY 

The charge or electron density p(r), a physical observable, can be obtained 

experimentally from high-resolution X-ray diffraction experiments at low 

temperatures. In contrast to theoretical results, which usually refer to isolated 

molecules, the X-ray experiment yields a charge density in the crystalline state. The 

electron density distribution thus obtained can be used as a powerful and independent 

source of information for characterizing hydrogen bonds. Since the topology of p(r) 

allows a partitioning of chemical structures into sub-molecular regions like atoms or 

functional groups, comparative studies can be performed on entirely different classes 

of hydrogen bonds. 

We have examined the charge density and topological properties of various 

types of hydrogen bonding interactions, such as 0-H---0, N-H---0, C-H---0, O-

H---N, N-H---N, N-H---S and C-H---S bonds, present in different molecular crystals, 

such as the disodium croconate trihydrate, disodium squarate trihydrate, piperazinium-

* Papers based on the above studies have been accepted for publication in J. Mol. Struct. (2003) and J. 
Phys. Chem. A (2003). 
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oxalate, thiodiglycollic acid-4,4'-bipyridine, melamine, thionicotinamide and 

thioacetamide. The H---A distances in these systems lie in the range of- 1.4 to ~ 3.0 

A, with densities and Laplacians evaluated at the (3,-1) hydrogen bond critical points 

varying between ~ 0.01 - 0.45 eA"̂  and ~ 0.05 - 6.0 eA" ,̂ respectively. Static 

deformation density maps reveal depletion of electron density in the hydrogen-

acceptor (H---A) regions. While the total density and the Laplacian at the H---A 

critical points exhibit an exponential dependence on the H---A distance, the positive 

curvature of the electron density, X3, closely follows the exponential relation with a 

considerably better correlation factor. The A,3 values vary between 0.4 to 12 eA" .̂ As 

the hydrogen bond is a closed-shell interaction, the charge is predominantly depleted 

between the two participating hydrogen and acceptor nuclei, X3 becomes the dominant 

curvature and hence gives a good exponential fit. A number of charge density studies 

on hydrogen bonds gathered from the literature, have delivered additional 178 data 

points to corroborate our findings. It was found that for all the hydrogen bonds, 

irrespective of the nature or type of the donor and the acceptor atoms, the total electron 

density, the Laplacian and the positive curvature of the density vary exponentially with 

the H---A distance. The variation of the positive curvature (X,3), considered as a 

universal parameter, is particularly exact. Besides these charge density descriptors, an 

analysis of the polarizations of the hydrogen-acceptor regions shows that the bonds fall 

into different sets depending on the strength of the hydrogen bond. Thus, 0-H---0, N-

H---0, 0-H---N and such strong hydrogen bonds form one set while the weak 

hydrogen bonds such as C-H- • -O form another set. 
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The experimental charge density method has been employed to provide a more 

detailed description of the hydrogen bond in terms of the location of the bond critical 

point and the geometry of the lone-pair of electrons. Based on a study of five different 

molecular systems (disodium salts of croconic and squaric acids, piperazine-oxalate, o-

ethoxy cinnamic acid and adipic acid), which exhibit nineteen 0-H---0 type hydrogen 

bonds and cover a wide range of hydrogen bond distances and angles, it has been 

possible to arrive at a generalization of the topological descriptors. In all the hydrogen 

bonds studied, the electron density at the bond critical point (BCP) and its Laplacian 

fall in the range of 0.03 - 0.39 eA'̂  and 0.7 - 6.0 eA'^, respectively. The non-bonded 

charge concentrations (lone-pairs of electrons) in the deformation density have been 

studied. A thorough analysis of the bond paths indicate that they deviate, in some 

instances widely, from the H---0 bond axis and the resulting dcp values (vertical 

displacement of the bond critical point from the intemuclear line) range from 0.036 to 

0.418 A. The origin of such high dcp values has been related to the constellation of the 

various interaction centers - the lone-pairs and the atom cores of the donor and the 

acceptor oxygens and the hydrogen atom. This study provides a useful classification of 

the hydrogen bonds in terms of a new interaction line, Lj.j, connecting the various 

centers, i and j . A nearness parameter, db, that represents the perpendicular distance of 

the critical point from the interaction line, Li.j, justifies the classification. The db values 

are found to be much smaller than the corresponding dcp. 
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Charge density in crystals - Overview - Part 2 

1. CHARGE DENSITY IN CRYSTALS - THE CHARGE 

DISTRIBUTION AND ITS TOPOLOGY - AN OVERVIEW 

1.1 Introduction 

Most X-ray crystallographic studies are aimed at structural information 

and pay little attention, if any, to the details of the electron distribution. But the 

two are, in practice, inseparably linked. It is only when we are content with a 

routinely approximate structure that we can afford to disregard the electron 

density. The description of charge distribution in crystalline lattices has come a 

long way since the first quantum model of the atom. It was known from early 

days that a quantitative account of the chemical bonds in molecules and crystals 

would require the calculation of the probability density of the electron cloud 

between atoms. The possibility of measuring the charge density in a crystal from 

its X-ray diffraction pattern was envisioned many years ago when Debye and 

Scherrer discussed the possibility that the halos on a powder photograph were 

images of the electron orbits around the atoms.' This is evident from Debye's 

statement in 1915. 

"It seems to me that experimental study of 

scattered radiation, in particular from light 

atoms, should get more attention, since along 

this way it should be possible to determine the 

arrangement of electrons in the atoms." 
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Convinced that X-rays were scattered by electrons, Debye joined by 

Scherrer, turned his attention to chemical bonding and thereby initiated the field 

of X-ray charge density studies. Debye and Scherrer wondered how the valency 

dashes, used by chemists to describe the bond between atoms, could be replaced 

by an electron model that was consistent with their results with the newly 

discovered powder diffraction method and with Bragg's ionization counter 

measurements. 

Present day techniques for studying charge density distributions by 

diffraction methods originated in the 1960s with theoretical chemists' interest in 

calculating charge distributions to reproduce observed diffraction intensities for 

certain covalent crystals such as those of diamond and silicon. For these crystals, 

so-called space group-forbidden reflections are observed. Dawson^ studied 

diamond (see Figure 1.1) in 1967. 

Figure 1.1: The diamond structure 

The space group is Fd-3m. Carbon atoms are linked tetrahedrally to four 

equivalent neighbours, each having point symmetry 4-3m (Td), lacking a centre 

of symmetry. The space group allowed reflections are h+k+l=4n. However, the 

(222) reflection is observed for which h+k+l=4n+2. In the conventional 

representation of X-ray structure factors, atoms are taken to be spherically 
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symmetrical. Dawson generalized the treatment to recognize non-centrosymmetry 

in the electron charge distribution about each nuclear position. Dawson's 

"generalized structure factor formulation" reproduces the observed diffraction 

intensities, in particular the space group-forbidden (222) reflection. The 

formalism showed, for the first time, that it was possible to measure 

experimentally the aspherical features in covalent charge distributions arising 

from chemical bond formation. 

1.2 The charge density 

Electron or charge density in a N-electron system is the probability 

density of finding any of the N electrons in an infinitesimally small volume of 

space, the phase space, dx. 

p(r) = N|\|/*VJ; dx ...(1) 

where i|/ is the stationary state function; x denotes the spin coordinates of all the 

electrons and the cartesian coordinates of all electrons but one. It is expressed in 

eA'^ or atomic units, au (1 au = 6.7483 eA'^). The description of electronic 

structure of a molecule in real space therefore relates to the charge density 

distribution around the constituent atoms. 

1.3 Charge density from theoretical calculations 

Charge density distribution in a molecule or a crystal may be obtained by 

ab initio Hartree-Fock calculations.'* In this method, the electrons are assumed to 

move in a symmetric field generated by the nuclei and the other electrons. Since 
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the wave function and the potential are correlated, one obtains the wave function 

using an iterative procedure till a change in the potential does not produce any 

significant change in the wave function. Once the wave function is obtained, the 

electron density distribution can be readily determined. Commercial programs 

such as Gaussian^ and Gamess^ are used regularly for this purpose. Calculations 

for crystals can be performed using the periodic Hartree-Fock method 

employing the density functional theory. Both of these options have been 

incorporated in the CRYSTAL program of Dovesi and co-workers.^ The Kohn-

Sham Density Functional approach has also been used for crystals. Within the 

density functional formalism, calculations can be done either at local density 

approximation (LDA) or using Generalized Gradient Approximation (GGA). 

Either of the methods is known to yield good results. R. F. W. Bader has 

initiated and made significant contributions in the last four decades to the 

understanding of the topology of charge density distribution in molecular 

crystals. In his 'Quantum Theory of Atoms in Molecules' (AIM),^ information 

well beyond classical atomic connectivity has been obtained from analysis of the 

charge distribution. By the AIM approach, Bader has defined bond properties in 

terms of various topological entities. The theory of Atoms in Molecules is an 

interpretative theory that uses the electron density p as the information source. 

Transferability of the topological properties derived from an electron density 

distribution, between molecules containing different functional groups, is one of 

the important features of AIM. Bader has also defined the reactivity and stability 

of bonds in terms of the charge distribution. 
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1.4 Charge density from experiment 

Experimental determination of charge density mostly relies on X-ray 

diffraction. Owing to the periodical nature of the atomic distribution in crystals 

and the interaction of the X-ray radiation with the electrons in it, it is possible to 

deduce the distribution of electron density in crystals from the intensities of the 

diffracted beams. What we actually measure in a crystallographic experiment are 

the structure factors F(H) where H are indices denoting a particular scattering 

direction corresponding to a crystal plane. The fundamental equations are: 

1(H) oc |F(H)|2 

c^lX/(H)exp(27iiH.r)|2 ...(2) 
i 

F(H)= j p(r)exp(2uiH.r)dr ...(3) 
V 

where r is a position vector in direct space, H is a reciprocal lattice vector, I the 

intensity of the diffracted beam, F the structure factor, / ( H ) is the atomic 

scattering factor of the ith atom in the unit cell, p(r) is the electron density and V 

is the unit cell volume. The electron density is obtained from these structure 

factors via the following equation, 

P « =17 Z^(H)exp(-27iiH.r) ...(4) 

In the final stage of data processing, non-linear least-square refinements 

are used to fit a model electron density to the measured one. This is equivalent 

to minimizing the difference density Ap, which is defined as Pobserved - Pcaicuiated-

In routine molecular geometry determinations, pcaicuiated is just a superposition of 
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spherically symmetrical atomic densities. The density in a molecule can be 

conveniently modeled by partitioning it into core, spherical valence and 

deformation valence around each atom (the deformation being caused by the 

interatomic bonding).^ 

Patom(r) = pcore(r) + Pvalence(r) + Pdeformation(r,6,(|)) • • • (5 ) 

For a complete description of bonding, accurate modeling of fi(H) becomes 

necessary. In parallel to p(r) (see equation 5), 

/ ( H ) = / c o r e ( H ) +/valence(H) +/deformation(H) • • • (6) 

Such a partitioning ofy(H) is justifiable in X-ray diffraction since one can select 

regions of reciprocal space where core scattering is predominant. In Figure 1.2, 

we show the variation ofy(H) with scattering angle 9 for various elements. 

sinS/A, 

Figure 1.2: Variations of the scattering factor with sinO/Xfor different atoms. 
Above 0.5 A'', the scattering due to valence electrons decreases gradually and 
the atom-core becomes visible. The scattering factors were obtained from the 
International Tables for Crystallography, Vol. IV, page 71 (1974). 
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Each curve is composed of two regions. At low angles or Bragg vector 

(H=2sin0/A,),y(H) decreases sharply and above ~ 0.5A'', the fall is gradual. The 

first part has contributions from both the atom-core and the valence density, 

while the second arises mainly due to the core. 

One major requirement for an experimental charge density data is to have 

a resolution better than 0.5 A. For small unit cells with dimensions ~ 30 A, data 

collection up to moderately high resolution (1.25 A"') can be achieved using 

short wavelength radiation such as MoKa (0.7107A). Moreover, data collection 

strategy typically depends on the type of the diffractometer. Fortunately, an 

increasing number of affordable and high-quality diffraction apparatus are now 

available, such as a low temperature rotating anode or even a dedicated 

synchrotron facility with state-of-the-art area detector. These powerful devices 

yield an experimental electron density (pobserved) which contains much more 

information than required merely to find nuclear positions. In 1998, it was 

reported that a very high resolution picture of an amino acid could be obtained 

within one day,"' whereas in the past this could be a matter of several months. 

The Atoms in Molecules (AIM) analysis is equally valid for p retrieved from an 

X-ray diffraction experiment. 

1.5 Representation of the charge density and deformation densities 

The charge density can be represented either as a two-dimensional 

contour map, a three-dimensional contour map or as a relief map. Figure 1.3a 

shows the 2D contour map of p evaluated in the symmetry plane of 

189 



Charge density in crystals - Overview - Part 2 

formaldehyde. The outer contour line (corresponding to p = 0.001 au or 0.0067 

eA" ) can be taken as the boundary of the molecule. Inside this contour line, lies 

a set of non-intersecting contour lines of higher electron density, each 

completely enclosing the next one (of higher p value). Figure 1.3b is termed a 

relief map, which utilizes the third dimension to depict the value of p. From 

these figures, it looks as if p is quite featureless except for indicating the 

positions of the nuclei. 

^ < 5 ^ 
/ / 

(a) (b) 

Figure 1.3: (a) A contour plot of the electron density in the symmetry plane of 
formaldehyde. The outer contour line corresponds to 0.0067 eA', and the 
electron density increases exponentially toward the innermost contours, (b) A 
relief map of the electron density in the symmetry plane of formaldehyde. The 
nuclei are marked under the relief map, oxygen (left), carbon (middle) and 
hydrogen atoms (right).^ 

In the relief map in Figure 1.3b, the electron density appears as being 

dominated by a handful of huge peaks. In order to see the chemistry hidden in p, 

we have to eliminate the enormous contributions of the nuclear core regions. For 

this purpose, the experimental deformation density was introduced, where the 
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promolecule density is subtracted from the total electron density (or observed 

electron density). The promolecule is a superposition of spherical atoms, 

centered at the nuclear positions. An example of such a deformation density map 

for the oxalic acid molecule is shown in Figure 1.4. It can be seen that the 

deformation density reveals chemically relevant features such as bond regions 

and lone-pair regions. 

Figure 1.4: Standard deformation denity in the molecular plane of the oxalic 
acid molecule at 15 K. Zero and negative lines are dashed. 

Thus, X-ray diffraction facilitates extraction of the bonding or the deformation 

density, 

Pdeformation ~ Ptotal " Ppromolecule 

...(7) 

The Pdeformation rcvcals the asphericity of the valence electron density due to 

chemical bonding and intra/intermolecular interactions in the crystal. The above 

method is called the (X-X) method. In the (X-N) method, the core positions 
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along with the thermal parameters are obtained from a neutron diffraction 

experiment. The latter is particularly useful while dealing with hydrogen atom 

positions though it requires two data sets, which can be expensive besides 

having to grow larger crystals. In the recent years, the (X-X) method has become 

more popular. In this part of the thesis, only the (X-X) method has been 

employed. 

1.6 The multipole model and use of computer codes 

In parallel with the early experimental studies came developments in the 

theory of modeling charge densities in crystals. R. F. Stewart'^ formulated a 

general analytical description of the atomic density distribution, which is the 

basis for present-day models. The implementation by Hansen and Coppens,''* 

consists of a core contribution, a valence contribution, and a deformation term 

representing the deviation of the valence density from spherical symmetry: 

/ 
Patom(r) = pcore(r) + PyK^ Pvalence(Kr) + ^ K'^ Rl(K'^r) J ! PlmpYimp(e,(p) . . . (8 ) 

; m=-i 

Figure 1.5: Local coordination system. 
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Figure 1.5 depicts the definition of local axes centered on an atom. The 

deformation is expressed in terms of a radial function R/(r) modulated by 

angular functions Yiin(9, ^), defined on local axes centered on the atoms. The 

angular functions are the same spherical harmonic functions, which are used to 

describe atomic orbitals, but normalized for charge density rather than for 

wavefunctions. Their graphical representations are given in Figure 1.6. The 

functions with / = 1 are called dipoles, / = 2 quadrupoles, / = 3 octopoles, 1 = 4 

hexadecapoles. The population parameters Pv, Pim and expansion-contraction 

coefficients K and K' are refinable parameters, together with the coordinates and 

temperature factors. 

Figure 1.6: Spherical harmonic functions used to describe atomic orbitals. 
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For a stable least-squares refinement the number of observations to parameters 

ratio should be atleast seven, with sin6/A, up to atleast 1.1 A"'. The multipoles on 

the first row atoms are generally refined up to octopole moments, while for the 

heavier ones, moments up to hexadecapole are used. Hydrogen atoms are 

restricted to dipole. Kappa values greater than unity indicate contraction while 

lesser than unity indicate expansion. As the core is not affected by chemical 

bonding, there is no kappa on core, while on the valence shell, various types of 

kappa's namely, spherical, deformation, monopole, dipole, quadrupole, octopole 

and hexadecapoles are applied. As hydrogen has only one electron, the kappa 

value for hydrogen is quite high (close to being 1.2) compared to other atoms, 

which are close to 1. The above formalism is well adopted in the recently 

developed user-friendly program package - XD.'^* Older codes such as 

MOLLY,'^' VALRAY,'^'' LSEXP,'^' POP^^'' are also still in use. The quality of 

a refined model can be monitored based on the residuals and the goodness-of-fit 

parameter, besides closely inspecting the deformation density maps. 

R , = E ( | F O I - | F C I ) / S IFOI ...(9) 

wR2 = [Zw(Fo' - Fc ' ) ' ] /1 w(Fo') ']" ' ...(10) 

S = ([Zw(Fo'-FcV]/(n-p))"' ...(11) 

where n refers to the number of reflections and p is the total number of 

parameters refined. 
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1.7 Some important experimental aspects of charge density 

determination 

1.7.1 The temperature factor 

Qualitatively, the effect of atomic vibrations is that X-ray structure 

factors decrease in magnitude with increasing scattering angle, because of the 

individual scattering factors and the temperature factors. In the isotropic 

approximation the temperature factor is 

7}(H) = exp(-87i^M/ sin^6'/A^) .. .(12) 

Where Uj is the mean-square displacement of atom j . The factor 7} multiplies 

the scattering factor for atomy. The factor Sn^u/ is the Debye-Waller factor, B, 

referred to as the temperature parameter. To obtain enough data for a multipolar 

refinement, it is necessary to lower the temperature of the crystal. There have 

been a few studies at temperatures close to liquid helium, ̂ ^ but mostly the 

experiments are carried out at liquid nitrogen temperatures. 

1.7.2 High angle refinements and the multipole model 

The valence electrons are affected by chemical bonding, and refinement 

of this aspherical density within a spherical atom model gives errors in positions 

and thermal parameters. The core density near the atomic nuclei can be taken to 

represent the atom in a refinement using only the high-order data. Following 

this, an X-Xhigh deformation density can be obtained. The use of the high angle 

data is critical to define the thermal motion of the atoms properly and is a more 

satisfactory way of obtaining positional parameters unbiased by the electron re­

distribution associated with bond formation. 
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1.7.3 Criteria for tlie use of tlie multipole model 

Electron density distribution studies are usually undertaken with the aim 

of analyzing finer details of the charge distribution by way of comparing 

chemically related molecules. In this context, a test for the rigidity of the 

molecule is important since anisotropic displacement parameters are known to 

compensate both for systematic errors in the data and for inadequacies of the 

model. Hirshfeld'^ reasoned that the relative vibrational motion of a pair of 

bonded atoms has an effectively vanishing component in the direction of the 

bond. If ẑ A,B denotes the mean square displacement amplitude of atom A in the 

direction of atom B, then for every covalently bonded pair of atoms A and B, 

^A.B = ZA.B^ - ZB.A^ = 0 ...(13) 

If parts of the molecule fail the rigid bond postulate, one may deduce that the 

structural model is insufficient. Hirshfeld estimated that for atoms at least as 

heavy as carbon, AA,B should normally be smaller than 0.001 A^. Verification of 

the model and the anisotropic displacement parameters by this test strengthens 

confidence in the experimentally determined electron density distribution. In 

addition, for a precise multipolar modeling of the fitted data, very accurate 

intensity measurements, chemical suitability (sufficiently small molecules, 

composed of atoms with Z < 35, with minimal hydrogen content) and crystal 

suitability such as ordered structure, appropriate size and a well-characterized 

morphology are essential. 
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1.8 Topography of charge distributions 

1.8.1 Critical points 

Irrespective of whether an experimental or theoretical method is used to 

obtain the charge distribution of a molecular system, various chemical and 

physical properties that depend on the distribution can be derived. The topology 

of a charge distribution has many rich features - maxima, minima, saddles and 

nodes that help characterize elements like atom-cores, bonds, lone-pair of 

electrons etc. These are analyzed in terms of critical points, the points where the 

electron density exhibits an extremum. As an example, the charge density 

1 R 

distribution in water molecule is depicted in Figure 1.7 in the form of contour 

as well as deformation density maps. The density is maximum at the oxygen 

core position and decreases steeply toward the mid-region between oxygen and 

hydrogen reaching the minimum value at the 'critical point' (CP at which Vp = 

0). This point carries maximum densities from the other two perpendicular 

directions. For example, the density in the xy plane (normal to the 0-H bond) 

appears as a local maximum at the critical point lying between the oxygen and 

the hydrogen nuclei, while in the other dimension, it appears as a saddle. In 

other words, by moving along the x or y axes towards the critical point (CP) we 

reach a maximum in p(r) [5^p(rc)/ dx^ < 0 and 5^p(rc)/ dy^ < 0]. But if we move 

along the z-axis towards the CP, then a minimum in p(r) is reached [5^p(rc)/ dz^ 

>0] . 

A quantitative description of the charge density thus boils down to examining 

the number and the nature of such critical points in and around the molecule. 
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(a) 

(b) 

Figure 1.7: Water: Charge density in the symmetry plane, (a) the contour map. 
The outermost contour line has the value 0.0067 eA' . The density increases 
exponentially for inner contours, (b) The deformation density map where the 
bond-regions and one of the lone-pair lobes on the oxygen atom are seen. 
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A critical point is characterized not only by its electron density, but also by the 

curvatures and the associated signs. 

For an arbitrary choice of coordinate axes, one encounters nine second 

derivatives of the form 9^p/5x5y in the determination of the curvatures of p at a 

point in space. Their ordered 3 x 3 array is called the Hessian matrix of the 

charge density. Thus, 

Hessian, H = 

d^p/dx^ d^pldxdy d^pldxdz 

d^pldydz d^pldydx d^pldy^ 

is a real, symmetric matrix and can be diagonalized. The new axes about which 

the Hessian is diagonalized is called the principal axes of curvature, so termed 

because the magnitude of the three second derivatives of p calculated with 

respect to these axes are extremized. 

d^pldx^ d^pldxdy d^pldxdz 

d^pldydx d^pldy^ d^pldydz 

d^pldzdx d^pldzdy d^pldz^ 

r 
U 

0 

0 

0 

?12 

0 

^̂  
0 

0 

^3 

The trace of the Hessian matrix, that is, the sum of the diagonal elements, is 

invariant to the rotation of the coordinate system. Thus, the curvature of charge 

density V^p, called the Laplacian, obtained as the sum of eigenvalues - A,i, A,2, A-3 

of the Hessian matrix, is invariant to the choice of the coordinate system. 
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Trace = X\ + Xj + X3 = Laplacian of the charge density 

The nature of the critical points is uniquely defined by the set (rank, 

signature). The rank (r) of the critical point refers to the number of non-zero 

eigenvalues of the Hessian matrix, while the signature (s) refers to the sum of 

their signs (refer Tables 1.1 and 1.2). The critical points can be characterized in a 

quantitative way by evaluating properties at them. 

Table 1.1 
Critical point Meaning 
(3, -3) All curvatures are negative and p is a local maximum at re. 
(3,-1) Two curvatures are negative and p is a maximum at re in the 

plane defined by their corresponding axes, p is a minimum at rg 
along the third axis, perpendicular to this plane. 

(3, +1) Two curvatures are positive and p is a minimum at re in the 
plane defined by their corresponding axes, p is a maximum at re 
along the third axis, perpendicular to this plane. 

(3, +3) All curvatures are positive and p is a local minimum at re. 

Table 1.2 Chemical entity defined in terms of critical points 
Chemical entity Property Critical Acronym 

point 
Atom-cores (or 

nuclear attractors) 
Bonds 
Rings 
Cages 

Lone-pair 

p (local maximum) 

p (first order saddle) 
p (second order saddle) 

p (local minimum) 
V^P 

(3, -3) 

(3,-1) 
(3 ,+l) 
(3, +3) 
(3, +3) 

NA 

BCP 
RCP 
CCP 
LP 

Covalent bonds are usually associated with high charge densities (1.5 to 3 

eA'^) and negative Laplacians, while ionic bonds are characterized by small 

densities and positive Laplacians. Table 1.3 lists some typical values of p and V p 

at the bond critical point for covalent bonds. Thus, a typical C-C bond carries a 

density o f - 1.7 eA"̂  and a Laplacian of ~ -16.0 eA'^ at the critical point, while a 

KF bond carries a density of 0.37 eA"̂  and a Laplacian of 7.47 eA" .̂ Hydrogen 
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bonds are associated with even smaller densities and Laplacians. The hydrogen 

bond in water carries a density of 0.133 eA"̂  and a Laplacian of 1.50 eA"̂ . 

Table 1.3 Typical values of charge density parameters at the 
BCP for covalent bonds'' 

Type of covalent bond 
C-C in CH3CH3 
C=C in CH2CH2 
C-0 in CH3OH 
N-0 in NH2OH 

N=N in N2 
C-N in CH3NH2 

0-H in H2O 
N-H in NH3 
C-H in CH4 

P (eA-3) 
1.707 
2.467 
1.775 
2.155 
4.801 
1.866 
2.475 
2.312 
1.846 

V'p (eA-5) 
-15.953 
-29.495 
-3.493 

-13.522 
-66.490 
-22.762 
-50.155 
-41.737 
-22.977 

In addition to the charge density maps, sometimes it is necessary to draw 

Laplacian maps to unravel the nature of interaction in the intramolecular and 

intermolecular regions as well as the shape of the lone-pairs. Figure 1.8 shows 

Laplacian maps of tetrasulfur tetranitride (experimentally and theoretically 

derived), in the plane formed by the sulfur and nitrogen atoms. The lone pairs on 

the sulfur and nitrogen atoms are clearly seen as lobes. We observe that there 

exists shared (covalent) interaction between the intramolecular sulphur and 

nitrogen atoms (S-N bond: p=1.54(l) eA"^ V^p= -10.60(3) eA"^), while there is a 

weak, closed-shell (ionic) interaction between the two sulphur atoms (S-S bond: 

p=0.37(l) eA'^, V^p=1.61(l) eA'^), as evident from the positive value of the 

Laplacian. 
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(a) 

(b) 

^ Pexp "^ Pexp V Pcalc 

Figure 1.8: (a) Location of the critical points denoted by closed circles in the 
tetrasulphur tetranitride (S4N4) skeleton. The bond critical points along the S-N 
bonds are shifted towards the more electropositive sulfur atoms, (b) Contour 
maps of the Laplacian derived experimentally and by ab initio calculation, using 
Gaussian. From left: ^^Pexp in the NNS'S' plane; V^Pexp in the SNN'S' plane; 
V Pcalc in the SNN'S' plane of the (S2N2)2 dimer. Note the charge concentrations 
in the intramolecular regions and charge depletions in the intermolecular 
regions.^^ 
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1.8.2 Bond properties 

Bond path 

A gradient vector is a vector that points in the direction of greatest 

increase in the scalar function (the electron density, p). A gradient path is a 

succession of tiny segments of gradient vectors, which gives rise to a trajectory. 

The pairs of gradient paths which originate at each (3, -1) critical point and 

terminate at the nuclei define a line through the charge distribution linking the 

neighbouring nuclei, along which p(r) is a maximum with respect to any 

neighbouring line. This line (the atomic interaction line) is called a bond path 

(BP). The bond critical point (BCP) lies on the bond path. This is the topological 

definition of a chemical bond, formalising the theoretically predicted and 

experimentally observed (from deformation maps) accumulation of charge 

between bonded nuclei. Figure 1.9 shows the collection of bond paths in [1.1.1] 

propellane.^' 

It is clear from the figure that the bond paths are not always straight lines. 

Note, for example, the considerable curvature in the cyclopropane carbon-carbon 

bond paths. These curved bond paths are consistent with the concept of bond 

strain. The deviation of bond paths from straight lines can be quantified by 

measuring the bond path length Rb, the distance between two nuclei measured 

along the bond path. The bond path length is always greater than or equal to the 

bond length, Re, which is simply the distance between the bonded nuclei, 

measured along a straight line. 
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Figure 1.9: Planar projection of the molecular graph of [1.1.1] propellane 
generated from a theoretical electron density. The small black dots denote the 
bond critical points. 

A molecular graph is a representation of a molecule containing the bond paths 

and the bond critical points (see Figure 1.9). 

Bond order 

The value of the electron density at the bond critical point, PBCP is a 

measure of the extent of charge accumulation along the bond path and can be 

related to bond order. Cremer and Kraka have obtained an exponential 

relationship'^ between bond order and the electron density, pecp- The exponential 

relation is given by 

n(A,B) = exp{a.[pBCP-b]} ...(14) 

where n (A,B) is the bond order, A and B are the atoms forming the bond, PBCP is 

the electron density at BCP and a and b are constants for the bond order relation. 

For the single bond in ethane, pecp is ~ 2 eA" .̂ Correspondingly higher values of 

pBCP are found for benzene (bond order 1.6), ethylene (2.0), and acetylene (3.0). 
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Bond ellipticity 

The bond critical point is a minimum of p along the bond path. The 

associated curvature of p {%{) is therefore positive in this direction. But in the 

plane normal to the bond path, p has a maximum value at the BCP and the two 

curvatures are negative. If the bond is not cylindrically symmetric (as for a bond 

with 71 character) then charge is preferentially accumulated in a particular plane 

along the bond path. A quantitative measure of this cylindrical asymmetry is the 

bond ellipticity (e). Values of e provide a measure of the extent to which the 

charge density is asymmetrically concentrated perpendicular to the bond path. 

8 = f - l ...(15) 

Xx and Xi are the two negative Hessian eigenvalues, A,2 being the curvature of 

smaller magnitude. The corresponding eigenvector is the major axis of curvature, 

defining the orientation of the plane in which charge is smeared. For example, the 

ellipticity value obtained for ethane and acetylene is 0.0, while for benzene it is 

0.23 and for ethylene 0.45. In these last two cases, the major axis is normal to the 

plane of the nuclei. In cyclopropane, by contrast, charge is concentrated over the 

ring surface and the major axis of curvature lies in the ring plane, with an 

ellipticity value of 0.45. 

Bond polarization 

An estimate of bond polarization'^ can be obtained from the location of 

the bond CP with respect to the intemuclear vector. 
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A B C P % = 1 0 0 X ( R „ - R I ) / R „ ...(16) 

where Rm = (Ri + R2)/2. The A value is used to describe relative 

electronegativities of atoms forming the bond. The strain involved in a bond can 

be estimated^' in terms of the vertical displacement, dcp of the bond path from the 

intemuclear vector 

dcP = 2 X [{s x(s- R,) x(s- R2) X (s - R)f^^yK ...(17) 

where s = (Ri+R2+R)/2. 

The above topological and charge density properties in combination with 

pseudoatomic charges describe a bond quantitatively. 

The other quantity of interest is the kinetic energy density at the critical 

point, Gcp^^ which is obtained by 

Gcp = 
10 J ^ 6 

...(18) 

It has been used in some cases for the calculation of hydrogen bond energies 

and their classification.^'* 

23 

1.8.3 Ring properties 

When nuclei are topologically connected to form a ring structure such as 

in benzene, a ring critical point (RCP) arises, which lies somewhere close to the 
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geometric centroid of the ring. In the case of benzene, the ring consists of a set of 

six C-C bond paths. The spectrum of curvatures {X\, X2 and X^) give rise to a (3, 

+1) critical point. This is because, along the ring surface, in two dimensions, the 

electron density is a minimum at the RCP and the associated curvatures are 

positive (X2 and X3). And perpendicular to the ring surface, the electron density is 

a maximum at the RCP with the associated curvature (Xi) being negative. 

H-

H-

RCP 

H 

C: 

H 
c—?*—c \ 

'C-^H 

\i 

RCP 

Figure 1.10: The upper half of the figure illustrates the molecular graph of 
benzene with BPs and BCPs. The lower half is a perspective diagram of the 
calculated electron density of benzene with respect to the plane containing the 12 
nuclei. The position of the bond (BCP) and the ring critical point (RCP) are 
marked by black circles and arrows. 
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Therefore, at the RCP, the Hessian possesses two positive and one negative 

eigenvalues and the signature equals (+l) + (+l) + (-l) = +l . Figure 1.10 shows 

the position of the RCP in the charge density distribution of benzene. 

1.8.4 Intermolecular regions - hydrogen bonds 

The electron distribution can be used as a powerful and independent 

source of information for characterizing the hydrogen bond (D-H---A: D-donor 

and A-acceptor). Koch and Popelier proposed a set of "necessary and 

sufficient" criteria, based on the AIM theory, for recognizing an H---A 

interaction as a hydrogen bond. These criteria are listed in Table 1.4. 

_ 
Table 1.4 Some important criteria by Koch and Popelier for hydrogen bonding. 
A well defined topology (bond critical point BCP and bond path BP) for each 
hydrogen bond 
A p value at the BCP within the range [0.013, 0.27 eA'^]^ 
A Laplacian value at the BCP within the range [0.5, 3.5 eA'^]* 
Loss of charge of the hydrogen atom 
Decrease of the hydrogen atom's volume 

Compare these values with those for covalent bonds given in Table 1.3. 

The characterization of intra- and intermolecular hydrogen bonds on the basis of 

charge density distribution has attracted considerable attention over the past 

decade. Early topological analyses of theoretical electron densities of hydrogen-

bonded complexes between nitriles and hydrogen halides^^ have shown a linear 

correlation between the bond energy and pecp of the H---N bonds for intemuclear 

separation greater then 2 A. The Atoms in Molecules (AIM) theory is the ideal 

tool to detect and classify hydrogen bonds. 
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An example to illustrate the calculated electron density distribution in 

hydrogen bonds: Vorobyov et al have carried out ab initio calculations on 

complexes of water with ethene, propene and allyl alcohol. The molecular graphs 

of these itH-bonded complexes are illustrated in Figure 1.11. The authors have 

analyzed the energetics and electron density redistribution associated with 

hydrogen bonding interactions in these clusters. Topological analysis of the 

electron density performed using Bader's AIM theory confirms the closed-shell, 

hydrogen bonding nature of 0-H---0 (p ~ 0.13 eA'^ V^p ~ 2.30 eA" )̂ and O-

H"-7r interactions (p ~ 0.13 eA ^ V ^ ~ 0.92 eA"'). 

a 

cf^ cT ê 

Figure 1.11: Molecular graphs for some nH-bonded complexes: (a) 
water ••-ethene, (b) water dimer---ethene, (c) water dimer-•-allyl alcohol. Bond 
paths are denoted by pink cable like connections, nuclei are indicated by large 
spheres, and BCPs and RCPs are indicated by red and yellow small spheres, 
respectively. *̂ 

High ellipticity values (-0.6) at the H---7C BCPs of these complexes indicates 

their additional floppiness compared to the classical type of hydrogen bonds. 
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Properties of the H-"7t BCPs place 0-H--7C interactions within the spectrum of 

values proposed by Koch and Popelier for hydrogen bonds. The Laplacian maps 

are depicted in Figure 1.12. 

(a) (b) 

Figure 1,12: Contour plots of the negative of the Laplacian (- Vp) for the 
complex of ethene with the water dimer in the plane of (a) 0-H---0 and (b) O-
H- • -K bonded atoms. Solid contours denote positive values of - P^p, regions of 
charge concentration, and dashed contours denote - V^p < 0, regions of charge 
depletion. BCPs are shown as solid squares. Bond paths: solid lines connecting 
nuclei. Maxima and minima in - v p are denoted by solid and open triangles, 
respectively.^^ 

Hydrogen bonds can be classified on the basis of charge density. Alkorta 

and co-workers studied various types of hydrogen bonds including dihydrogen 

bonds,^^ bifurcated hydrogen bonds,'** H---7C interactions,'' inverse hydrogen 

bonds'^ and hydrogen bonds involving carbenes and silylenes as acceptors.'' 

Charge density studies on some systems that exhibit dihydrogen bonds (H--H) 

have also been studied. Zhang et a/"* carried out theoretical studies on hydrogen-
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bonded complexes, with strained organic systems like tetrahedrane acting as 

pseudo 7i-acceptors. 

Experimental charge density studies have been performed on a variety of 

hydrogen-bonded systems, most pertaining to 0-H---0 and N-H---0 hydrogen 

bonds although weak C-H--0, N-H---TC and C-H---71 interactions have also 

been explored. As an example for 0-H---0 type of hydrogen bond. Figure 1.13 

shows methylammonium hydrogen succinate monohydrate, which is a 

dicarboxylic acid salt."*" Very strong H---0 type hydrogen bonds, with 0---0 

distances less than 2.5 A, are usually found in the crystal structures of acid salts of 

dicarboxylic acids. The 0 - H - - 0 hydrogen bond is symmetric, with the proton 

situated near the midpoint of the 0---0 intemuclear line. Usually, the proton 

occupies a special position, being shared by two symmetry related carboxyl 

groups."' In the crystal structure of methylammonium hydrogen succinate 

monohydrate,'*^ the hydrogen succinate anion and the proton are located on 

inversion centres while the methylammonium cation and the water molecules are 

situated on a mirror plane of space group P2i/m. A symmetric O-H-0 hydrogen 

bond is formed, with the proton occupying an inversion centre, with an H---0 

distance of 1.221 A. The negative Laplacian values for these bonds (-6.8(10) eA"^) 

indicate considerable covalent character. 
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Figure 1.13: The symmetric 0-H-O hydrogen bond in methylammonium hydrogen 
succinate monohydrate/ 

The covalent nature of the strong H - - 0 bond is also supported by the non-

equivalence of the carbonyl bonds in the carboxylate group (Rc-o = 1.286 A, pecp 

= 2.52(2) eA"̂  and V ^ = -29.7(1.2) eA'^ relative to the second C-0 bond - Rc-o = 

1.245 A, PBCP = 2.86(2) eA"̂  and V ^ = -35.4(1.3) eA"^). 

Similarly, experimental charge density investigations have been carried 

out to probe 0-H---0 hydrogen bonds in benzoylacetone/^ urea-phosphoric 

acid/^ potassium hydrogenoxalate,'*'* /^-nitrophenol,"*^ to cite a few. 

An example of a charge density study on N-H---0 hydrogen bonds is the 

co-crystallized complex of betaine, imidazole and picric acid. Low temperature 

(28 K) X-ray and neutron diffraction data were carried out by Overgaard et af^ 

on this complex that exhibits three different short N-H---0 hydrogen bonds (see 

Figure 1.14). The H---0 distances of the N-H---0 bonds in the betaine, imidazole 

and picric acid complex lie in the range of 1.6 - 1.7 A (well within the van der 

Waals cut-off) and the N-H---0 angles vary from 155 to 171°. The electron 

densities and Laplacians at the hydrogen bond critical points are in the range 0.3 

- 0.4 eA"̂  and 1.8 - 3.2 eA"^ respectively. 
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o '^^'"U^ 

^ 

Figure 1.14: Top- ORTEP plot of the co-crystal ofbetaine, imidazole and picric 
acid. The N-H-0 hydrogen bonds are depicted. Bottom- Contour plot of- ^p in 
the planes of three strong N-H-0 hydrogen bonds in the co-crystal.''^ 

A few other examples of molecular crystals exhibiting N-H---0 hydrogen 

bonds for which experimental charge densities have been determined are cyanuric 

acid/^ 5-nitrouracil/^ 2-methyl-5-nitroaniline/^ to name a few. 

Charge density analyses of N-H---N hydrogen bonds are few. An 

important study is by Mallinson et al^^ who have characterized the intramolecular 

N-H---N hydrogen bonds in a proton sponge, l,8-bis(dimethylamino)naphthalene, 

and in its ionic complex with 1,2-dichloromaleic acid. Owing to its extremely 

high proton affinity, l,8-bis(dimethylamino)naphthalene ("proton sponge"),^"* 

forms very stable ionic complexes with acids. The proton is captured in an N-
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H---N intramolecular hydrogen bond (see Figure 1.15), the strength of which 

alone would not explain the unusually high basicity of the acceptor molecule. In 

the ionic complex of bis(dimethylamino)naphthalene with 1,2-dichloromaleic 

acid,^°''the N-H and H---N distances in the N-H---N hydrogen bond (1.106(5) and 

1.608(6) A) indicate that the proton in the cation is more strongly bonded to one 

of the N atoms. Also, it does not lie on the N-N intemuclear axis. The analysis of 

the experimental electron density and its Laplacian (Figure 1.15) obtained from X 

+ N data give information on the nature of the hydrogen bonds and provide 

evidence for the charge redistribution upon protonation. 
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Figure 1.15: Top- A schematic diagram of capture of the proton in 1,8-bis-
(dimethylamino)naphthalene. Bottom- Experimental Laplacian maps in the 
molecular plane of (a) l,8-bis-(dimethylamino)naphthalene and (b) 1, 2-
dichloromaleic acid/'^ 
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The proton in the cation is covalently bonded to the nearest N atom, but the CP of 

the second H---N interaction in the cation is in a region of positive Laplacian 

(pBCP = 0.53(2) eA'^ VVBCP = 4.3(1) eA"^). The trajectory of the bond path along 

the N-H---N bond is not linear, that is, the N-H and H---N bond paths (Rb) are 

longer than the corresponding intemuclear distances (note that the bond paths are 

not indicated in Figure 1.15). 

There have also been many charge density investigations on C-H---0 

hydrogen bonds, such as those found in 3,4-bis(dimethylamino)-3-cyclobutene-

1,2-dione.^' There have been charge density studies on crystals hosting both O-

H---0 and N-H---0 bonds as in 1-methyuracil,"^ p-nitrobenzene derivatives,^^'' 

2-amino-5-nitropyridinium dihydrogen phosphate,^^'^ and N-acetyl-L-tyrosine 

ethyl ester monohydrate.^^*^ Compounds containing both 0-H---0 and C-H---0 

bonds such as the polymorphs of cinnamic acid and its photodimer^^* and 

aliphatic dicarboxylic acids^^'' have been analyzed. DL-histidine which exhibits a 

variety of intermolecular (N-H---0, N-H---N, C-H---0, C-H---N, 0-H---C, N-

H---C and C-H---C) bonds has also been investigated.^"* In general, the total 

density at the bond critical points of the hydrogen bonds in all such systems is 

generally in the range- 0.01 - 0.6 eA'^ while the Laplacians are positive and fall 

in the range, 0.3 - 6.0 eA" .̂ 
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2. SCOPE OF THE PRESENT INVESTIGATIONS 

The family of hydrogen bonds includes the strongest, the moderate as well as 

the weakest species, and inter- as well as intramolecular interactions (0-H---0, O-

H - N , N-H- -O, N-H-N, N-H- -S, C - H - 0 , C-H-N, 0-H-n, N-H •n, C-H-n, 

etc). A technical or quantitative definition of the hydrogen bond essentially includes a 

series of threshold values. The "van der Waals cut-off defmition^^ for identifying 

hydrogen bonds on a structural basis (requiring that the H---A distance is substantially 

shorter than the sum of the van der Waals radii of the hydrogen (H) and acceptor (A) 

atoms) has been considered to be too restrictive and has not been applied very 

fi-equently.*^'^^ If distance cut-off limits must be used, D-H---A interactions with 

H---A distances up to 3.0 or even 3.2 A are considered as potentially hydrogen 

bonding. An angular cut-off can be set as > 90° or > 110". A necessary geometric 

criterion for hydrogen bonding is a positive directionality preference, that is, linear D-

H---A angles must be statistically favoured over bent ones. There are also 

spectroscopic criteria that give a specialized characterization of the hydrogen bond, 

like certain effects in infra-red absorption spectra (red-shift and intensification of VD-H, 

etc). All these criteria with the respective threshold values provide the structural 

quantifiers for the hydrogen bond. But a complete quantification of the hydrogen bond 

still entails an intensive study. Against this background, we reasoned that the 

experimental charge density method might provide an absolute quantification of the 

hydrogen bond, based on the electron density and topological parameters obtained 

from such studies. 
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Figure 2.1: Structural diagrams of the molecules chosen for the experimental 
charge density studies - (a) croconate dianion, I (b) squarate dianion, II (c) 
piperazine-oxalate, III (d) thiodiglycolloic acid-4,4'-bipyridine, IV (e) 
melamine, V (f) thionicotinamide, VI (g) thioacetamide, VII. 
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As a total electron redistribution occurs upon hydrogen bond formation, an electron 

density analysis would provide the key to many unanswered questions. We have 

carried out structural and charge density investigations of various molecular crystals, 

in addition to several other aspects of interest (see Figure 2.1 for the structural 

diagrams of the molecules under study). 

2.1 Trends in experimental charge density parameters of hydrogen bonds 

Several reviews and monographs in the literature have highlighted the trends 

in the nature and geometry of the hydrogen bond.̂ '̂̂ ^ In this context, the Cambridge 

Structural Database (CSD) containing more than a quarter of a million crystal 

structures'^ has proved to be a great resource for searching hydrogen bond patterns 

and possible correlations. Figure 2.2 depicts some results of statistical analyses 

obtained from the vast amount of literature on the structural aspects of hydrogen 

bonds. Deformation densities and elecfrostatic potential maps derived from 

experimental densities reveal vital characteristics of the hydrogen bond and there have 

been attempts to relate the charge density descriptors with the geometric parameters of 

the hydrogen bond. Thus, Espinosa et al^ based on an analysis of a number of D-

H---0 bonds (D: donor), have proposed possible relationships between the topological 

properties at the critical points (CPs) and geomefrical parameters such as the H---0 

distance. These authors observed an exponential dependence of the positive curvature 

of the electron density (X3) with the H---0 distance. Figure 2.3 illustrates the variation 

of parameters obtained from charge density studies (experimental and theoretical) with 

the hydrogen-•• acceptor distance for D-H---0 bonds. A similar relation has been 
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reported by Slouf e/ af^ for 0 -H- -0 and N-H---0 bonds in a nucleoside phosphonate. 

However, these studies were restricted to only those hydrogen bonds with oxygen as 

an acceptor atom. 
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Figure 2.2: Lengthening of the X-H bond in X-H---A hydrogen bonds, a) Correlation 
of O-H and H---0 distances in 0-H---0 hydrogen bonds.^^ The plot is symmetrized 
with respect to the two O atoms.^'* (b) Correlation ofN-Hwith H---0 bond lengths and 
O-H with H- • -N bond lengths.^^ The right branch shows N-H- • -O, and the left branch 
O-H ••-N hydrogen bonds. The symmetric hydrogen bonds are indicated by solid lines 
(0-H-O and 0-H-N). Both plots are based on neutron diffraction data, (c) Variation 
of the N-H- • -O hydrogen bond angle with the hydrogen bondH- • -O distance. Short 
distances are associated with high hydrogen bond angles, close to 180°.^ 
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Figure 2.3: (a) Variation of the electron density at the bond critical points, PBCP, with 
the 0-H and H- • -O distances, for a set of 0-H- • -O hydrogen bonds. The fitted 
logarithmic relationship for the experimental data is displayed by the dotted line. 
Data points corresponding to the covalent bond 0-H, symmetric O-H-O bond and the 
H---0 bonds are marked.^^ (b) Variation of the positive curvature of the electron 
density with the H---0 distance. The solid exponential fit indicates combined X-ray 
and neutron data for 0-H---0, N-H---0 and C-H---0 hydrogen bonds, and the dotted 
exponential line indicates the fit corresponding to only X-ray data.^ The above 
correlation plots consist of only those hydrogen bonds with oxygen as the acceptor. 

220 



Scope of the present investigations - Part 2 

Wozniak et a^^ analyzed the charge density distribution in the N-H---0 and C-H---0 

bonds of dipicrylamine and showed a linear relationship between the charge density at 

the CPs and the N---0 contact distance. Besides, the kinetic and potential energy 

densities are also found to show some systematics with the H'--0 distance in several 

D-H---0 bonds.̂ '̂̂ ^ There have been theoretical efforts to relate distances and the 

electron density parameters at the bond critical point.'''̂  

We have been interested in employing charge densities to understand the 

hydrogen bond and have carried out a systematic analysis of the densities in a variety 

of hydrogen-bonded systems, ranging from the strong 0-H---0 and N-H---0 

interactions to the weak interaction, involving carbon and sulphur atoms. The 

hydrogen-bonded systems studied by us experimentally, include disodium salts of 

croconic and squaric acids, thiodiglycolic acid-4,4'-bipyridine complex, piperazine-

oxalate complex, melamine, thionicotinamide and thioacetamide (see Figure 2.1). A 

complete discussion on the geometrical and charge density results obtained from the 

experimental X-ray data is given in Section 4.1. We have carried out a correlation 

analysis of the electron densities, bond polarizations, Laplacians and their principle 

curvatures with respect to the hydrogen bond distance. For this purpose, we have also 

made use of the charge density data from other hydrogen bond systems reported in the 

literature. This study, contrary to those in literature, employs a large variety of donor 

and acceptor atoms, and has shown that among the various charge density parameters, 

the positive curvature of the electron density exhibits a strict exponential dependence 

on the hydrogen bond distance. The results of the correlation analyses are discussed in 

detail in Section 4.2. 
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1.1 Investigations of the bond paths of 0 -H-- -0 hydrogen bonds 

It is well known from a large number of purely structural studies that the 

hydrogen bond is predominantly a three atom - two center interaction. The 

directionality of the hydrogen bond has been the subject of much study and 

controversy/' To quote J. D. Bemal: "The strength of the hydrogen bond does not 

seem as sensitive to the orientation of the acceptor electron pair as it is to the 

coUinearity of the hydrogen with the two atoms that it links." In a molecular orbital 

79 

study, Del Bene and Marchese, computed various possible structures of HF-HCN 

dimer. It was shown that only in one case the bond is formed through the nitrogen 

lone-pair of electrons while for the rest, the formation is through the CsN n-electron 

system. A comparison of the energies revealed that the lone pair on the nitrogen 

provides a better site for hydrogen bonding than the n electrons. In a statistical study 

of N-H---0 bonds from 84 amino acids and peptide structures, it was found that the 

N-H bond was directed either towards one of the carbonyl oxygen lone pairs or 

midway between the two, depending on whether the donor shared the proton between 

two oxygen acceptors or bonded directly with one. Similarly, a survey of 0-H---0 

bonds in structures of amino acids, peptides and oligosaccharides^'* showed that the O-

H bonds tend to align along the carbonyl oxygen lone pair. The directional preference 

of an 0-H or an N-H group towards the lone pair on the acceptor atom is found to 

depend on the nature of hybridization of the acceptor's lone pair of electrons. 

Corroborating this finding are several statistical surveys of X-ray and neutron 

structures by Taylor and Kennard^^ and many other workers.''^ Kroon et af^ showed 

that there is a preference for hydrogen bonding in the plane defined by the lone pairs 
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on the acceptor. There are many surveys, solely based on structural or geometrical 

data, that demonstrate the directionality of hydrogen bonds7^"^^ These statistical and 

structural analyses do not throw much light on what effect lone-pairs of electrons have 

on the hydrogen bond formation. Also, from a charge density point of view, not much 

is known on the influence and directionality of the lone-pairs on the nature and 

formation of the hydrogen bond. Most charge density studies have dealt with the type 

of hybridization of the lone-pairs, and their polarization. For instance, a charge density 

study of symmetric and asymmetric 0-H---0 bonds in dimethylammonium 

hydrobis(squarate) by Lm et al has revealed that the electron density of the carbonyl 

oxygen lone-pairs has a mixed nature between the sp^ and sp^ hybrids. 

We were interested in understanding the topological properties of the 

experimental charge densities in hydrogen bonds, especially with respect to the nature 

of bond paths and the geometry of the lone-pairs on the donor and the acceptor atoms. 

We have analyzed as to how the orientation or directionality of the lone-pairs would 

affect the topological behaviour of the hydrogen bond. We have carried out a careful 

analysis of the experimental charge densities of 0-H---0 bonds of different geometries 

present in the following hydrogen bond systems: piperazine-oxalate complex, the a-

form of ethoxy cinnamic acid, adipic acid, disodium salts of croconic and squaric 

acids. These systems possess linear, bifurcated and trifurcated hydrogen bonds with a 

range of hydrogen bond angles and H---0 distances. Besides enabling a complete 

charge density description of the hydrogen bond, this study provides new and 

important insights with respect to the location of the critical point and its relation to 

the lone-pairs involved in the formation of the hydrogen bonds, and is therefore useful 
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for a better understanding of the hydrogen bond, in general. Being entirely based on an 

experimental charge density analysis, the results (discussed extensively in Section 4.3) 

are of considerable significance. 
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3. EXPERIMENTAL A N D RELATED ASPECTS 

3.1 Crystals 

The crystals were grown by the slow evaporation of the solvent. Typical 

growth periods were about five to seven days. The compounds were commercially 

available and procured from ALDRICH and FLUKA. 

Disodium croconate trihydrate: A saturated solution of the compound was prepared in 

distilled water and kept for crystallization by slow evaporation. Yellow-colored 

crystals of the croconate salt were obtained. 

Disodium squarate trihydrate: The disodium salt of squaric acid was prepared by the 

addition of 10 mL of IM NaOH to a saturated solution of 0.114g (Immol) of squaric 

acid in water. Colorless crystals grown from the aqueous solution by slow evaporation 

at room temperature were separated and washed with water. 

Piperazine-oxalate: Separate saturated solutions of piperazine (0.Immol, 0.019 g) and 

oxalic acid (0.Immol, 0.009 g) in water were prepared. The two solutions were mixed, 

which resulted in a clear mixture, and kept for crystallization. Colorless, transparent 

crystals were formed. Alternatively, the crystals were also prepared by the 

hydrothermal method by keeping the mixture in a polypropylene bottle, maintained at 

70° C in an oven. 

Thiodiglycollic acid-4,4'-bipyridine: Separate saturated solutions (using distilled 

methanol) of thiodiglycollic acid (0.Immol, 0.015 g) and 4,4'-bipyridine (O.lmmol, 
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0.016 g) were prepared. The thiodiglycoUic acid solution was slowly mixed with 

bipyridine solution, stirred, which resulted in a clear solution of the mixture. This was 

then kept for crystallization. Colorless crystals of the complex were obtained. 

Melamine: Colorless crystals were obtained by slow evaporation from a saturated 

methanol (distilled methanol was used) solution. 

Thionicotinamide: Yellow colored crystals were obtained from a saturated methanol 

solution. 

Thioacetamide: Transparent colorless crystals were obtained by slow evaporation 

from a saturated methanol solution. 

A polarizing microscope, LEICA MZ8 was used to examine the crystals. 

Crystals with dimensions in the range of ~ 0.1 to 0.3 mm were chosen for the 

investigations. For low temperature, charge density studies, the cold nitrogen gas from 

the dewar is made to shower on the crystal. The temperature of the stream could be 

recorded using a Chromel-Alumel (K-type) thermocouple. The temperature of the 

crystal could be maintained within ±1° using the thermocontroller. The temperature 

was chosen such that the consumption of liquid nitrogen was optimal (~ 5 L/h). In 

order to circumvent ice formation on the crystal, copper pips specially designed for 

this purpose were used. A thin glass fibre at the end of the pip carried the crystal under 

measurement. With this kind of an arrangement, the data collection could be carried 

out without any interruption for a period of two to three days. All the charge density 
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experiments presented in this thesis were carried out at 130 K. A diagram of the low 

temperature setup, on the SMART 3-circle goniometer is shown in Figure 3.1. For 

details on the single crystal X-ray diffractometer, see the experimental section on 

Methods of characterization (page 61) in Part 1 of the thesis. 

Liquid Transfer 
nitrogen tube 
dewar 

Figure 3.1: Diagram of the low temperature setup on the SMART 3-circle goniometer. 
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3.2 Data collection strategy 

The crystal is cooled to 130 K and a hemisphere (for centric crystals) or a full 

sphere (for non-centric or triclinic crystals) data is collected, both at low and high 

resolution (29 = 28°, 75°), the maximum resolution achievable being ~ 0.45 A. The 

values of 29, ^ and co used for the hemisphere and the full sphere data are listed in 

Table 3.1 and Table 3.2, respectively. 

During the data reduction, the original orientation matrix along with the lattice 

parameters is refined every 40 fi"ames and the orientation matrix and lattice parameters 

obtained using the total data is used for structure refinement and charge density. 

Table 3.1 Optimal 29, co and (j) for hemispherical data at low and high 
resolutions^ 
Run# 29 CO d) Width # of frames 

0 
1 
2 
3 
4 
5 

-28 
-28 
-28 
-75 
-75 
-75 

-26 
-21 
-23 
-75 
-75 
-75 

0 
88 
180 
0 
88 
180 

-0.3 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 

606 
435 
230 
606 
435 
230 

°Note that two complete hemisphere of data are collected, in comparison to only a 
low order data for a routine structure determination 

Table 3.2 
resolutions 
Run# 

0 
1 
2 
3 
4 
5 
6 
7 

Opfimal 29, 

29 
-28 
-28 
-28 
-75 
-75 
-75 
-75 
-75 

w and (j) 

CO 

-26 
-21 
-23 
-75 
-75 
-75 
-75 
-75 

for fiill-

<t> 
0 
88 
180 
270 

0 
88 
180 
270 

spherical data at 

Width 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 
-0.3 

low and high 

# of fi-ames 
636 
465 
636 
465 
636 
465 
636 
465 
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3.3 Structure and multipole reflnement 

The crystal structure determination is carried out by routine structure solution 

and refinement (for a complete description, see the experimental section, page 64 in 

Part 1 of the thesis). Absorption correction was applied using the SADABS program 

(Siemens, USA, 1995) for the systems: disodium salts of croconic (I) and squaric 

acids (II), thiodiglycolic acid-4,4-bipyridine (IV), thionicotinamide (VI) and 

thioacetamide (VII). In all the cases, the non-hydrogen atoms were first located and 

refined anisotropically. The hydrogen atoms were located using the difference Fourier 

technique and refined isotropically. In some instances, extinction corrections were 

needed. The weights wi and W2 were adjusted in order to obtain the goodness-of-fit 

close to unity. A high order refinement was performed on the structure so obtained, 

using the high-resolution reflections, sin9/A, > 0.6 A"'. During this refinement, the 

hydrogens were moved to average neutron diffraction distances (C(ar)-H, 1.085; 

C{sp^)-Yi, 1.06; C(5p^)-H, 1.075; 0-H, 0.96; N-H, 1.01 A).̂ ^ The positional and 

thermal parameters of hydrogen atoms were kept fixed thereafter. The resultant file of 

the high order refinement served as the initial input to the charge density analysis. 

The multipole refinement is done using a full-matrix least squares refinement 

routine, XDLSM of XD.'^ The flowchart shown on page 232 illustrates the various 

steps involved in the structure and charge density refinements. Additional details of 

the multipole refinement are listed below. 

1. Coordinates and thermal parameters from high angle refinement (sinG/A, > 0.6 A"') 

is taken as the input to charge density analysis. 

2. Scaling refinement. 
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3. Poo refined. 

4. Pim (1, m > 0) refined. 

5. Spherical kappa (K) refined on all atoms. 

6. Poo refined. 

7. P,n,(l,m>0). 

8. Deformation kappa (K') refined on all non-hydrogen atoms. 

9. PQO refined. 

10.Pta(l ,m>0). 

11. Atom positions of non-hydrogen atoms refined. 

12. PQO refined. 

13. Pim(l,m>0) refined. 

14. POO and Pim refined. 

Each step is repeated till the shift/esd values become small. The quality of the 

refinement is constantly monitored through goodness-of-fit (S), Ri and wR2. For a 

reliable electron density calculation, caution is exercised to maintain Hef/Ny greater 

than ten. 

The electronic properties like dipole, electron density, Laplacian etc are 

calculated using XDPROP.'^ The experimental deformation map is obtained using the 

calculated multipole phases with the observed structure factors FQ. 

Sp'̂ Cr) = ^ZhiH)\e"-' -\F^^^(H)\e"'^^ Y'""' ...(18) 
1^ H 
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Fsph(H) is computed with atomic positions and thermal parameters obtained from the 

multipole refinement. The dynamic model map is obtained from the calculated 

multipole factors, that is, the Fourier coefficients are the difference of the two values 

ofFc. 

Sp^r) = ^ThAH)\e"-' -\F,,,iH)\e"^^^ Y"""-' ...(19) 
' H 

The use of multipole phases makes the maps slightly model dependent. To check that 

all the significant density features of the experimental data are included in the model, 

one computes the residual density. This is defined as the difference between the total 

electron density and that obtained by the multipole model. 

S P » =^Z¥o iH)\ - |F„„, {H)^^'-'e-"'"-' .. .(20) 

This is obtained using the XDFOUR routine and plotted using XDGRAPH. A 

featureless, flat residual density means a good modeling of the electron density by the 

multipole model. 
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ĉ -
- 0 

g) 
Ci. 
X 
u 

232 



Results and discussion - Part 2 

4. RESULTS AND DISCUSSION 

We have investigated seven molecular crystals (I - VII, see Figure 2.1 in 

Section 2, Part 2), with special emphasis on the various types of hydrogen bonds 

formed by them. A complete description of the structural and charge density 

parameters obtained for the intra- and intermolecular interaction is given in the 

following sections. The charge density studies on these seven molecular crystals are 

reported by us for the first time. 

4.1 Structural aspects and charge density analysis 

4.1.1 Disodium croconate trihydrate and disodium squarate trihydrate 

The asymmetric units of the two compounds, disodium croconate trihydrate (I) 

and disodium squarate trihydrate (II) with atom labeling are shown in Figure 4.1. The 

crystal data and other experimental details are listed in Table 4.1. The asymmetric unit 

in both the cases consists of an anion ring, two sodium cations and three water 

molecules. 

Figure 4.1: The ORTEP plots for (a) disodium croconate trihydrate and (b) disodium 
squarate trihydrate. Thermal ellipsoids are given at 50% probability. 
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The disodium salt of croconic acid crystallizes in a monoclinic crystal system (space 

group P2i/c). The structure of the squarate salt belongs to a triclinic, P-1 space group, 

as distinct from the reported monoclinic form.̂ ^ 

Table 4.1 Crystal Structure data for disodium salts of croconic (I) and squaric acids (II) 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
a(°) 
PC) 
iC) 
P (Mg/m') 
H, mm"' 
Cell volume (A^) 
Crystal size (mm) 
Z 
F(OOO) 
Diffractometer 

Radiation type 
Crystal-detector distance (cm) 
Temperature (K) 
No. of measured reflections 
No. of independent reflections 
Emerge 

R-im 
G,ax(°),sin0/;i(A-') 
Range ofh, k, I 

Refinement 
Refinement on F^ 
Ri 
WR2 
S 
No. of reflections used in the 
refinement 
No. of parameters refined 

After multipole refinement 
Weighting scheme 
R{F} 

NazCsOs.SHjO 
240.08 
Monoclinic 
P2,/c 
6.3444 (10) 
13.099(3) 
10.662 (3) 
90 
105.87(2) 
90 
1.871 
0.260 
852.3 (3) 
0.22 X 0.33 X 0.33 
4 
488 
Siemens CCD 3 circle 
diffractometer 
MoK<,(0.71073A) 
5.0 
130(2) 
12439 
6915 
0.08 
0.043 
49.17, 1.06 
-\2<h<\2 
-26<A:<22 
-21 < / < 1 3 

0.048 
0.113 
0.940 
6915 

160 

0.057,0.114 
0.039 

Na2C404.3H20 
212.07 
Triclinic 
P-1 
6.9879 (10) 
8.0949(10) 
8.2286(10) 
113.12 
100.04 
111.62 
1.907 
0.276 
369.24 (8) 
0.50x0.13x0.30 
2 
216 
Siemens CCD 3 circle 
diffractometer 
MoIQ(0.71073A) 
5.0 
130(2) 
11165 
6254 
0.0683 
0.0392 
49.45, 1.07 
-13</j<14 
-\l<k<\l 
- 1 7 < / < 1 6 

0.040 
0.100 
0.960 
6254 

142 

0.047, 0.094 
0.037 

234 



Results and discussion - Part 2 

Table 4.1 (continued) 
RfF"} 
S 
No. of variables 
Nre/Ny 

Cambridge Crystallographic 
Database Deposition No. 

0.064 
1.196 
263 
23.0 
CCDC 171699 

0.070 
1.0496 
245 
25.8 
CCDC 171698 

The Cambridge Structural database (CSD) deposition numbers are also given 

in Table 4.1. The geometrical features, such as the bond lengths and the valence angles 

are listed in Table 4.2 for the croconate and in Table 4.3 for the squarate dianion. The 

C-C and C-0 bonds constituting the anion rings have nearly equal bond lengths. The 

mean C-C distances for the croconate and squarate rings are 1.468(2) and 1.471(9) A, 

respectively, whereas the mean C-0 distances are 1.248(4) and 1.259(6) A, 

respectively. The C-C-C angles for the croconate and squarate rings are 108° and 90°, 

respectively. The C-C-0 valence angle is smaller (125°) for the croconate than for the 

squarate ring (135°). The Na-0 distances in the two salts are in the range of 2.3 to 2.5 

A. The triclinic form of disodium squarate trihydrate and the monoclinic form of 

disodium croconate trihydrate are being reported by us for the first time. In addition, a 

triclinic form of the croconate was also obtained, but the high resolution data was not 

collected for this polymorph. The charge density analysis of the croconate dianion is 

also reported by us for the first time. 

Table 4.2 Bond lengths and angles for disodium salt of croconic acid I 
Moiety Distance (A) Moiety Angle (°) 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(l) 
0(1)-C(1) 
0(2)-C(2) 
0(3)-C(3) 
0(4)-C(4) 

1.4681(11) 
1.4665(11) 
1.4657(11) 
1.4712(11) 
1.4686(11) 
1.2452(10) 
1.2464(10) 
1.2497(10) 
1.2555(10) 

0(3)-C(3)-C(4) 
0(3)-C(3)-C(2) 
C(4)-C(3)-C(2) 
0(1)-C(1)-C(2) 
0(1)-C(1)-C(5) 
C(2)-C(l)-C(5) 
0(2)-C(2)-C(3) 
0(2)-C(2)-C(l) 
C(3)-C(2)-C(l) 

127.09(7) 
125.15(7) 
107.76(6) 
126.07(7) 
126.16(7) 
107.77(6) 
125.66(7) 
125.99(7) 
108.35(6) 
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Table 4.2 (continued) 
0(5)-C(5) 
Na(l)-0(12)#1 
Na(l)-0(11) 
Na(l)-O(10) 
Na(l)-0(11)#2 
Na(l)-0(4)#1 
Na(l)-0(4)#3 
Na(2)-0(1)#5 
Na(2)-0(12)#6 
Na(2)-0(5) 
Na(2)-O(10)#7 
Na(2)-0(4) 
0(4)-Na(l)#8 
0(4)-Na(l)#3 
0(1)-Na(2)#9 
0(12)-Na(l)#8 
0(12)-Na(2)#6 
0(11)-Na(l)#2 
O(10)-Na(2)#7 
Na(2)-C(5) 
Na(2)-C(4) 
Na(2)-Na(l)#3 
Na(2)-Na(l)#8 
Na(l)-Na(l)#2 
Na(l)-Na(l)#4 
Na(l)-Na(2)#3 
Na(l)-Na(2)#l 

Moiety 
Na(l)#8-0(4)-Na(2) 
C(4)-0(4)-Na(l)#3 
Na(l)#8-0(4)-Na(l)#3 
Na(2)-0(4)-Na(l)#3 
C(5)-0(5)-Na(2) 
0(5)-C(5)-Na(2) 
C(l)-C(5)-Na(2) 
C(4)-C(5)-Na(2) 
0(4)-C(4)-Na(2) 
C(3)-C(4)-Na(2) 
C(5)-C(4)-Na(2) 
C(l)-0(1)-Na(2)#9 
Na(l)#8-0(12)-Na(2)#6 
Na(l)-0(11)-Na(l)#2 
Na(l)-O(10)-Na(2)#7 
0(5)-Na(2)-Na(l)#8 
O(10)#7-Na(2)-Na(l)#8 
0(4)-Na(2)-Na(l)#8 
C(5)-Na(2)-Na(l)#8 
C(4)-Na(2)-Na(l)#8 
Na(l)#3-Na(2)-Na(l)#8 

1.2446(10) 
2.3093(8) 
2.3718(8) 
2.4247(9) 
2.4289(9) 
2.4371(9) 
2.5545(9) 
2.3189(8) 
2.3212(9) 
2.3773(10) 
2.4432(9) 
2.4817(8) 
2.4370(9) 
2.5545(9) 
2.3189(8) 
2.3093(8) 
2.3212(9) 
2.4289(9) 
2.4432(9) 
3.0291(11) 
3.0791(10) 
3.6301(7) 
3.7952(8) 
3.3423(9) 
3.5709(9) 
3.6302(7) 
3.7952(8) 
Angle n 
100.99(3) 
121.42(6) 
91.32(3) 
92.23(2) 

109.50(5) 
47.71(4) 

172.77(5) 
77.96(5) 
50.69(4) 
174.07(5) 
74.18(5) 

122.73(5) 
103.25(3) 
88.24(3) 
126.73(3) 
107.97(2) 
69.21(2) 
39.08(2) 
85.66(2) 
59.11(2) 
57.44(2) 

0(4)-C(4)-C(3) 
0(4)-C(4)-C(5) 
C(3)-C(4)-C(5) 
0(5)-C(5)-C(l) 
0(5)-C(5)-C(4) 
C(l)-C(5)-C(4) 
0(12)#1-Na(l)-0(11) 
O(12)#l-Na(l)-O(10) 
O(ll)-Na(l)-O(10) 
0(12)#1-Na(l)-0(11)#2 
0(11)-Na(l)-0(11)#2 
O(10)-Na(l)-O(ll)#2 
0(12)#1-Na(l)-0(4)#1 
0(11)-Na(l)-0(4)#1 
O(10)-Na(l)-O(4)#l 
0(11)#2-Na(l)-0(4)#1 
0(12)#l-Na(l)-0(4)#3 
0(ll)-Na(l)-0(4)#3 
O(10)-Na(l)-O(4)#3 
0(ll)#2-Na(l)-0(4)#3 
0(4)#l-Na(l)-0(4)#3 
0(12)#1-Na(l)-Na(l)#2 
0(11)-Na(l)-Na(l)#2 
O(10)-Na(l)-Na(l)#2 
0(11)#2-Na(l)-Na(l)#2 
0(4)#1-Na(l)-Na(l)#2 
0(4)#3-Na(l)-Na(l)#2 
0(12)#1-Na(l)-Na(l)#4 
0(11)-Na(l)-Na(l)#4 
O(10)-Na(l)-Na(l)#4 
0(11)#2-Na(l)-Na(l)#4 
0(4)#1-Na(l)-Na(l)#4 
0(4)#3-Na(l)-Na(l)#4 
Na(l)#2-Na(l)-Na(l)#4 
0(12)#1-Na(l)-Na(2)#3 
0(11)-Na(l)-Na(2)#3 
O(10)-Na(l)-Na(2)#3 
0(11)#2-Na(l)-Na(2)#3 
0(4)#1-Na(l)-Na(2)#3 
0(4)#3-Na(l)-Na(2)#3 
Na(l)#2-Na(l)-Na(2)#3 
Na(l)#4-Na(l)-Na(2)#3 
0(12)#1-Na(l)-Na(2)#l 
0(11)-Na(l)-Na(2)#l 
O(10)-Na(l)-Na(2)#l 
0(11)#2-Na(l)-Na(2)#l 
0(4)#1-Na(l)-Na(2)#l 
0(4)#3-Na(l)-Na(2)#l 
Na(l)#2-Na(l)-Na(2)#l 

127.21(7) 
124.60(7) 
108.19(7) 
126.66(7) 
125.48(7) 
107.86(7) 
167.43(3) 
86.61(3) 
84.84(3) 
95.65(3) 
91.76(3) 
79.11(3) 
85.96(3) 

103.79(3) 
168.68(3) 
93.14(3) 
79.45(3) 
92.69(3) 
98.33(3) 

174.64(3) 
88.68(3) 
139.83(3) 
46.58(2) 
78.40(2) 
45.18(2) 

102.06(3) 
139.19(3) 
79.68(2) 
101.32(3) 
140.61(3) 
138.56(3) 
45.66(2) 
43.02(2) 

133.17(2) 
38.49(2) 

130.83(2) 
82.81(2) 
131.61(2) 
96.55(2) 
43.09(2) 

161.19(2) 
63.61(2) 

125.46(3) 
63.85(2) 

147.86(2) 
94.02(2) 
39.94(2) 
90.61(2) 
74.83(2) 
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Table 4.2 {continued) 
C(4)-0(4)-Na(l)#8 
C(4)-0(4)-Na(2) 
0(4)-Na(2)-C(5) 
0(1)#5-Na(2)-C(4) 
0(12)#6-Na(2)-C(4) 
0(5)-Na(2)-C(4) 
O(10)#7-Na(2)-C(4) 
0(4)-Na(2)-C(4) 
C(5)-Na(2)-C(4) 
0(1)#5-Na(2)-Na(l)#3 
0(12)#6-Na(2)-Na(l)#3 
0(5)-Na(2)-Na(l)#3 
O(10)#7-Na(2)-Na(l)#3 
0(4)-Na(2)-Na(l)#3 
C(5)-Na(2)-Na(l)#3 
C(4)-Na(2)-Na(l)#3 
0(1)#5-Na(2)-Na(l)#8 

135.56(6) 
106.27(5) 
50.83(2) 

150.46(3) 
98.13(3) 
50.60(2) 
85.45(3) 
23.04(2) 
27.86(2) 

138.45(2) 
38.26(2) 
95.92(3) 

125.66(2) 
44.68(2) 
79.92(2) 
59.89(2) 

146.18(3) 

Na(l)#4-Na(l)-Na(2)#l 
Na(2)#3-Na(l)-Na(2)#l 
0(1)#5-Na(2)-0(12)#6 
0(l)#5-Na(2)-0(5) 
0(12)#6-Na(2)-0(5) 
O(l)#5-Na(2)-O(10)#7 
O(12)#6-Na(2)-O(10)#7 
O(5)-Na(2)-O(10)#7 
0(l)#5-Na(2)-0(4) 
0(12)#6-Na(2)-0(4) 
0(5)-Na(2)-0(4) 
O(10)#7-Na(2)-O(4) 
0(1)#5-Na(2)-C(5) 
0(12)#6-Na(2)-C(5) 
0(5)-Na(2)-C(5) 
O(10)#7-Na(2)-C(5) 
0(12)#6-Na(2)-Na(l)#8 

58.959(14) 
122.564(14) 
103.92(3) 
100.08(3) 
125.75(3) 
92.37(3) 

135.22(3) 
90.70(3) 

173.50(3) 
80.76(2) 
73.45(2) 
87.25(3) 

122.67(3) 
116.06(3) 
22.79(2) 
86.97(3) 
74.66(2) 

Symmetry transformations used to generate equivalent atoms: 
#1 x,y,z-l; #2 -x,-y+l,-z; #3 -x+l,-y+l,-z+l; #4 -x+l,-y+l,-z; #5 x,-y+3/2,z+l/2; #6 -x+1,-
y+l,-z+2; #7 -x,-y+l,-z+l; #8 x,y,z+l; #9 x,-y+3/2,z-l/2. 

Table 4.3 Bond lengths anc 
Moiety 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(l) 
0(1)-C(1) 
0(2)-C(2) 
0(3)-C(3) 
0(4)-C(4) 
0(1)-Na(l)#l 
Na(l)-0(7)#1 
Na(l)-0(5) 
Na(l)-0(3)#2 
Na(l)-0(3)#3 
Na(l)-0(1) 
Na(l)-0(1)#1 
Na(l)-Na(2)#l 
Na(l)-Na(l)#4 
Na(l)-Na(2) 
Na(l)-Na(l)#l 
Na(2)-0(4)#5 
Na(2)-0(6)#5 
Na(2)-0(7) 
Na(2)-0(1) 
Na(2)-0(6) 
Na(2)-0(5) 
Na(2)-Na(2)#5 

angles for disodium salt of squaric acid II 
Distance (A) 

1.4695(8) 
1.4596(8) 
1.4693(8) 
1.4843(8) 
1.2605(7) 
1.2668(7) 
1.2601(7) 
1.2488(7) 
2.5271(6) 
2.3575(6) 
2.3586(5) 
2.4073(5) 
2.4247(5) 
2.4259(6) 
2.5271(6) 
3.4207(4) 
3.4267(6) 
3.4279(4) 
3.6052(6) 
2.3080(5) 
2.3246(6) 
2.3468(6) 
2.4218(5) 
2.4550(6) 
2.4809(6) 
3.1993(6) 

Moiety 
0(3)-C(3)-C(2) 
0(3)-C(3)-C(4) 
C(2)-C(3)-C(4) 
0(4)-C(4)-C(3) 
0(4)-C(4)-C(l) 
C(3)-C(4)-C(l) 
0(2)-C(2)-C(3) 
0(2)-C(2)-C(l) 
C(3)-C(2)-C(l) 
0(1)-C(1)-C(2) 
0(1)-C(1)-C(4) 
C(2)-C(l)-C(4) 
0(7)#l-Na(l)-0(3)#2 
0(5)-Na(l)-0(3)#2 
0(7)#l-Na(l)-0(3)#3 
0(5)-Na(l)-0(3)#3 
0(3)#2-Na(l)-0(3)#3 
0(7)#1-Na(l)-0(1) 
0(5)-Na(l)-0(l) 
0(3)#2-Na(l)-0(l) 
0(3)#3-Na(l)-0(l) 
0(7)#1-Na(l)-0(1)#1 
0(5)-Na(l)-0(l)#l 
0(3)#2-Na(l)-0(l)#l 
0(3)#3-Na(l)-0(l)#l 
0(1)-Na(l)-0(1)#1 

Angle (°) 
134.73(5) 
134.86(5) 
90.39(4) 

134.13(5) 
136.25(5) 
89.61(4) 

134.11(5) 
135.33(5) 
90.57(4) 

135.20(5) 
135.36(5) 
89.42(4) 
86.39(2) 
97.91(2) 
86.32(2) 
90.70(2) 
89.67(2) 
85.43(2) 
90.79(2) 

167.72(2) 
98.92(2) 
88.07(2) 
95.33(2) 
83.98(2) 

171.78(2) 
86.60(2) 
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Table 4.3 {continued) 
Na(2)-Na(l)#l 
0(4)-Na(2)#5 
0(3)-Na(l)#6 
0(3)-Na(l)#3 
0(7)-Na(l)#l 
0(6)-Na(2)#5 

Moiety 
Na(2)-0(7)-Na(l)#l 
Na(2)#5-0(6)-Na(2) 
Na(l)-0(5)-Na(2) 
Na(2)#5-Na(2)-Na(l)#l 
0(4)#5-Na(2)-Na(l) 
0(6)#5-Na(2)-Na(l) 
0(7)-Na(2)-Na(l) 
0(1)-Na(2)-Na(l) 
0(6)-Na(2)-Na(l) 
0(5)-Na(2)-Na(l) 
Na(2)#5-Na(2)-Na(l) 
Na(l)#l-Na(2)-Na(l) 
C(l)-0(1)-Na(2) 
C(l)-0(1)-Na(l) 
Na(2)-0(1)-Na(l) 
C(l)-0(1)-Na(l)#l 
Na(2)-0(1)-Na(l)#l 
Na(l)-0(1)-Na(l)#l 
C(4)-0(4)-Na(2)#5 
C(3)-0(3)-Na(l)#6 
C(3)-0(3)-Na(l)#3 
Na(l)#6-0(3)-Na(l)#3 
0(l)-Na(2)-0(6) 
0(4)#5-Na(2)-0(5) 
0(6)#5-Na(2)-0(5) 
0(7)-Na(2)-0(5) 
0(l)-Na(2)-0(5) 
0(6)-Na(2)-0(5) 
0(4)#5-Na(2)-Na(2)#5 
0(6)#5-Na(2)-Na(2)#5 
0(7)-Na(2)-Na(2)#5 
0(1)-Na(2)-Na(2)#5 
0(6)-Na(2)-Na(2)#5 
0(5)-Na(2)-Na(2)#5 
0(4)#5-Na(2)-Na(l)#l 
0(6)#5-Na(2)-Na(l)#l 

3.4207(4) 
2.3080(5) 
2.4073(5) 
2.4247(5) 
2.3575(6) 
2.3246(6) 
Angle {«) 
93.30(2) 
83.99(2) 
90.16(2) 

116.642(14) 
129.68(2) 
92.21(2) 
89.95(2) 
45.047(13) 

141.33(2) 
43.477(13) 

128.835(14) 
63.527(10) 

127.22(4) 
129.35(4) 
90.00(2) 

118.03(4) 
87.43(2) 
93.40(2) 

137.27(4) 
129.53(4) 
114.00(4) 
90.34(2) 
97.38(2) 
86.33(2) 
87.16(2) 
96.57(2) 
88.02(2) 

173.79(2) 
87.03(2) 
49.74(2) 

126.61(2) 
94.51(2) 
46.271(14) 
136.62(2) 
137.00(2) 
135.39(2) 

0(7)#1-Na(l)-Na(2)#l 
0(5)-Na(l)-Na(2)#l 
0(3)#2-Na(l)-Na(2)#l 
0(3)#3-Na(l)-Na(2)#l 
0(1)-Na(l)-Na(2)#l 
0(1)#1-Na(l)-Na(2)#l 
0(7)#1-Na(l)-Na(l)#4 
0(5)-Na(l)-Na(l)#4 
0(3)#2-Na(l)-Na(l)#4 
0(3)#3-Na(l)-Na(l)#4 
0(1)-Na(l)-Na(l)#4 
0(1)#1-Na(l)-Na(l)#4 
Na(2)#l-Na(l)-Na(l)#4 
0(7)#1-Na(l)-Na(2) 
0(5)-Na(l)-Na(2) 
0(3)#2-Na(l)-Na(2) 
0(3)#3-Na(l)-Na(2) 
0(1)-Na(l)-Na(2) 
0(1)#1-Na(l)-Na(2) 
Na(2)#l-Na(l)-Na(2) 
Na(l)#4-Na(l)-Na(2) 
0(7)#1-Na(l)-Na(l)#l 
0(5)-Na(l)-Na(l)#l 
0(3)#2-Na(l)-Na(l)#l 
0(3)#3-Na(l)-Na(l)#l 
0(1)-Na(l)-Na(l)#l 
0(1)#1-Na(l)-Na(l)#l 
Na(2)#l-Na(l)-Na(l)#l 
Na(l)#4-Na(l)-Na(l)#l 
Na(2)-Na(l)-Na(l)#l 
0(4)#5-Na(2)-0(6)#5 
0(4)#5-Na(2)-0(7) 
0(6)#5-Na(2)-0(7) 
0(4)#5-Na(2)-0(l) 
0(6)#5-Na(2)-0(l) 
0(7)-Na(2)-0(l) 
0(4)#5-Na(2)-0(6) 
0(6)#5-Na(2)-0(6) 
0(7)-Na(2)-0(6) 
0(7)-Na(2)-Na(l)#l 
0(1)-Na(2)-Na(l)#l 
0(6)-Na(2)-Na(l)#l 
0(5)-Na(2)-Na(l)#l 

43.229(14) 
140.34(2) 
80.28(2) 

128.71(2) 
87.49(2) 
45.011(12) 
84.86(2) 
96.05(2) 
45.038(14) 
44.628(13) 

142.77(2) 
128.81(2) 
108.896(13) 
130.24(2) 
46.36(2) 

141.51(2) 
102.44(2) 
44.950(13) 
85.776(14) 
116.473(10) 
134.610(14) 
85.57(2) 
94.26(2) 

125.73(2) 
142.95(2) 
44.405(13) 
42.199(12) 
58.333(9) 

167.16(2) 
58.140(9) 
87.53(2) 
93.52(2) 

176.18(2) 
173.21(2) 
88.43(2) 
90.86(2) 
88.47(2) 
96.01(2) 
80.35(2) 
43.476(14) 
47.562(14) 
84.85(2) 
96.66(2) 

Symmetry operations used to generate equivalent atoms: 
# 1 -x+l,-y+l,-z; #2 x+l,y+l,z; #3 -x+l,-yrz; #4 -x+2,-y+l,-z; # 5 -x+l,-y+l,-z+l; #6 
x+l,y-l,z. 

238 



Results and discussion - Part 2 

In Figure 4.2, the static deformation densities in the ring planes are shown. 

Concentric contours typify the various bonding regions in the molecule between the 

atom-cores. In the squarate ring, the C-C bonding density appears spread out of the 

square frame, implying that the ring is considerably strained (Figure 4.2a). On the other 

hand, the C-C bonding density in the croconate ring (Figure 4.2b) appears more uniform 

across the intemuclear axes. The bonding density in the C-0 bond regions is more 

toward the electropositive carbon atom. The lone pair lobes on the oxygens are also 

clearly seen in the figure. The critical point analysis in the bonding regions of the 

squarate and the croconate anions reveals (3,-1) CPs (Table 4.4 and Table 4.5). 

Figure 4.2: Static deformation density in the symmetry plane of (a) croconate dianion, 
(b) squarate dianion. Contour levels are given at 0.1 eA'. 

The PBCP values for the C-C bonds of the squarate ion fall in a narrow range of 

1.85(1) to 1.87(1) eA" .̂ Those of the croconate ion are slightly lower with a mean value 

of 1.81(1) eA"'̂  but their spread is similar (-0.01 eA"^). The Laplacians also behave in a 
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likewise manner. The magnitude of the Laplacians are somewhat higher (of the order of 

-13.4(3) eA"^) in the squarate than in the croconate (~ -12.2(3) eA"^)." The ellipticity (e) 

values in squarate vary between 0.23 and 0.27, with a mean value of 0.25 and those in 

croconate, are somewhat lower, between 0.18 and 0.25 with the mean value at 0.22 

(Table 4.4). The mean dcp value for the C-C bonds in the squarate ring is 0.058 A while 

for the croconate the value is much smaller, 0.015 A in accordance with the observed 

strain in the rings (see Figure 4.2). The mean C-0 bond density of the squarate ion is 

2.72(3) eA'"' as compared to 2.66(2) eA'^ in the croconate ion. The pseudoatomic charges 

on the carbonyl oxygens are -0.15 e in the squarate and -0.13 e in the croconate ion. The 

charge on the squarate ring carbon is -0.14 e, and in the croconate, the carbon atom 

carries a smaller charge (-0.07 e). Accordingly, the C-0 bond appears to be less 

polarized in squarate (A ~ 18 %) compared to croconate (A ~ 25 %) . 

Table 4.4 Charge density parameters for intramolecular bonds in disodium salt of 
croconic acid I - Bond critical point properties: 

Bond PBCP V^PBCP Xi Xi X '3 

(eA-^) eA-̂ ) (eA-^) (eA"̂ ) (eA'^) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(l)-C(5) 

0(I)-C(1) 
0(2)-C(2) 
0(3)-C(3) 
0(4)-C(4) 
0(5)-C(5) 

O(10)-H(10A) 
O(10)-H(10B) 
0(11)-H(I1A) 
0(11)-H(11B) 
0(12)-H(12A) 
0(12)-H(12B) 

1.82(1) 
1.82(1) 
1.82(1) 
1.80(1) 
1.81(1) 

2.67(1) 
2.67(1) 
2.66(1) 
2.64(1) 
2.68(2) 

2.70(9) 
2.90(9) 
2.55(10) 
2.77(9) 
2.93(9) 
2.92(9) 

-12.27(1) 
-12.31(1) 
-12.53(1) 
-11.78(3) 
-12.18(3) 

-28.35(2) 
-28.15(1) 
-27.68(1) 
-27.01(1) 
-28.49(10) 

-25.5(6) 
-23.2(5) 
-32.1(6) 
-29.5(7) 
-26.4(6) 
-42.2(7) 

-13.55 
-13.57 
-13.42 
-13.47 
-13.50 

-23.52 
-23.48 
-23.24 
-23.03 
-23.58 

-43.83 
-42.82 
-40.09 
-45.09 
-45.05 
-52.45 

-11.08 
-11.09 
-11.37 
-10.78 
-11.06 

-20.58 
-20.48 
-20.40 
-20.17 
-20.61 

-42.19 
-42.60 
-38.43 
-44.04 
-42.77 
-49,54 

12.36 
12.35 
12.27 
12.47 
12.38 

15.75 
15.80 
15.95 
16.20 
15.70 

60.54 
55.17 
46.41 
59.60 
61.44 
59.75 

0.22 
0.22 
0.18 
0.25 
0.22 

0.14 
0.15 
0.14 
0.14 
0.14 

0.04 
0.01 
0.04 
0.02 
0.05 
0.06 

Ring critical point properties: PRCP = 0.30(2) eA"̂ , V^PRCP = 5.4(4) eA"' 
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Table 4.5 Charge density parameters for intramolecular bonds in disodium salt of 
squaric acid II - Bond critical point properties: 

Bond 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(l) 

0(1)-C(1) 
0(2)-C(2) 
0(3)-C(3) 
0(4)-C(4) 

0(5)-H(5A) 
0(5)-H(5B) 
0(6)-H(6A) 
0(6)-H(6B) 
0(7)-H(7A) 
0(7)-H(7B) 

PBCP 
(eA-^) 
1.87(1) 
1.87(1) 
1.87(1) 
1.85(1) 

2.73(2) 
2.68(1) 
2.71(1) 
2.75(1) 

2.64(8) 
2.36(7) 
2.62(9) 
2.35(7) 
2.65(8) 
2.40(7) 

VVBCP 
(eA-^) 

-13.38(2) 
-13.57(1) 
-13.54(1) 
-12.96(2) 

-32.75(8) 
-30.64(1) 
-32.35(1) 
-35.02(1) 

-39.6(5) 
-23.3(4) 
-41.2(5) 
-36.0(5) 
-32.7(4) 
-33.5(4) 

X, 
(eA-n 
-13.90 
-14.03 
-13.99 
-13.65 

-25.52 
-24.95 
-25.44 
-26.28 

-39.19 
-32.37 
-38.15 
-36.28 
-36.60 
-36.11 

U 
(eA-^) 
-11.12 
-11.06 
-11.16 
-11.12 

-21.37 
-20.92 
-21.30 
-21.96 

-38.11 
-31.27 
-37.33 
-35.12 
-35.86 
-34.81 

A.3 
(eA-^) 
11.64 
11.52 
11.62 
11.81 

14.13 
15.23 
14.39 
13.22 

37.75 
40.39 
34.33 
35.41 
39.78 
37.38 

E 

0.25 
0.27 
0.25 
0.23 

0.19 
0.19 
0.19 
0.20 

0.03 
0.04 
0.02 
0.03 
0.02 
0.04 

Ring critical point properties: PRCP = 0.59(1) eA"̂ , V^PRCP =11 -8(1) eA'̂  

Hydrogen bonds 

The croconate anion I forms four 0-H---0 hydrogen bonds with the 

surrounding water molecules grouped into two bifurcated systems (designated as b in 

Figure 4.3). In each case, an acceptor oxygen atom makes contact with two hydrogen 

atoms from two different water donor groups. Many other systems with such 

bifiircated hydrogen bonds are known.^^ The remaining hydrogen on each water donor 

is involved in a bifurcated bond originating from a neighboring croconate ion (not 

shown in the Figure 4.3). Thus, bu and b2i bonds share a common donor and so does 

the b]2 and b22 pair. As shown in Table 4.6, the H---0 bond lengths are spread between 

1.8 to 1.9 A, with 0-H---0 angles ranging between 170° and 176°. The bifurcation 

angles (angle between the two 0-H---0 bonds) are 88.6° and 85.1° for bj and b2, 

respectively. The croconate ion also forms two linear bonds (l\ and I2) with the water 
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(a) I 

OlO 

(b)II 

Figure 4.3:Unique hydrogen bonds in (a) croconate I, (b) squarateW . Symbols I, b 
and t designate linear, bifurcated and trifurcated hydrogen bonds. 
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molecules, the H---0 bond distances being 1.841(5) and 1.998(7) A with the 

corresponding angles of 166.9(17)° and 164.5(15)°, respectively. The water molecule 

engaged in l\ forms a k hydrogen bond with a neighboring croconate ion. This results 

in a network of croconate ions linked by bifurcated and linear hydrogen bonds with 

the surrounding water molecules. A unique feature of the squarate ion II (see Table 

4.7 for hydrogen bond parameters) is the presence of the trifurcated hydrogen bond 

(designated as t), where the acceptor oxygen atom makes contact with three water 

donor groups. The squarate ion also exhibits a bifurcated bond, ba, which is highly 

asymmetrical in that one bond is much longer {ba2, 2.495(17) A) than the other (bai, 

1.871(19) A). The hydrogen bond angles are correspondingly very different, 

131.0(13)° and 163.8(19)°, respectively. The bifurcation angle is also small (63.1°). As 

in the case of the croconate ion, here too, the water donor groups are shared between 

neighboring squarate ions. 

Table 4.6 Hydrogen bond parameters for disodium croconate trihydrate I 
H-Bond H - A D - A D-H-A PBCP VVBCP 

(A) (A) n (eA-^) (eA-^) 
0(11)-H(11B)--0(1) (//) 
0(ll)-H(llA)---0(5) (/,) 
O(10)-H(10A)-"O(2)(Zj//) 
0(12)-H(12B)--0(2)(M 
O(10)-H(10B)"-O(3)(M 
0(12)-H(12A)--0(3)(M 

Table 4.7 Hydrogen bond parameters for disodium squarate trihydrate II 
H-Bond H - A D - A D-H--A PBCP V^BCP 

(A) (A) n jeA') (eA-̂ ) 

1.841(5) 
1.998(7) 
1.829(7) 
1.797(8) 
1.889(14) 
1.817(6) 

2.784(1) 
2.934(1) 
2.782(1) 
2.751(1) 
2.849(1) 
2.770(1) 

166.9(17) 
164.5(15) 
171.9(17) 
171.1(14) 
176.2(16) 
170.9(17) 

0.21(3) 
0.09(3) 
0.21(3) 
0.18(3) 
0.09(3) 
0.20(3) 

3.02(1) 
1.94(1) 
3.00(1) 
2.97(1) 
2.52(1) 
3.32(1) 

0(6)-H(6A)-
0(5)-H(5A)-
0(7)-H(7A)-
0(7)-H(7B)-
0(6)-H(6B)' 
0(5)-H(5B)-

••0(3) 
•0(4) 

•0(4) 
•0(2) 
•0(2) 
•0(2) 

(0 
(bad 
iba2) 

(t,) 

(h) 
its) 

1.912(8) 
1.871(19) 
2.495(17) 
1.714(13) 
1.873(12) 
1.938(10) 

2.853(1) 
2.806(1) 
3.204(1) 
2.664(1) 
2.828(1) 
2.872(1) 

166.4(12) 
163.8(19) 
131.0(13) 
169.6(12) 
172.5(10) 
163.9(14) 

0.07(3) 
0.14(3) 
0.03(1) 
0.23(3) 
0.11(3) 
0.14(3) 

2.31(1) 
2.95(1) 
0.647(3) 
4.44(3) 
3.56(3) 
2.75(1) 
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The water donors involved in //, t2 and t^ also form ba2,1 and bai bonds respectively 

with the surrounding squarate ions. 

The 0-H---0 hydrogen bonds in croconate and squarate exhibit densities and 

Laplacians in the range of 0.1 - 0.2 eA"̂  and 2 - 4 eA" ,̂ respectively. The two linear 

hydrogen bonds in croconate (// and h) exhibit pBCP values of 0.21(3) and 0.09(3) eA"̂  

and V^PBCP values of 3.02(1) and 1.94(1) eA"̂  respectively. The linear bond in 

squarate (/) has a slightly lower electron density (0.07((3) eA'"') and a Laplacian of 

2.31(1) eA'^ The two sets of symmetrical bifurcated hydrogen bonds in croconate {bi 

and b2, see Table 4.6) have densities and Laplacians of the order of 0.2 and 3.0 eA" ,̂ 

respectively. On the other hand, the asymmetrical nature of the biflircated hydrogen 

bond in squarate renders the two hydrogen bonds in the set with quite different p and 

VV values {bai - p - 0.14(3) Qk\ V^p = 2.95(1) eA"̂  ba2- p = 0.03(1) eA'^ V ^ = 

0.657(3) eA"^). The longer ba2 hydrogen bond has much lower density and Laplacian 

at its BCP compared to the shorter bai hydrogen bond. The three 0-H---0 bonds that 

form the trifurcated set (ti, t2 and ts) in the squarate ion exhibit p and V p values in the 

range 0.1 to 0.2 eA"̂  and 3 to 4 eA" ,̂ respectively. In the 0-H---0 hydrogen bonds of 

both croconate and squarate, the two negative perpendicular curvatures {X\ and X2) are 

in the range, -0.1 to -1.5 eA"̂  and the positive curvature of the electron density, ,̂3 

varies from ~3 to 7 eA"̂ . 
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4.1.2 Piperazine-oxalate 

Piperazine-oxalate (III) crystallizes in a monoclinic crystal system (space 

group C2/c).^^ The asymmetric unit (shown in Figure 4.4) consists of half a molecule 

of protonated, piperazinium cation and a full molecule of oxalate anion. The 

crystallographic data are listed in Table 4.8. The charge density study on this complex 

has not been reported before. 

Figure 4.4: The ORTEP diagram of piperazine-oxalate, with atom labeling. Thermal 
ellipsoids are given at 50% probability. 

Table 4.8 Crystal Structure data for piperazine oxalate III 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
a(°) 
P(°) 
YC") 
p (Mg/m') 
\x., mm'' 
Cell volume (A^) 
Crystal size (mm) 

C4H7N,04 
133.11 
Monoclinic 
C2/C 
15.8404(1) 
5.6866(1) 
12.1300(1) 
90 
107.452(1) 
90 
1.696 
0.153 
1042.35(2) 
0.35 X 0.25 X 0.23 
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Table 4.8 (continued) 
Z 
F(OOO) 
Diffractometer 

Radiation type 
Crystal-detector distance (cm) 
Temperature (K) 
No. of measured reflections 
No. of independent reflections 
Emerge 

Rim 

e^x D , sine/?. (A-') 
Range of h, k, I 

Refinement 
Refinement on F^ 
Ri 
WR2 
S 
No. of reflections used in the 
refinement 
No. of parameters refined 

After multipole refinement 
Weighting scheme 
R{F} 
R{^} 
S 
No. of variables 
Nre/K 
Cambridge Crystal lographic 
Database Deposition No. 

8 
560 
Siemens CCD 3 circle 
diffractometer 
MoKa(0.71073A) 
5.0 
130(2) 
8538 
4631 
0.048 
0.028 
49.38,1.07 
-15</ i<33 
-10<A:<11 
-25< /<24 

0.048 
0.128 
1.083 
4631 

111 

0.051,0.095 
0.031 
0.050 
1.024 
253 
20.5 
CCDC 203885 

/ 

Piperazine is a non-planar, non-aromatic six-membered ring containing N-H groups in 

the para positions. On complex formation with oxalic acid, a proton transfer takes 

place from the 0-H group of the acid to the N-H group of piperazine. This results in 

the formation of an NHa^ bond. The intramolecular bond distances and angles are 

given in Table 4.9. The C-C distances in the piperazine ring are ~ 1.52 - 1.56 A. The 

C-N distances are ~ 1.50 A. The two C-O bond distances of the deprotonated carboxyl 
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group in oxalic acid are nearly equal (~C2-03 = 1.269(1) A and C2-04 = 1.242(1) A). 

The carboxylic acid group that retains the hydrogen atom on its 0-H substituent has 

varying C-0 distances (Cl-01 = 1.216(1) A and CI-02 = 1.313(1) A). The 0-H, N-H 

and C-H distances were fixed at neutron values, or what are better known as 

normalized X-ray geometries (0-H ~ 1.02, N-H ~ 1.03 and C-H ~ 1.09 A). 

Table 4.9 Bond lengths and angles for piperazine oxalate III 
Moiety Distance (A) Moiety Angle O 

C(l)-0(1) 
C(l)-0(2) 
C(2)-0(3) 
C(2)-0(4) 
C(2)-C(l) 
C(10)-N(l) 
C(ll)-N(l) 
C(ll)-C(10)#l 
C(10)-C(ll)#l 

1.2159(8) 
1.3132(7) 
1.2692(7) 
1.2415(7) 
1.5545(8) 
1.4922(8) 
1.4910(8) 
1.5169(9) 
1.5169(9) 

0(1)-C(1)-C(2) 
0(4)-C(2)-0(3) 
0(3)-C(2)-C(l) 
0(4)-C(2)-C(l) 
0(l)-C(l)-0(2) 
C(ll)-N(l)-C(10) 
0(2)-C(l)-C(2) 
N(l)-C(ll)-C(10)#l 
N(l)-C(10)-C(ll)#l 

121.27(5) 
127.08(5) 
114.31(5) 
118.61(5) 
126.19(6) 
111.33(5) 
112.54(5) 
109.84(5) 
109.53(5) 

Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y+l,-z 

Static deformation density maps are shown in Figure 4.5. There is an 

accumulation of charge density in the bonding region, resulting in a shared interaction. 

Figure 4.5: Static deformation density in the symmetry plane of piperazine oxalate 
complex. Contour levels are given at 0.1 eA'^. 
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The two lone pair lobes on the oxygen atoms in the oxalate moiety and the single lone-

pair lobe on the nitrogen atom of the piperazine ring are clearly visible. Only half the 

piperazine ring is shown, as in the asymmetric unit. 

The bond and ring critical point (BCP and RCP) values of the complex are 

given in Table 4.10. The C-C and C-N bonds of the piperazine ring have densities and 

Laplacians in the range, 1.6 - 1.7 eA"'' and -7.2 to -7.6 eA"̂ , respectively. The C-0 

bonds of the deprotonated carboxyl group have nearly equal densities and Laplacians 

(C2-03 p = 2.81(4) eA•^ V ^ = -34.7(2) eA"̂  and C2-04 p = 2.83(4) Qk\ V^p = 

-35.6(2) eA-^). The C-0 bonds of the non-deprotonated carboxylic acid group have 

markedly different p and V p values, the difference between the BCP values of the 

two bonds being -0 .6 eA'̂  for p and ~ 1.0 eA"̂  for V^p. 

Table 4.10 Charge density parameters for intramolecular bonds in piperazine oxalate III 
Bond critical point properties: 

Bond 

0(2)-H(2) 
C(l)-0(1) 
C(l)-0(2) 
C(2)-0(3) 
C(2)-0(4) 
C(l)-C(2) 
N(1)-H(1A) 
N(1)-H(1B) 
C(10)-H(10A) 
C(10)-H(10B) 
C(11)-H(11A) 
C(11)-H(11B) 
N(l)-C(ll) 
N(l)-C(10) 

P BCP 
(eA-^) 
1.88(6) 
3.05(4) 
2.46(3) 
2.81(4) 
2.83(4) 
1.76(3) 
2.11(6) 
2.03(6) 
1.79(5) 
1.80(5) 
1.86(5) 
1.79(5) 
1.72(3) 
1.62(3) 

V PBCP 
(eA-^) 

-23.2(4) 
-41.5(2) 
-31.4(2) 
-34.7(2) 
-35.6(2) 

-12.28(6) 
-23.1(3) 
-23.8(3) 
-15.8(2) 
-15.1(1) 
-16.0(2) 
-14.0(1) 
-7.23(8) 
-7.64(9) 

Xi 
(eA'') 
-29.17 
-29.56 
-22.97 
-25.67 
-26.42 
-13.51 
-25.87 
-25.74 
-17.58 
-16.87 
-17.45 
-16.71 
-11.95 
-11.69 

u 
(eA-^) 
-29.06 
-26.72 
-21.15 
-23.61 
-24.20 
-11.43 
-25.10 
-25.50 
-16.73 
-16.07 
-16.61 
-15.77 
-11.24 
-10.15 

^3 
(eA-^) 
35.06 
14.82 
12.72 
14.54 
15.04 
12.66 
27.86 
27.47 
18.55 
17.81 
18.10 
18.51 
15.96 
14.20 

8 

0.00 
0.11 
0.09 
0.09 
0.09 
0.18 
0.03 
0.01 
0.05 
0.05 
0.05 
0.06 
0.06 
0.15 

Ring critical point properties: PRCP = 0.18(1) eA"̂ , V^PRCP = 2.5(1) eA'̂  

Hydrogen bonds 

Piperazine-oxalate III exhibits a variety of hydrogen bonds with oxygen as the 

acceptor (Figure 4.6). Table 4.11 lists the various types of hydrogen bonds formed by 
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the complex. The 0-H---0 bond formed by the two oxalate moieties has an H---0 

distance of 1.532(9) A and an angle of 174.1(16)°. Two sets of bifurcated N-H---0 

hydrogen bonds are formed by the protonated N-H group of the piperazine ring with 

oxygen atoms of the oxalate moiety. The two N-H---0 bonds forming one bifurcated 

set have markedly distinct geometries. 

Figure 4.6: Unique hydrogen bonds in piperazine-oxalate III. Symbols I and b 
designate linear and bifurcated hydrogen bonds. The individual N-H---0 hydrogen 
bonds belonging to a bifurcated set are not labelled for the sake of clarity (see Table 
4.11). 

In each set, one N-H- • -O bond is much longer than the other one. For example, 

bu (H---0, 2.45(2) A, N-H---0, 134.8(11)°) does not have a very favourable geometry 
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when compared with bn (H---0, 1.86(1) A, N-H---0, 147.5(14)°). The three linear C-

H---0 hydrogen bonds (/;, h and k) have H---0 distances of- 2.3 A and a hydrogen 

bond angle of- 160°. 

The bond critical point properties (given in Table 4.11) reveal that the 0-H---0 

bond (//) is much stronger (PH...O = 0.39(4) eA"'' and V^pH...o = 5.95(8) eA"̂ ) compared 

to the N-H---0 and C-H---0 bonds formed by the complex. We could not find a bond 

critical point for the longer N-H---0 bond in the bifurcated interaction. Thus bn and 

b2i bonds showed no BCP values indicating that these bonds do not exist 

topologically, whereas the bi2 and b22 bonds have a BCP, satisfying the criteria for 

hydrogen bonds formulated by Koch and Popelier (see Section 1, Table 1.4, page 208 

in Part 2). 

Table 4.11 Hydrogen bond parameters for piperazine oxalate III 
H-Bond H- -A D - A D-H-A PBCP V^BCP 

(A) (A) C) (eA-^) (eA-^) 
0(2)-H(2)-0(3) (//) 1.532(9) 2.544(1) 174.1(16) 0.385(44) 5.947(76) 

N(1)-H(1A)--0(1) {bu) 2.444(15) 3.255(1) 134.8(11) 
N(l)-H(lA)-0(3) ( M 1.862(9) 2.789(1) 147.5(14) 0.123(22) 3.019(12) 
N(1)-H(1B)...0(2) ( M 2.265(11) 2.912(1) 119.1(8) 
N(l)-H(lB)-.0(4) ( M 1.797(11) 2.763(1) 153.8(10) 0.148(28) 3.873(23) 

C(10)-H(10A)...O(3) (/,) 2.317(11) 3.345(1) 156.3(9) 0.058(11) 1.192(2) 
C(10)-H(10B)...O(l) (/,) 2.325(11) 3.389(1) 164.4(9) 0.056(10) 1.136(1) 
C(ll)-H(llA)-.0(4) (/,) 2.251(11) 3.289(1) 158.1(9) 0.068(10) 1.246(1) 

The electron densities and Laplacians of the C-H---0 bonds are much smaller in 

magnitude (p ~ 0.06 eA"̂  and V^p - 1.2 eA"̂ ) in comparison to the O-H-.-O and N-

H-.-O bonds. The positive curvature of the electron density is quite high for the O-
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H---0 (//) bond (k^ = 11.43 eA"^), whereas for the C-H---0 and N-H---0 bonds, it is 

quite small, in the range of 2 to 5 eA"̂ . 

4.1.3 ThiodiglycoUic acid-4,4'-bipyridine 

The asymmetric unit of thiodiglycollic acid-4,4'-bipyridine complex^^ (IV) 

consists of one molecule of thiodiglycollic acid and one molecule of 4,4'-bipyridine 

(shown in Figure 4.7). This complex crystallizes in a triclinic, P-1 space group. The 

crystallographic data are given in Table 4.12. The bond distances and angles are listed 

in Table 4.13. The atoms forming the pyridyl rings in 4,4'-bipyridine have bond 

distances and angles as expected for any benzenoid heterocyclic ring (C-C ~ 1.40 A, 

C-N ~ 1.34A and C-C-C, C-N-C angles ~ 120°). 

H6 

C6^&«a 

1 2 ^ 

C T ^ M 

H7 

H8 

— ^ C 8 

ycio 

—1^09 

Hg 

H3 

C 3 ^ _ i 

C 5 \ 

C4K*"" 

H4 

H2 

— ^ 0 2 

^ N 1 

^ i ^ C 1 

HI 

013A 

H13B J 

013B 

H14BO" 

HUB 

J:I3 / 

0 1 ^ H11A ^ ^ ' 

/ "̂ 2A ^ 2 8 

014B 

Figure 4.7: The ORTEP plot of thiodiglycollic acid:4,4'-bipyridine complex. Thermal 
ellipsoids are given at 50% probability. 

Table 4.12 Crystal Structure data for thiodiglycollic acid:4,4'-bipyridine IV 
Chemical formula C14H14N2O4S1 
Formula weight 306.33 
Cell setting Triclinic 
Space group P-1 
a (A) 7.8034(1) 
b(A) 7.9444(1) 
c(A) 12.0714(1) 
a(°) 79.030(1) 
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Table 4.12 {continued) 

PO 
YO 
PCMYV) 
(i, mm~' 
Cell volume (A^) 
Crystal size (mm) 
Z 
F(OOO) 
Diffractometer 

Radiation tf^t 
Crystal-detector distance (cm) 
Temperature (K) 
No. of measured reflections 
No. of independent reflections 
i^merge 

Rint 

e„,ax(°),sine/?i(A-') 
Range of A, k, I 

Refinement 
Refinement on F^ 
Ri 
WR2 
S 
No. of reflections used in the 
refinement 
No. of parameters refined 

After multipole refinement 
Weighting scheme 
R{F} 
RfF"} 
S 
No. of variables 
Ke/K 
Cambridge Crystallographic Database 
Deposition No. 

Table 4.13 Bond lengths and angles for 
Moiety Distance (A) 

81.940(1) 
69.809(1) 
1.48 
0.253 
678.27(1) 
0.25 X 0.27 X 0.40 
2 
320 
Siemens CCD 3 circle 
diffractometer 
MoKa(0.71073A) 
5.0 
130(2) 
17711 
10888 
0.056 
0.031 
49.42, 1.069 
-16<A<16 
-16<A:<14 
-24</<21 

0.059 
0.168 
1.12 
10888 
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0.057,0.114 
0.037 
0.056 
1.012 
590 
17.3 
CCDC211329 

thiodiglycoUic acid-4,4'-bipyridine IV 
Moiety Angle (°) 

S(l)-C(12) 
S(l)-C(ll) 
C(10)-C(8) 
C(10)-C(9) 
C(10)-C(5) 

1.799(10) 
1.818(12) 
1.396(14) 
1.399(13) 
1.485(13) 

C(12)-S(l)-C(ll) 
C(8)-C(10)-C(9) 
C(8)-C(10)-C(5) 
C(9)-C(10)-C(5) 
C(4)-C(5)-C(3) 

102.4(5) 
117.3(8) 
121.0(8) 
121.7(8) 
117.4(8) 
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Table 4.13 {continued) 
0(13B)-C(13) 
C(5)-C(4) 
C(5)-C(3) 
N(2)-C(6) 
N(2)-C(7) 
N(l)-C(l) 
N(l)-C(2) 
0(14B)-C(14) 
C(13)-0(13A) 
C(13)-C(ll) 
C(14)-0(14A) 
C(14)-C(12) 
C(9)-C(7) 
C(3)-C(2) 
C(8)-C(6) 
C(4)-C(l) 

Moiety 
N(l)-C(l)-C(4) 
C(13)-C(ll)-S(l) 

1.314(12) 
1.399(14) 
1.400(13) 
1.338(14) 
1.340(14) 
1.34(2) 
1.338(14) 
1.317(12) 
1.220(13) 
1.511(14) 
1.215(13) 
1.522(13) 
1.383(14) 
1.386(14) 
1.388(14) 
1.387(14) 
Angle (•) 
122.8(10) 
113.2(7) 

C(4)-C(5)-C(10) 
C(3)-C(5)-C(10) 
C(6)-N(2)-C(7) 
C(l)-N(l)-C(2) 
0(13A)-C(13)-0(13B) 
0(13A)-C(13)-C(11) 
0(13B)-C(13)-C(11) 
0(14A)-C(14)-0(14B) 
0(14A)-C(14)-C(12) 
0(14B)-C(14)-C(12) 
C(7)-C(9)-C(10) 
C(2)-C(3)-C(5) 
C(6)-C(8)-C(10) 
N(2)-C(7)-C(9) 
C(14)-C(12)-S(l) 
N(2)-C(6)-C(8) 
C(l)-C(4)-C(5) 
N(l)-C(2)-C(3) 

121.2(8) 
121.4(8) 
117.8(8) 
118.0(9) 
124.6(9) 
123.7(10) 
111.7(9) 
124.5(9) 
124.9(9) 
110.6(8) 
119.5(9) 
119.1(9) 
119.3(9) 
123.0(9) 
115.6(7) 
123.1(9) 
119.5(9) 
123.2(10) 

The C-S and C-0 bond distances in the acid are of the order of 1.8 and 1.2 A, 

respectively. 

0(14A) 

Hf12B) 

Figure 4.8: Static deformation density in the symmetry plane of thiodiglycollic 
acid:4,4'-bipyridine complex. Contour levels are given at 0.1 eA'. 
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A static deformation density map for the complex is depicted in Figure 4.8. Note the 

presence of a single lone-pair lobe on each N atom of bipyridine. Of the two lone-pair 

lobes on the S atom of the acid, only one is visible, as the other is below the symmetry 

plane of the molecule. 

The BCP values for the complex are given in Table 4.14. Bipyridine exhibits a 

ring critical point (RCP). The p (0.16(1) eA"̂ ) and V ^ (3.5(1) eA"̂ ) at the RCP are 

comparable to those of benzene (0.16 eA"̂  and 3.81 eA"̂ ).̂ '* The C-C and C-N bonds 

in bipyridine exhibit p values of ~ 2 eA"̂  and V^p of- -20 eA'^. The C-S bonds in the 

acid have electron densities of- 1.1 to 1.2 eA"̂  and very low V^p of- -1 to -2 eA'^. 

Table 4.14 Charge density 
acid:4,4'-bipyridine IV - Bond 

parameters for intramolecular bonds in thiodiglycollic 
critical point properties: 

Bond 

C(l)-N(l) 
C(2)-N(l) 
C(2)-C(3) 
C(3)-C(5) 
C(5)-C(4) 
C(4)-C(l) 

C(5)-C(10) 
C(I0)-C(8) 
C(8)-C(6) 
C(6)-N(2) 
N(2)-C(7) 
C(7)-C(9) 

C(9)-C(10) 
C(ll)-C(13) 
C(12)-C(14) 

C(11)-H(11A) 
C(11)-H(11B) 
C(12)-H(12A) 
C(12)-H(12B) 

S(l)-C(ll) 
S(l)-C(12) 

C(13)-0(13A) 
C(13)-0(13B) 
C(14)-0(14A) 
C(14)-0(14B) 

0(13B)-H(13B) 

P BCP 
(eA-^) 

2.36(4] 
2.31(4] 
2.35(4] 
2.09(4] 
2.01(4] 
2.26(4] 
1.89(3] 
2.13(4] 
2.30(4] 
2.45(4] 
2.18(5] 
2.33(4] 
2.11(4] 
1.82(3] 
1.95(3] 
1.65(7] 
1.77(6] 
1.75(6] 
1.74(7] 
1.11(3] 
1.17(4] 
2.84(5] 
2.29(4] 
2.85(5] 
2.34(4] 
2.10(1] 

V PBCP 

(eA-^) 
-20.5(2) 
-22.5(2) 
-23.1(1) 
-17.8(1) 
-17.4(1) 
-20.7(1) 
-13.35(9) 
-17.6(1) 
-23.0(1) 
-20.0(1) 
-21.4(2) 
-24.2(1) 
-18.6(1) 

-13.07(8) 
-14.66(8) 
-11.6(2) 
-15.5(2) 
-13.6(2) 
-15.0(2) 
-0.60(5) 
-1.93(5) 
-29.0(2) 
-20.5(2) 
-31.8(3) 
-22.7(2) 
-15.6(5) 

A-, 
(eA-^) 
-19.86 
-20.09 
-20.17 
-16.07 
-15.25 
-18.49 
-14.42 
-15.74 
-19.24 
-20.84 
-18.81 
-20.27 
-16.68 
-13.84 
-14.55 
-16.04 
-16.19 
-16.96 
-16.43 
-5.84 
-7.17 
-25.10 
-19.50 
-26.93 
-20.75 
-29.48 

Xa 
(eA-^) 
-17.36 
-14.98 
-14.91 
-13.32 
-12.78 
-14.27 
-11.77 
-13.71 
-15.36 
-17.22 
-14.30 
-15.30 
-13.80 
-11.73 
-13.46 
-15.43 
-14.70 
-15.97 
-15.17 
-5.15 
-5.56 

-21.13 
-17.04 
-21.30 
-18.38 
-28.62 

^3 

(eA-^) 
16.73 
12.56 
12.00 
11.64 
10.67 
12.08 
12.84 
11.88 
11.63 
18.11 
11.69 
11.39 
11.91 
12.50 
13.35 
19.89 
15.44 
19.32 
16.62 
11.59 
10.79 
18.23 
16.01 
16.44 
16.45 
42.48 

8 

0.14 
0.34 
0.35 
0.21 
0.19 
0.30 
0.22 
0.15 
0.25 
0.21 
0.32 
0.32 
0.21 
0.18 
0.08 
0.04 
0.10 
0.06 
0.08 
0.13 
0.29 
0.19 
0.14 
0.26 
0.13 
0.03 
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Table 4.14 (continued) 
0(14B)-H(14B) 

C(l)-H(l) 
C(2)-H(2) 
C(3)-H(3) 
C(4)-H(4) 
C(6)-H(6) 
C(7)-H(7) 
C(8)-H(8) 
C(9)-H(9) 

2.1(1) 
1.67(6) 
1.74(6) 
1.68(6) 
1.77(6) 
1.82(6) 
1.74(6) 
1.92(7) 
1.76(6) 

-14.0(5) 
-14.4(2) 
-17.0(2) 
-15.0(2) 
-14.7(2) 
-17.6(2) 
-16.7(2) 
-17.7(2) 
-17.5(2) 

-29.19 
-14.84 
-17.50 
-17.33 
-16.84 
-17.24 
-16.66 
-19.37 
-17.85 

-27.27 
-13.90 
-15.79 
-15.28 
-14.69 
-14.69 
-15.20 
-15.55 
-15.46 

42.43 
14.37 
16.34 
17.66 
16.80 
14.35 
15.22 
17.25 
15.86 

0.07 
0.07 
0.11 
0.13 
0.15 
0.17 
0.10 
0.25 
0.15 

Ring critical point properties: PRCP = 0.16(1) eA'\ V^PRCP = 3.5(1) eA'̂  

Hydrogen bonds 

The molecules of thiodiglycollic acid and 4,4'-bipyridine interact in a manner 

that a cyclic supermolecule is formed. The unique hydrogen bonds (0-H---N and C-

H- • -O) formed by the complex are shown in Figure 4.9. 

IV 

^ - : 

h 

014 

2 \ /I 
®013A 

Figure 4.9: Unique hydrogen bonds in thiodiglycollic acid:4,4'-bipyridine IV. 
Symbols I and b designate linear and bifurcated hydrogen bonds. Only the atoms 
involved in the formation of hydrogen bonds are labelled. 
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The geometrical and charge density properties of the 0-H---N and C-H---0 

hydrogen bonds are listed in Table 4.15. The complex exhibits 0-H---N bonds which 

are formed by the N atom of bipyridine and the 0-H group of the acid (H---N 

distances of-1.6 A and angle of-170°). Besides these, there are four C-H---0 bonds 

formed between the acid and bipyridine (two bifurcated sets - see Figure 4.9). The 

two bifurcated C-H---0 interactions have quite similar geometries. There are also two 

C-H--0 bonds formed by two acid molecules. The H---0 distances of the C-H---0 

bonds are in the range 2.2 - 2.6 A, and angles ranging between 140° and 170°. 

Table 4.15 Hydrogen bond parameters for thiodiglycollic acid-4,4'-bipyridine IV 
H-Bond H - A D - A D-H-A PBCP V^PBCP 

(A) (A) C) (eA-̂ ) (eA-̂ ) 
0(13B)-H(13B)---N(1)(//) 
0(14B)-H(14B)---N(2)(/2) 

C(4)-H(4)-0(13A) {hn) 
C(9)-H(9)"-0(13A) {hn) 
C(3)-H(3)"-0(14A) (h2i) 
C(8)-H(8)--0(14A) ( M 
C(6)-H(6)---0(148) (/j) 
C(11)-H(11A)--0(14B)(/^) 
C(12)-H(12A)---0(13B)(/j) 

1.60(2) 2.603(1) 164(2) 0.452(59) 4.958(80) 
1.61(2) 2.592(1) 171(3) 0.461(66) 5.415(94) 

2.38(1) 
2.28(1) 
2.46(8) 
2.60(2) 
2.55(1) 
2.48(2) 
2.31(2) 

3.424(2) 
3.339(1) 
2.523(1) 
3.541(2) 
3.467(1) 
3.555(1) 
3.248(1) 

161(1) 
164(2) 
167(1) 
172(2) 
142(2) 
164(2) 
142(2) 

0.029(12) 
0.035(14) 
0.030(10) 
0.035(7) 
0.029(7) 
0.043(8) 

0.043(15) 

0.837(2) 
0.866(2) 
0.637(3) 
0.598(3) 
0.557(3) 
0.692(3) 
1.078(2) 

The 0-H---N hydrogen bonds exhibit high values of p and V p at the H---N critical 

points (PH.N ~ 0.5 eA"'' and V PH.N ~ 5 eA"^). In comparison, the C-H---0 hydrogen 

bonds exhibit much lower p (~ 0.03 - 0.04 eA"̂ ) and V^p (~ 0.5 - 1.0 eA'^) values. The 

positive curvature of PH.N Q^i) is much higher (-11 - 12 eA"̂ ) for the 0-H---N bonds 
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compared to the C-H---0 bonds. The two negative perpendicular curvatures are also 

smaller for the C-H- • -O bonds. 

4.1.4 Melamine 

Melamine (V) crystallizes in a monoclinic, P2|/c space group.^° The 

asymmetric unit, which consists of a single molecule, is shown in Figure 4.10. The 

crystallographic information is given in Table 4.16. 

Figure 4.10: The ORTEP plot of melamine. Thermal ellipsoids are given at 50% 
probability. 

Table 4.16 Crystal structure data for melamine (V) 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
aO 

CjHfiNe 

240.08 
Monoclinic 
P2i/c 
7.259(1) 
7.4684(1) 
10.1711(2) 
90 
108.094(1) 
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Table 4.16 {continued) 

YO 
P (Mg/m') 
|i, mm'' 
Cell volume (A^) 
Crystal size (mm) 
Z 
F(OOO) 
Diffractometer 
Radiation type 
Crystal-detector distance (cm) 
Temperature (K) 
No. of measured reflections 
No. of independent reflections 
'Emerge 

Rint 

en,ax(°),sine/>.(A-') 
Range of A, k, I 

Refinement 
Refinement on F^ 
Ri 

WR2 

S 
No. of reflections used in the 
refinement 
No. of parameters refined 

After multipole refinement 
Weighting scheme 
R{F} 
RfF"} 
S 
No. of variables 
Nre/N, 

Cambridge Crystallographic 
Database Deposition No. 

90 
1.599 
0.119 
524.1(1) 
0.32 X 0.39 X 0.43 
4 
264 
Siemens CCD 3 circle diffractometer 
MoKa(0.71073A) 
5.0 
130(2) 
8651 
4227 
0.069 
0.040 
49.43,1.069 
-15</?<14 
-15<A:<13 
-21< /<20 

0.060 
0.105 
0.972 
4227 

106 

0.057,0.114 
0.035 
0.079 
1.025 
153 
22.1 
CCDC211330 

The data on bond lengths and angles are listed in Table 4.17. The C-C and C-N bond 

distances are ~ 1.3 A. The valence angles between the atoms forming the ring are of 

the order of 116° to 120°. 
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Table 4.17 Bond 
Moiety 

N(5)-C(3) 
N(5)-C(2) 
N(4)-C(l) 
N(4)-C(2) 
N(6)-C(3) 
N(6)-C(l) 
C(3)-N(3) 
C(2)-N(2) 
C(l)-N(l) 

lengths and angles for melamine V 
Distance (A) 

1.3425(10) 
1.3542(10) 
1.3468(11) 
1.3498(10) 
1.3414(10) 
1.3527(10) 
1.3625(10) 
1.3377(11) 
1.3414(10) 

Moiety 
C(3)-N(5)-C(2) 
C(l)-N(4)-C(2) 
C(3)-N(6)-C(l) 
N(6)-C(3)-N(5) 
N(6)-C(3)-N(3) 
N(5)-C(3)-N(3) 
N(2)-C(2)-N(4) 
N(2)-C(2)-N(5) 
N(4)-C(2)-N(5) 
N(l)-C(l)-N(4) 
N(l)-C(l)-N(6) 
N(4)-C(l)-N(6) 

Angle C) 
114.72(6) 
114.78(7) 
114.29(7) 
125.91(7) 
117.58(7) 
116.48(7) 
118.16(7) 
117.07(7) 
124.77(7) 
117.75(7) 
116.83(7) 
125.41(7) 

A static deformation density map of melamine is depicted in Figure 4.11. The lone-

pair lobes on the ring nitrogen atoms are distinctly seen. 

Figure 4.11: Static deformation density in the symmetry plane of melamine. Contour 
levels are given at 0.1 eA'^. 
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The charge density parameters for the ring bonds are given below in Table 4.18. 

Table 4.18 Charge density parameters for intramolecular bonds in melamine V 
Bond PBCP V ^ B C P ^i "^i ^3 

C(l)-N(4) 
C(2)-N(4) 
C(2)-N(5) 
C(3)-N(5) 
C(3)-N(6) 
C(l)-N(6) 
C(l)-N(l) 
C(2)-N(2) 
C(3)-N(3) 
N(1)-H(1A) 
N(1)-H(1B) 
N(2)-H(2A) 
N(2)-H(2B) 
N(3)-H(3A) 
N(3)-H{3B) 

2.55(3) 
2.52(2) 
2.42(1) 
2.56(2) 
2.58(3) 
2.43(3) 
2.58(3) 
2.617(2) 
2.401(2) 
2.32(6) 
2.12(6) 
2.32(7) 
2.12(7) 
2.23(7) 
2.27(6) 

-23.35(8) 
-22.35(4) 
-21.09(2) 
-24.03(2) 
-25.46(1) 
-21.69(8) 
-25.22(9) 
-27.202(2) 
-20.364(2) 

-25.1(3) 
-28.1(4) 
-28.2(3) 
-26.9(4) 
-27.2(4) 
-24.1(3) 

-22.19 
-21.71 
-20.60 
-22.40 
-22.68 
-20.82 
-23.57 
-24.19 
-21.12 
-29.56 
-30.58 
-30.35 
-30.18 
-30.86 
-29.14 

-19.74 
-19.45 
-18.35 
-19.99 
-20.39 
-18.53 
-19.32 
-20.05 
-17.35 
-28.24 
-29.26 
-28.94 
-28.87 
-29.50 
-27.83 

18.58 
18.81 
17.85 
18.36 
17.61 
17.66 
17.67 
17.03 
18.10 
32.67 
31.78 
31.06 
32.19 
33.13 
32.91 

0.12 
0.12 
0.12 
0.12 
0.11 
0.12 
0.22 
0.21 
0.22 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

Ring critical point properties: pRCP = 0.20 (2) eA'', V PRCP = 4.2(1) eA'̂ . 

The electron densities of the C-C and C-N bonds are of the order of 2.4 - 2.6 eA" ,̂ 

while the Laplacians are — 2 0 to -27 eA" .̂ The N-H bonds have slightly lower 

densities and lower ellipticities (Table 4.18). 

Hydrogen bonds 

Melamine V exhibits six unique N-H---N hydrogen bonds (depicted in Figure 

4.12), formed by the amino group of one molecule and the N atom of the hetero ring. 

Of the six hydrogen bonds, four have H- • -N distances of ~ 2 A, and N-H- • -N angles of 

~ 162° - 176°, while the other two have much longer H---N distances (-2.6 A) and 

lower hydrogen bond angles (~ 120°). The geometrical features and hydrogen bond 

critical points are given in Table 4.19. 
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Table 4.19 Hydrogen bond 
H-Bond 

N(1)-H(1A)---N(3) 
N(1)-H(1B)---N(6) 
N(2)-H(2A)---N(4) 
N(2)-H(2B)---N(5) 
N(3)-H(3A)---N(4) 
N(3)-H(3B)---N(5) 

(//) 
{.h) 

(h) 
ih) 
ih) 
ile) 

parameters for melamine V̂  
H - A 
(A) 

2.553(13) 
1.989(11) 
2.066(12) 
2.086(12) 
2.623(14) 
2.071(14) 

D - A 
(A) 

3.262(1) 
2.997(1) 
3.046(1) 
3.094(1) 
3.285(1) 
3.060(1) 

D - H - A 
n 

126.9(13) 
176.4(12) 
162.7(16) 
175.3(13) 
123.1(8) 
165.5(12) 

PBCP 

(eA-^) 
0.040(6) 
0.135(27) 
0.111(20) 
0.111(21) 
0.038(5) 
0.112(19) 

V PBCP 
(eA-^) 

0.682(2) 
2.572(15) 
2.150(6) 
1.960(7) 
0.605(2) 
2.213(6) 

Refer Figure 4.12 for the hydrogen bond network 

Figure 4.12: Unique hydrogen bonds in melamine (V). Symbol I represents a linear 
hydrogen bond. Only the atoms involved in the formation of hydrogen bonds are 
labelled. 
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The electron densities at the six H---N bond critical points vary between 0.04 - 0.14 

eA"̂ , while the Laplacians are in the range of 0.6 to 2.6 eA"̂ . For N-H---N bonds with 

quite favourable geometry {h, h, U and k), A,3 values vary between 3.03 and 3.93 eA'̂ , 

whereas for // and I5, they are small, ~ 1 eA•̂  The negative curvatures, X\ and X,2 are of the 

order of- -0.5 to -0.7 eA'̂  for h, h, U and U and ~ -0.1 eA"̂  for // and I5. 

91 

4.1.5 Thionicotinamide 

Thionicotinamide (VI) crystallizes in a monoclinic, P2i/n space group.^' The 

asymmetric unit, which consists of a single thionicotinamide molecule, is shown in 

Figure 4.13. Crystal structure data are given in Table 4.20. Bond lengths and valence 

angles are listed in Table 4.21. 

H2B 

H2A 

K2jr 

S! 

H5 

csQ^^" 

C 4 \ 

H3 

HI 

•M^>0C1 

MZ2 
H2 

Figure 4.13: The ORTEP plot of thionicotinamide. Thermal ellipsoids are given at 50% 
probability. 
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Table 4.20 Crystal Structure data for thionicotinamide VI 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
aO 
PO 
YO 
p(Mg/m^) 
|u, mm"' 
Cell volume (A^) 
Crystal size (mm) 
Z 
F(OOO) 
Diffractometer 

Radiation type 
Crystal-detector distance (cm) 
Temperature (K) 
No. of measured reflections 
No. of independent reflections 
'Emerge 

Rint 
Gn^ (°), siXiQIX (A-') 
Range of A, k, I 

Refinement 
Refinement on F^ 
Ri 
WR2 

S 
No. of reflections used in the refinement 
No. of parameters refined 

After multipole refinement 
Weighting scheme 
R{F} 
RfF"} 
S 
No. of variables 
Nre/N, 

Cambridge Crystallographic Database 
Deposition No. 

CfiHsNjS, 
138.19 
Monoclinic 
P2,/n 
3.9558(1) 
10.5976(1) 
15.2959(2) 
90 
95.087(1) 
90 
1.437 
0.403 
638.71(2) 
0.30 X 0.41 X 0.33 
4 
288 
Siemens CCD 3 circle 
diffractometer 
MoKa(0.71073A) 
5.0 
130 (2) 
10829 
5549 
0.067 
0.040 
49.45,1.069 
-l<h<l 
-13</t<22 
-32< /<32 

0.042 
0.107 
1.02 
5549 
82 

0.045,0.114 
0.0293 
0.0474 
0.8726 
258 
23.1 
CCDC211331 
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Table 4.21 Bond lengths and angles for thionicotinamide VI 
Moiety Distance (A) Moiety Angle (°) 

C(l)-C(2) 
C(2)-N(l) 
N(l)-C(3) 
C(3)-C(4) 
C(5)-C(4) 
C(5)-C(l) 
C(6)-C(4) 
C(6)-N(2) 
C(6)-S(l) 
N(2)-H(2A) 
N(2)-H(2B) 
C(2)-H(2) 
C(3)-H(3) 
C(5)-H(5) 
C(1)-H(I) 

Moiety 
C(2)-C(l)-C(5) 
C(2)-C(l)-H(l) 
C(5)-C(l)-H(l) 

1.3846(11) 
1.3490(11) 
1.3365(10) 
1.3999(9) 
1.3951(10) 
1.3945(10) 
1.4888(9) 
1.3211(9) 
1.6791(7) 
1.01 
1.01 
1.08 
1.08 
1.08 
1.08 
Angle (») 
118.98(7) 
120.51(4) 
120.51(4) 

C(3)-C(4)-C(6) 
C(3)-N(l)-C(2) 
C(4)-C(5)-H(5) 
C(5)-C(4)-C(3) 
C(l)-C(5)-C(4) 
H(2A)-N(2)-H(2B) 
C(4)-C(6)-S(l) 
N(2)-C(6)-S(l) 
N(2)-C(6)-C(4) 
C(6)-N(2)-H(2A) 
C(6)-N(2)-H(2B) 
N(l)-C(3)-C(4) 
C(5)-C(4)-C(6) 
C(l)-C(5)-H(5) 
N(l)-C(3)-H(3) 
C(4)-C(3)-H(3) 
N(l)-C(2)-C(l) 
N(l)-C(2)-H(2) 
C(l)-C(2)-H(2) 

119.81(6) 
117.49(7) 
120.56(4) 
117.75(6) 
118.89(7) 
120 
120.57(5) 
123.09(5) 
116.33(6) 
120.00(4) 
120.00(4) 
123.86(7) 
122.44(6) 
120.56(4) 
118.07(4) 
118.07(4) 
123.03(7) 
118.48(4) 
118.48(4) 

The bond distances of the C-C and C-N bonds forming the pyridyl ring in 

thionicotinamide are ~ 1.4 and ~ 1.3 A, respectively, and the valence angles are nearly 

120°. The C=S bond is ~ 1.7 A. The N-H and C-H bonds were fixed at neutron values 

of 1.01 and 1.08 A, respectively. 

A static deformation density map is given for thionicotinamide in Figure 4.14. 

The sp - hybridized lone-pair (lying in the same plane as that of the molecule) on the 

N atom of the pyridyl ring is visible. The planes in which the sulphur and amino 

nitrogen lone-pairs appear are not depicted in the figure. The properties evaluated at 

the intramolecular bond critical points and at the ring critical point of the pyridyl ring 

are listed in Table 4.22. The pyridyl ring bonds have PBCP and V PBCP values in the 

range of 2.1 to 2.5 eA'̂  and -20 to -23 eA"̂ . The C=S bond has a much lower value of 

PBCP (1-42(3) eA'^) and V^BCP (-4.1(1) eA'^). The ellipticity values of the pyridyl ring 
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bonds vary from 0.13 to 0.32 and the X,3 values are in the range of 10 - 15 eA" .̂ The N-

H and the C-H bonds of the thiocarbonyl fragment have higher values of X,3 (see Table 

4.22). 

Figure 4.14: Static deformation density in the symmetry plane of thionicotinamide. 
Contour levels are given at 0.1 eA . 

Table 4.22 Charge density parameters for intramolecular bonds in thionicotinamide VI 
Bond PBCP 

ieAl. 
V PBCP 

i e A l i e A l 
>.3 

ieA;!! 
C(l)-C(2) 
C(2)-N(l) 
N(l)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(l) 
C(4)-C(6) 
C(6)-N(2) 
C(6)-S(l) 
N(2)-H(2A) 
N(2)-H(2B) 
C(l)-H(l) 
C(3)-H(3) 
C(5)-H(5) 

2.20(3) 
2.37(4) 
2.45(4) 
2.19(3) 
2.09(3) 
2.17(3) 
1.87(3) 
2.40(5) 
1.42(3) 
2.10(6) 
2.04(6) 
1.71(5) 
1.76(5) 
1.75(5) 

Ring critical point properties: 

-20.71(8) 
-20.9(2) 
-23.2(1) 
-22.54(8) 
-18.73(8) 
-19.76(8) 
-16.02(7) 
-28.7(2) 
-4.1(1) 

-28.6(3) 
-25.7(4) 
-14.6(2) 
-19.0(2) 
-17.4(2) 

PRCP = 0.20(2) 

-17.51 
-19.07 
-21.18 
-18.35 
-16.67 
-16.90 
-14.50 
-20.52 
-6.54 

-27.99 
-29.02 
-17.23 
-18.44 
-16.86 

-13.95 
-16.85 
-16.40 
-14.24 
-12.60 
-13.89 
-12.60 
-17.22 
-5.64 

-25.68 
-27.50 
-16.11 
-17.59 
-16.31 

eA-^vWp = 4.2(1) 

10.76 
15.06 
14.42 
10.05 
10.54 
11.02 
11.08 
9.04 
8.13 

25.04 
30.85 
18.80 
17.01 
15.80 

eA-̂  

0.26 
0.13 
0.29 
0.29 
0.32 
0.22 
0.15 
0.19 
0.16 
0.09 
0.06 
0.07 
0.05 
0.03 
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The two negative curvatures {X\ and X2) range between -6 eA'̂  to -30 eA"̂  for all the 

bonds in this system. The pyridyl ring exhibits an RCP (PRCP = 0.20(2) eA"^ V̂ pRCp = 

4.2(1) eA"^), which is comparable to that of benzene (0.16 eA"̂  and 3.81 eA"̂ ).̂ ^ 

Hydrogen bonds 

Thionicotinamide exhibits three unique hydrogen bonds in its crystal structure. 

The hydrogen bonding pattern is depicted in Figure 4.15. An intermolecular N-H---N 

bond (H---N, 2.950(1) A, 159.15(7)°) is found in the crystal. In addition, it also has an 

N-H---S bond (H---S, 3.414(1) A, 157.84(7)°). The presence of a C-H---S bond 

(2.744(1) A) can also be anticipated, although the hydrogen bonding angle is very 

small (101.23(6)°). Since the sulphur atom, S(l) hydrogen bonds to two different 

donor groups (N-H and C-H), the interaction could be termed as bifurcated, although 

the C-H---S hydrogen bond has an extremely unfavourable geometry. The geometrical 

and charge density parameters of the hydrogen bond CPs are listed in Table 4.23. 

The values of p and V p at the hydrogen bond CPs for the N-H- • -N bond (/) is 

greater than for the N-H---S bond (bi). No BCP was located for the C-H---S bond (b2) 

indicating the absence of such a bond. The D---A distances for the three types of 

hydrogen bonds (N-H---N, N-H---S and C-H---S) are of the order of 3 A (see Table 

4.23). 
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Figure 4.15: Unique hydrogen bonds in thionicotinamide (VI). Symbols I and b 
represent linear and bifurcated hydrogen bonds. Only the atoms involved in the 
formation of hydrogen bonds are labelled. 

Table 4.23 Hydrogen bond parameters for thionicotinamide VI 
H-Bond H--A 

(A) 
D - A 
iAL 

D-H--A PBCP 
(eA-^) 

V PBCP 

(eA-^) 
N(2)-H(2A)---N(1) (0 1-984(1) 2.950(1) 
N(2)-H(2B)-S(1) {b,) 2.457(1) 3.414(1) 

159.15(7) 0.140(22) 2.242(8) 
157.84(7) 0.112(15) 1.261(2) 

C(3)-H(3)-S(l) {b2) 2.744(1) 3.140(1) 101.23(6) 

4.1.6 Thioacetamide 

The asymmetric unit of thioacetamide (VII) consists of two symmetry-

independent molecules.^^ These molecules are different rotamers as shown in Figure 

4.16. The crystal structure occurs in a monoclinic, P2i/c space group. The crystal data 

and other experimental details are listed in Table 4.24. 
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Hie 

HIDC 

SI 

HIE 

^ ^ ^ ^ ^ ^ ^ 

Rotamer 1 

^ N 1 

H1B 

^ H I A 

S2 

H3A(3H 

H3B 

H2B 

^ ^ N 2 

1 H2A 

H3C 

Rotamer 2 

Figure 4.16: The ORTEP plot of thioacetamide. Thermal ellipsoids are given at 50% 
probability. The two rotamers are indicated. 

The bond distances and angles are given in Table 4.25. The two rotamers do not show 

very significant differences in their bond lengths and angles (C=S « 1.68 A, N-C « 

1.32A,C-C«1.51 A). 

Table 4.24 Crystal Structure data for thioacetamide VII 
Chemical formula 
Formula weight 
Cell setting 
Space group 
a (A) 
b(A) 
c(A) 
aO 
PO 
YO 
p (Mg/m^) 
H, mm'' 
Cell volume (A^) 
Crystal size (mm) 
Z 
F(OOO) 
Diffractometer 

Radiation type 
Crystal-detector distance (cm) 
Temperature (K) 

C4H10N2S2 
150.26 
Monoclinic 
P2i/c 
7.0377(1) 
9.9202(1) 
11.0268(2) 
90 
99.471(1) 
90 
1.314 
0.609 
759.35(2) 
0.30 X 0.25 X 0.28 
4 
320 
Siemens CCD 3 circle 
diffractometer 
MoK„ (0.71073 A) 
5.0 
130(2) 

268 



Results and discussion - Part 2 

Table 4.24 (continued) 
No. of measured reflections 
No. of independent reflections 
Emerge 

Rint 

e™« O , sine/A. (A-') 
Range ofh, k, I 

Refinement 
Refinement on F^ 
Ri 
wRz 
S 
No. of reflections used in the refinement 
No. of parameters refined 

After multipole refinement 
Weighting scheme 
R{F} 
R{F^} 

12259 
6101 
0.0 
0.043 
49.45,1.06 
-I4<h<\3 
-20<A:<19 
-20< /<22 

0.050 
0.122 
0.984 
6101 
113 

0.048,0.091 
0.032 
0.046 

S 0.9959 
No. of variables 257 
Ke/N, 18.6 
Cambridge Crystallographic Database CCDC211332 
Deposition No. 

But the most interesting experimental difference in the crystal structure is that in 

rotamer 1, C(2) and its three sp^ bonded atoms C(l), S(l) and N(l) are exactly planar. 

In addition, Nl and its sp^ bonded atoms, C2, HI A and HIB are also planar. But in 

rotamer 2, there are significant deviations from planarity with respect to both these 

four-atom groups. 

Table 4.25 Bond lengths and angles for thioacetamide VII 
Moiety Distance (A) Moiety Angle Q 

Rotamer 1 
C(l)-C(2) 
C(2)-N(l) 
C(2)-S(l) 
Rotamer 2 
C(3)-C(4) 
C(4)-N(2) 
C(4)-S(2) 

1.509(2) 
1.317(2) 
1.6758(12) 

1.498(2) 
1.317(2) 
1.6853(11) 

C(l)-C(2)-S(l) 
N(l)-C(2)-S(l) 
N(2)-C(4)-C(3) 

N(l)-C(2)-C(l) 
C(3)-C(4)-S(2) 
N(2)-C(4)-S(2) 

120.91(9) 
123.01(9) 
116.21(10) 

116.07(11) 
121.56(9) 
122.23(8) 
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In both the rotamers, the N-C-S bond angle is above 120° (123.01(9) ° in 1 and 

122.23(8)° in 2). This is consistent with the repulsion between partially negative 

nitrogen and sulphur atoms, causing the angle to increase above the expected value of 

120°. The rotamer 1 is in the planar form, with the nitrogen atom being sp^ hybridized. 

On rotation of this rotamer about the C-N bond, it changes to form sp^ hybridized 

pyramidal nitrogen atom in rotamer 2. The H-N-H angle is 118.5° in 1 and 121.1° in 2. 

Both the C-N-H angles decrease on going from 1 to 2. 

The non-planarity with respect to the sp^ C atom arises due to the €(577̂ ) 

pyramidalization, which is believed to be an intrinsic property of the asymmetric 

rotamers. This has been attributed to the presence of crystal - field forces like 

hydrogen bonding, van der Waals or dipole interactions. G. A. Jeffrey et al have 

studied the C sp^ and N atom pyramidalization in thioacetamide by comparing the 

results of a 15 K neutron diffraction experiment with ab initio molecular orbital 

calculations.̂ '̂' The two conformations arise due to the different orientations of the 

methyl groups. 

The static deformation density maps for the two rotamers are shown in Figure 

4.17. We see that in rotamer 1, there is a considerable mixing of the electron density 

contours across the C sp^ atom (the C(2) atom), but such a mixing is absent in the 

deformation map of the unsymmetrical rotamer 2. 

270 



Results and discussion - Part 2 

Mi?*>' - ^ 

|H(JB) 

Rotamer 1 Rotamer 2 

Figure 4.17: Static deformation density in the symmetry plane of thioacetamide. 
Contour levels are given at 0.1 eA'^. 

Table 4.26 lists bond critical point properties of the intramolecular bonds of the 

two rotamers. The pscp values for the C-S bonds of the two rotamers, 1 and 2 are 

-1.47 and 1.45 eA" ,̂ respectively. The corresponding Laplacians are -4.2 and -1.4 eA'̂  

(we see that there is considerable difference in the Laplacian values of the C-S bonds 

of the two rotamers). This explains that greater is the charge concentration between 

the carbon and the sulphur atoms, greater is the amount of sp^ character of the carbon 

atom of the C-S bond. The pecp values of the C-C bonds in the two rotamers differ by 

a value of ~ 0.18 eA"^ For the C-N bonds in 1 and 2, the densities at the BCP are 2.35 

and 2.42 eA'^, whereas the Laplacians are -25.0 and -24.7 eA'^ respectively. The C-N 

bonds are closer to the pecp values of C=N double bonds, which are -2.74 eA"'', are 
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much higher compared to those of the C-N single bonds, -1.87 eA" .̂ The bond orders 

for the C-N bonds in 1 and 2 are 0.96 and 1.02 eA"̂ , respectively. 

Table 4.26 Charge density parameters of the intramolecular bonds in the two rotamers 
(1 and 2) of thioacetamide, VII. Similar bonds in the two rotamers 1 and 2 are listed 
together. 

Bond PBCP V pecp A,i Xi X; •3 

(eA-^) (eA-^) (eA^) (eA'^) (eA^) 
1 C(l)-C(2) 
2 C(4)-C(3) 

1 C(2)-N(l) 
2 C(4)-N(2) 

1 C(2)-S(l) 
2 C(4)-S(2) 

1 N(1)-H(1A) 
2 N(2)-H(2A) 

1 N(1)-H(1B) 
2 N(2)-H(2B) 

1 C(1)-H(1C) 
2 C(3)-H(3A) 

1 C(1)-H(1D) 
2 C(3)-H(3B) 

1 C(1)-H(1E) 
2 C(3)-H(3C) 

1.78(4) 
1.96(4) 

2.35(5) 
2.42(6) 

1.47(4) 
1.45(6) 

2.3(1) 
2.3(1) 

2.4(1) 
2.2(1) 

1.8(1) 
1.9(1) 

1.67(9) 
1.71(9) 

1.7(1) 
1.9(1) 

-12.14(9) 
-16.36(7) 

-25.0(2) 
-24.7(3) 

-4.18(9) 
-1.4(2) 

-21.2(5) 
-27.4(7) 

-24.8(6) 
-20.8(7) 

-10.5(3) 
-13.3(2) 

-9.6(3) 
-10.1(2) 

-9.4(3) 
-13.3(3) 

-11.48 
-13.81 

-17.66 
-19.21 

-8.64 
-6.26 

-27.88 
-30.52 

-30.97 
-28.64 

-15.28 
-16.44 

-15.42 
-14.87 

-14.69 
-16.64 

-10.30 
-12.32 

-16.05 
-16.25 

-6.13 
-5.50 

-24.98 
-28.20 

-27.66 
-27.06 

-13.98 
-13.29 

-13.97 
-10.67 

-12.91 
-13.45 

9.64 
9.77 

8.67 
10.72 

10.59 
10.34 

31.71 
31.33 

33.87 
34.92 

18.75 
16.46 

19.78 
15.44 

18.20 
16.67 

0.11 
0.12 

0.10 
0.18 

0.41 
0.14 

0.12 
0.08 

0.12 
0.06 

0.09 
0.24 

0.10 
0.39 

0.14 
0.24 

The ellipticity values for the C-S and C-N bonds in the two rotamers are 0.41 

{C(2)-S(l)},0.14 {C(4)-S(2)} and 0.10 {C(2)-N(l)}, 0.18 {C(4)-N(2)}. 

The degree of the negative charge on the sulfur atoms in the two rotamers does 

not differ much, the pseudoatomic charges on the atoms, S(l) in 1 is -0.626e and S(2) 

in 2 is -0.551e. Also, there is a 0.01 A difference in the C-S bond distances, 1.676(12) 

in 1 and 1.685(11) A in 2. But, there are changes in the C-N bonds in 1 and 2. 

Although, their bond lengths, 1.317(2) A in 1 and 2 are the same, we see that there is a 
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net electron transfer from the thiocarbonyl carbon to the nitrogen atom in 1 (the 

pseudoatomic charge on C(2) in 1 is -0.215e), whereas there is an electron transfer 

from the nitrogen to the carbon atom in 2 (pseudoatomic charge on C(4) in 2 is -

0.239e). The opposite electron fransfer in 1 is atfributed to the nitrogen atom being 

relatively elecfronegative, thus atfracting elecfrons toward itself from the adjacent 

atoms. The Laplacian values of the C-N bond in rotamer 1 are -25.0 eA'̂  and -24.7 eA"̂  

in 2, showing that there is slightly a greater overlap in 1 than in 2. Also, there is a 

greater charge difference between the C and N atoms in 2 than in 1 as is seen in the 

degree of polarization of the C-N bond, 27.45% in 1 and 30.58% in 2. On the other 

hand, since sulphur has an electronegativity close to that of carbon, the C=S bond is not 

very strongly polarized (7.43% in 1 and 4.55% in 2). 

Hydrogen bonds 

In the crystal structure, the two rotameric forms are involved in N-H---S 

hydrogen bonding interactions. Figure 4.18 depicts the hydrogen bond pattern. The 

two forms alternate, forming a sfrong hydrogen-bonded ring, consisting of N-H---S 

hydrogen bonds. There are five unique hydrogen bonds that are shown in Figure 4.25. 

The N-H---S bond formed by the amino group of rotamer 1 is more linear (H--S = 

2.40 A, N-H---S = 175.8°) than that formed by the amino group of rotamer 2 (H---S = 

2.38 A, N-H---S= 174.4°). 

The geometrical data and charge density properties evaluated at the hydrogen 

bond critical points are given in Table 4.27. 
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VII 

Figure 4.18: Unique hydrogen bonds in thioacetamide (VII). Symbols I and b 
represent linear and bifurcated hydrogen bonds. Only the atoms involved in the 
formation of hydrogen bonds are labelled. 

Table 4.27 Hydrogen bond parameters for thioacetamide VII. 
H-Bond H- -A 

_iAL_ 
D - A 

_(A)_ 
D-H-

o 
PBCP V PBCP 

1.269(2) 
0.951(2) 
1.218(2) 

0.276(5) 
0.455(5) 

N(1)-H(1B)-
N(2)-H(2A)-
N(2)-H(2B)-

C(3)-H(3A)-
C(3)-H(3B)-

•S(2) 
•S(l) 
•S(l) 

(//) 
ih) 
ih) 

•S(l) (/.) 
•S(l) (h) 

2.463(12) 
2.381(15) 
2.520(12) 

2.792(12) 
2.877(10) 

3.434(1) 
3.401(1) 
3.472(1) 

3.813(2) 
3.700(1) 

158.8(16) 
174.3(17) 
155.1(16) 

154.3(15) 
134.2(15) 

0.076(32) 
0.035(28) 
0.093(26) 

0.012(10) 
0.034(9) 
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The electron densities at the H---S critical points for the N-H---S hydrogen bonds (//, 

I2 and I3) lie in the range 0.01 to 0.1 eA"̂  and the Laplacians are ~ 0.3 to 1.0 eA"̂ . Two 

C-H---S hydrogen bonds are formed employing two different C-H donors belonging to 

the same methyl group (/̂  and 15 in Figure 4.18). 

In the preceding sections (Sections 4.1.1 to 4.1.6), we have seen that hydrogen 

bonding interactions can be adequately described and classified by the properties of 

the electron density, p at the bond (3, -1) critical points, where the gradients of p 

vanish. The next two sections 4.2 and 4.3 deal with systematic correlations between 

geometrical and charge density parameters as well as an accurate topological analysis 

of bond paths in the hydrogen- • -acceptor regions. 

4.2 Investigations of trends in the geometrical and cliarge density 

parameters of hydrogen bonds 

For purposes of correlating charge density data with structural parameters, we 

have gathered the hydrogen bond parameters from the seven molecular systems 

studied by us (summarized in Table 4.28). From Table 4.28, we find that the 

hydrogen-acceptor distance in the 0-H---0 bonds lie in the range of 1.5 - 2.5 A, with 

angles between 131° and 176°. For N-H---0 bonds, the range shifts to ~ 1.8 - 2.7 A, 

and angles vary from ~ 119° to 174°. This is primarily due to the less acidic nature of 

the N-H group compared to the 0-H group. The C-H group, being even less acidic and 

hence a weak donor, exhibits much longer H---0 contacts in the range of 2.3 to 2.6 A. 
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Table 4.28 Geometrical and charge density parameters of the types of hydrogen bonds from 
the present study. 

Type of 
H-bond 

O-H- -O 

0 - H - O 

0-H- -0 
N-H--0 

C-H- -O 

C-H- -O 

O-H--N 

N-H---N 

N - H - N 
N-H---S 
C-H-S 

N-H---S 

C-H-S 

H - A 
(A) 

1.817(6) 
1.89(1) 
1.797(8) 
1.829(7) 
1.841(5) 
1.998(7) 

1.912(8) 
2.495(17) 
1.871(19) 
1.873(12) 
1.938(10) 
1.714(13) 

1.532(9) 
2.444(15) 
1.862(9) 

2.265(11) 
1.797(11) 
2.317(11) 
2.325(11) 
2.251(11) 

2.55(1) 
2.60(2) 
2.46(8) 
2.28(1) 
2.38(1) 
2.48(2) 
2.31(2) 
1.60(2) 
1.61(2) 

2.553(13) 
1.989(11) 
2.066(12) 
2.086(12) 
2.623(14) 
2.071(14) 

1.984(1) 
2.457(1) 
2.744(1) 

2.463(12) 
2.381(15) 
2.520(12) 
2.792(12) 
2.877(10) 

D " A 
(A) 

D - H - A 

n 
PBCP 
(eA-̂ ) 

Disodium croconate trihydrate I 
2.770(1) 
2.849(1) 
2.751(1) 
2.782(1) 
2.784(1) 
2.934(1) 

170.9(17) 
176.2(16) 
171.1(14) 
171.9(17) 
166.9(17) 
164.5(15) 

0.204(28) 
0.088(25) 
0.181(30) 
0.214(26) 
0.214(27) 
0.090(26) 

Disodium squarate trihydrate II 
2.853(1) 
3.204(1) 
2.806(1) 
2.828(1) 
2.872(1) 
2.664(1) 

166.4(12) 
131.0(13) 
163.8(19) 
172.5(10) 
163.9(14) 
169.6(12) 

0.068(25) 
0.031(7) 
0.141(29) 
0.105(33) 
0.142(25) 
0.233(34) 

Piperazine oxalate III 
2.544(1) 
3.255(1) 
2.789(1) 
2.912(1) 
2.763(1) 
3.345(1) 
3.389(1) 
3.289(1) 

174.1(16) 
134.8(11) 
147.5(14) 
119.1(8) 
153.8(10) 
156.3(9) 
164.4(9) 
158.1(9) 

0.385(44) 
-

0.123(22) 
-

0.148(28) 
0.058(11) 
0.056(10) 
0.068(10) 

Thiodiglycollic acid-4,4'-bipyridyl IV 
3.467(1) 
3.541(2) 
2.523(1) 
3.339(1) 
3.424(2) 
3.555(1) 
3.248(1) 
2.603(1) 
2.592(1) 

3.262(1) 
2.997(1) 
3.046(1) 
3.094(1) 
3.285(1) 
3.060(1) 

142(2) 
172(2) 
167(1) 
164(2) 
161(1) 
164(2) 
142(2) 
164(2) 
171(3) 

Melamine V 
126.9(13) 
176.4(12) 
162.7(16) 
175.3(13) 
123.1(8) 
165.5(12) 

0.029(7) 
0.035(7) 
0.030(10) 
0.035(14) 
0.029(12) 

.043(8) 
0.043(15) 
0.452(59) 
0.461(66) 

0.040(6) 
0.135(27) 
0.111(20) 
0.111(21) 
0.038(5) 
0.112(19) 

Thionicotinamide VI 
2.950(1) 
3.414(1) 
3.140(1) 

159.15(7) 
157.84(7) 
101.23(6) 

0.140(22) 
0.112(15) 

-
Thioacetamide VII 

3.434(1) 
3.401(1) 
3.472(1) 
3.813(2) 
3.700(1) 

158.8(16) 
174.3(17) 
155.1(16) 
154.3(15) 
134.2(15) 

0.076(32) 
0.035(28) 
0.093(26) 
0.012(10) 
0.034(9) 

V^PBCP 
(eA-') 

3.32(1) 
2.52(1) 
2.97(1) 
3.00(1) 
3.02(1) 
1.94(1) 

2.31(1) 
0.647(3) 
2.95(1) 
3.56(3) 
2.75(1) 
4.44(3) 

5.95(8) 
-

3.02(1) 
-

3.87(2) 
1.192(2) 
1.136(1) 
1.246(1) 

0.557(3) 
0.598(3) 
0.637(3) 
0.866(2) 
0.837(2) 
0.692(3) 
1.078(2) 
4.96(8) 
5.42(9) 

0.682(2) 
2.57(2) 
2.15(1) 
1.96(1) 

0.605(2) 
2.213(6) 

2.242(8) 
1.261(2) 

-

1.269(2) 
0.951(2) 
1.218(2) 
0.276(5) 
0.455(5) 

A., 
(eA-') 

-1.07 
-0.49 
-0.96 
-1.14 
-1.12 
-0.46 

-0.55 
-0.17 
-0.98 
-0.46 
-0.74 
-1.54 

-2.78 
-

-0.75 
-

-0.80 
-0.26 
-0.24 
-0.32 

-0.13 
-0.12 
-0.10 
-0.17 
-0.12 
-0.17 
-0.15 
-3.08 
-3.34 

-0.16 
-0.71 
-0.64 
-0.57 
-0.13 
-0.53 

-0.88 
-0.41 

-

-0.40 
-0.21 
-0.40 
-0.10 
-0.13 

^ 
(eA-') 

-1.06 
-0.41 
-0.92 
-1.11 
-1.10 
-0.40 

-0.25 
-0.09 
-0.69 
-0.44 
-0.64 
-1.34 

-2.71 

-0.52 

-0.75 
-0.23 
-0.21 
-0.27 

-0.10 
-0.12 
-0.09 
-0.11 
-0.11 
-0.16 
-0.13 
-2.93 
-3.01 

-0.12 
-0.64 
-0.50 
-0.50 
-0.11 
-0.51 

-0.64 
-0.39 

-

-0.29, 
-0.09 
-0.37 
-0.02 
-0.09 

^3 
(eA-') 

5.45 
3.41 
4.85 
5.25 
5.25 
2.80 

3.11 
0.91 
4.62 
4.46 
4.12 
7.31 

11.43 

4.28 

5.42 
1.68 
1.59 
1.83 

0.78 
0.83 
0.82 
1.15 
1.07 
1.02 
1.36 

10.97 
11.77 

0.96 
3.92 
3.29 
3.03 
0.84 
3.24 

3.76 
2.06 

-

1.96 
1.25 
1.99 
0.40 
0.67 
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With N-H as a donor, and N or S atoms as acceptors, the H---A distances are 

longer ( 2 - 3 A), with angles between 150° - 170°. For hydrogen bonds such as C-

H---S, the H---S distances are very long, ~ 2.8 - 2.9 A, with angles o f - 130° -

150°. In general, hydrogen bonds with 0(-H) and N(-H) as donor groups and 

acceptors (such as those found in the oxocarbon dianions, piperazine-oxalate, 

melamine, thionicotinamide) have a more favourable geometry, compared to those 

with C-H as a donor or sulphur atom as the acceptor (found in systems like 

thiodiglycoUic acid-bipyridine, thionicotinamide and thioacetamide). Nevertheless, 

the latter hydrogen bonds may be sometimes useful in stabilizing the crystal 

packing of the molecules. 

In Figure 4.19, typical deformation density maps are shown for the 

different types of hydrogen bonds. Concentric contours typify the various bonding 

regions in the molecule between the atom-cores. The maps clearly reveal 

significant features such as bond regions and lone-pair (non-bonding) regions. 

There is an accumulation of charge density in the bonding region between the 

donor atom and the hydrogen atom resulting in a shared interaction. On the other 

hand, in the hydrogen bond (H---A) region, there is depletion of charge density 

between the two nuclei. This is due to the closed-shell interaction. Accordingly, 

small densities and small and positive Laplacians are to be expected at the bond 

critical points. 

For the thirteen 0-H---0 bonds examined experimentally in our study, the 

electron densities (p) and the Laplacians (V^p) at the bond critical point, are 

generally in the range of- 0.1 to 0.2 eA"̂  and - 2 to 3 eA" ,̂ respectively (see Table 

277 



Results and discussion - Part 2 

1.532 A, 174.1° 

(a )O-H-O 

1.862 A, 147.5° , 

, , - ' ' (b )N-H-- -0 

2.317 A, 15613° 

(c)C-H- -O 

1.61 A, 171° 

(d)O-H---N 

.̂ 1.989 A, 176.4° 

(e)N-H---N 

2.463 A, 158.8°'\ 

(f)N-H---S 

2.877 A, 134.2° 

(g )C-H-S 

Figure 4.19: Static deformation density maps in the hydrogen bond plane for (a) 
O-H-O. (b) N-H---0. (c) C-H-O, (d) 0-H---N, (e) N-H---N, (ft N-H• •-S and (g) 
C-H---S (contours at intervals of 0.1 eA'). The numbers on top of each map refer 
to the H---A distance and the D-H---A angle (see Table 4.28). The deformation 
density was obtained by subtracting the spherical atomic densities from the total 
charge density, Sp(r) = p """'(rj - ff^°(r). Solid lines indicate positive contours; 
dotted lines, negative contours and dashed lines, zero contours. 

278 



Results and discussion - Part 2 

4.28). The two exceptions are the short bond (H---0, 1.532(9) A) in piperazine 

oxalate for which p and V^p are 0.39(4) eA"̂  and 5.95(8) eA"̂  respectively, and the 

long bond (H---0, 2.495(17) A) formed by the squarate ion. The electron density 

and Laplacian value for the longer 0-H---0 bond (H---0, 2.495(17) A) are 0.03(1) 

eA"̂  and 0.647(3) eA'^, respectively. The N-H---0 bonds formed by piperazine 

oxalate exhibit H---0 densities and Laplacians of ~ 0.1 eA"̂  and 3 eA'̂  

respectively. We do not, however, find critical points for the longer N-H---0 

bonds in piperazine oxalate (H---0, 2.3 - 2.4 A). The two 0-H---N bonds in the 

thiodiglycolic acid-bipyridine complex exhibit higher electron densities and 

Laplacians (~ 0.5 eA"̂  and ~ 5 eA'^) at the H---N critical points. The H---N critical 

points of the N-H---N bonds in melamine have much lower values of p (0.04 -

0.14 eA"̂ ) and V ^ (0.6 - 2.6 eA"^). The H---S regions of the N-H---S bonds in 

thioacetamide and thionicotinamide carry small densities of -0.04 -0.11 eA'̂  and 

Laplacians of-1.3 - 2.1 eA"̂  at their critical points. The C-H---0 bonds in the 

thiodiglycolic acid-bipyridine complex exhibit similar densities and Laplacians. 

Among the various hydrogen bonds studied, the C-H---S bonds in thioacetamide 

carry the smallest densities (0.01 - 0.03 eA'^) and Laplacians (-0.3 - 0.5 eA'^). 

Among the various charge density descriptors, the total density and Laplacian at 

the hydrogen bond CPs were chosen to be plotted to against the important 

geometric parameter, H---A distance, as shown in Figure 4.20. Both p and V^p are 

observed to decrease exponentially with the H---A distance, although the latter 

shows a better trend. The fits are not as good as one would desire. 
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(a ) 0.5-

0.4-

0.3-

^ 
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0-H. 
N-H. 
C-H. 
0-H. 
N-H. 
N-H. 
C-H. 

.0 
.0 
.0 
..N 
.N 
.S 
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—1 1 1 1 1 1 1 1 \ 1 1 1 1 1 1 

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

dH...A(A) 

(b) 

5-

^ -
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1 -

- 1 1 1 1 1 1 1 1 1 1 1 \ 1 1 1 1 
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dH...A(A) 

Figure 4.20: (a) Plot of the total density pscp versus the hydrogen bond distance, 
dn.Afor the hydrogen bonds (see Table 4.28). (b) Plot of the Laplacian of the 
electron density, ^PBCP, versus the hydrogen bond distance, dH..j, showing an 
approximate exponential dependence. The hydrogen bond depicting each symbol 
is shown in the top right-hand corner. 
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The correlation factors, R, are 0.89 (standard deviation, 0.17) for the total electron 

density plot, and 0.97 (standard deviation, 0.16) for the Laplacian plot, 

respectively, quantifying that the spread in the data across the exponential fit is 

larger in the case of the total density than the Laplacian. The observed trends in 

Figure 4.20 can be confidently ascertained by increasing the number of data 

points. For this purpose, a variety of systems, such as aromatic alcohols, 

dicarboxylic acids, nitriles, heterocyclic compounds, amine complexes, amino 

acids and peptides, were chosen from the literature. The hydrogen bonds formed 

by these systems are listed in Tables 4.29 - 4.31. The numbers in the last column in 

each table indicate the reference numbers (see appropriate references). 

The tables comprise 32 0-H---0 bonds (Table 4.29), 63 N-H---0 bonds 

(Table 4.30) as well as 71 C-H---0, 10 C-H---N and 2 C-H---C bonds (Table 

4.31). Taking all the available data from Tables 4.28 - 4.31, we find that the 

hydrogen-acceptor distance in the 0-H---0 bonds lie in the range of 1.4 - 2.6 A, 

with angles between 126° and 175°. For N-H---0 bonds, the range shifts to ~ 1.7 -

2.7 A, and angles vary from ~ 90° to 178°. The C-H group exhibits much longer 

H---0 contacts in the range of 2.2 to 3.0 A. Similarly, with N or C atoms as 

acceptors, the H- • • A distances are longer (2 -3 A). 

The H---0 densities and Laplacians of the 0-H---0 bonds from the 

literature lie in the range 0.1 - 0.6 eA'̂  and 0.3 to 6.0 eA"̂  respectively (see Table 

4.29). The N-H---0 bonds (Table 4.30) exhibit densities and Laplacians of the 

order of ~ 0.1 - 0.3 eA'̂  and ~ 1 - 5 eA•^ The C-H---0 bonds (Table 4.31) have 

slightly lower densities (~ 0.01 - 0.08 eA'^) and Laplacian values (0.2 - 1.6 eA"^). 
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On the other hand, the C-H---N and C-H---C bonds (Table 4.31) have much lower 

values of pH.A (0.03 to 0.06 eA"̂ ) and V^p (0.4 - 2.2 eA"^). 

Table 4.29 Geometrical and charge density parameters of the 0 - H - O bonds from the literature 
Type of H - A D---A D - H - A pecp V^BCP ^i ^2 ^3 Ref. 
H-bond (A) (A) C) (eA^ )̂ (eA" )̂ (eA'^) (eA^) (eA'^) no. 
0 - H - O L-Arginine phosphate monohydrate 94 

1.589 
1.570 
1.793 
1.847 

1.798 
1.824 
1.879 
1.889 
1.926 

1.791 
1.705 
1.85 

1.97 
1.731 
1.753 
1.803 
1.643 

1.691 
1.561 

1.760 
1.880 

2.594 
2.560 
2.779 
2.749 

Leu 
2.773 
2.757 
2.801 
2.799 
2.890 

172.5 
169.7 
172.4 
154.0 

0.30 
0.27 
0.19 
0.18 

5.53 
6.30 
3.84 
3.03 

-enkephaline trihydrate 
172.2 
162.8 
160.5 
156.2 
173.9 

0.21 
0.19 
0.15 
0.16 
0.10 

4.16 
3.77 
3.46 
3.26 
3.11 

L-tyrosyl-glycyl-glycine monohydrate 
2.752 
2.655 
2.800 

Glycyl 
2.910 
2.690 
2.696 
2.766 
2.583 

2.532 
2.473 

2.717 
2.816 

175.7 
167.8 
166.7 

0.19 
0.21 
0.17 

3.80 
3.61 
3.24 

L-aspartic acid dihydrate 
126.3 
172.7 
166.2 
170.9 
165.3 

0.09 
0.20 
0.19 
0.13 
0.31 

Citrinin 
152.2 
154.7 

L-
166.3 
160.9 

0.35 
0.54 

Dopa 
0.22 
0.20 

2.65 
4.81 
4.22 
4.21 
5.09 

4.44 
4.74 

3.90 
3.50 

-1.46 
-1.76 
-1.02 
-0.83 

-1.25 
-1.11 
-0.81 
-0.81 
-0.39 

-0.97 
-1.19 
-0.83 

-0.43 
-0.92 
-0.97 
-0.64 
-1.88 

-2.12 
-3.55 

-1.34 
-1.45 

-1.40 
-1.60 
-0.95 
-0.75 

-1.14 
-1.04 
-0.79 
-0.77 
-0.18 

-0.92 
-1.17 
-0.79 

-0.35 
-0.92 
-0.86 
-0.45 
-1.76 

-1.94 
-3.39 

-1.28 
-1.05 

8.39 
9.66 
5.81 
4.61 

6.55 
5.92 
5.06 
4.84 
3.67 

5.69 
5.97 
4.86 

3.43 
6.65 
6.05 
5.04 
8.73 

8.51 
11.68 

6.52 
6.00 

95 

96 

96 

97 

98 

Methyl ammonium hydrogen succinatemonohydrate 42 
1.848 2.796 167.5 0.20 2.23 -1.22 -1.15 4.61 

Cinnamic acid and photodimer 53a 
1.40 
1.67 
1.68 

1.72 
1.702 
1.705 
1.706 

1.909 

1.890 
2.461 

2.617 
2.627 
2.633 

162.4 
174 

172.1 

0.6 
0.19 
0.28 

1.9 
5.31 
5.13 

Aliphatic dicarboxylic acids 
2.649 
2.659 
2.662 
2.655 

2.832 

2.832 
3.196 

173 
174 
175 
170 

0.21 
0.20 
0.17 
0.23 

p-nitrophenol (P-form) 
160.6 0.11 

p-nitrophenol (a-form) 
166.4 
133.2 

0.19 
0.04 

6.17 
5.7 
5.2 

4.25 

4.66 

2.43 
0.56 

-5.79 
-1.53 
-1.82 

-1.34 
-1.04 
-0.83 
-1.39 

-0.71 

-1.35 
-0.13 

-5.33 
-1.02 
-1.80 

-1.21 
-1.00 
-0.79 
-1.27 

-0.45 

-1.11 
-0.11 

13.05 
7.86 
8.75 

8.71 
7.68 
6.83 
6.91 

5.82 

4.89 
0.80 

99 

45 

45 
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Table 4.30 Geometrical and charge density parameters 
Type of H...A 
H-bond (A) 

N - H - 0 
1.739 
1.767 
1.815 
1.831 
1.883 
1.982 
2.172 

1.653 
1.826 
1.941 
1.941 
1.987 
2.079 
2.385 

1.718 
1.773 
1.838 
1.922 
1.998 

1.881 
1.957 
1.890 
1.822 

1.960 
1.940 
1.830 

1.858 
1.725 

1.834 
1.910 
1.792 

1.832 
1.875 
1.941 
1.965 
2.005 
2.136 
2.608 
1.745 
1.883 
1.750 

1.827 
1.832 
1.722 

D..,A 
(A) 

D-H...A 
(") 

PBCP 
(eA-^) 

L-Arginine phosphate mono 
2.772 
2.795 
2.824 
2.845 
2.879 
2.922 
3.062 

2.660 
2.871 
2.839 
2.925 
2.977 
3.064 
3.020 

167.2 
168.8 
161.2 
171.9 
166.7 
151.7 
144.0 

0.19 
0.15 
0.17 
0.15 
0.14 
0.10 
0.06 

oftheN-H 

V^PBCP 
(eA-^) 

ihydrate 
4.24 
4.55 
3.75 
3.56 
2.57 
2.26 
1.39 

Leu-enkephalin trihydrate 
160.9 0.31 5.27 
171.1 
140.3 
156.4 
154.7 
155.9 
118.0 

0.13 
0.13 
0.09 
0.11 
0.06 
0.08 

4.69 
2.69 
2.91 
2.53 
1.92 
1.12 

L-Tyrosyl-glycyl-glycinemonohydrate 
2.745 172.1 0.25 4.32 
2.690 
2.865 
2.906 
2.853 

1 

2.885 
2.987 
2.811 
2.759 

2.964 
2.854 
2.811 

145.9 
174.2 
158.8 
138.7 

Glycyl - L-
168.4 
169.7 
145.1 
149.3 

168.9 
149.8 
162.4 

0.22 
0.17 
0.13 
0.14 

3.42 
3.37 
2.44 
2.31 

aspartic acid dihydrate 
0.12 2.93 
0.05 
0.18 
0.17 

L-Dopa 
0.15 
0.19 
0.24 

2.60 
2.58 
3.12 

2.65 
2.91 
3.64 

Methyl ammonium hydrogen succinate 
2.866 164.9 0.22 1.86 
2.763 178.1 0.29 2.46 

• 0 bonds from the literature 

(eA-') 

-1.07 
-0.87 
-0.73 
-0.68 
-0.72 
-0.46 
-0.27 

-1.98 
-0.78 
-0.68 
-0.47 
-0.52 
-0.29 
-0.28 

-1.30 
-1.21 
-0.86 
-0.59 
-0.67 

-0.46 
-0.23 
-0.92 
-0.90 

-0.71 
-0.92 
-1.40 

^2 

(eA-*) 

-0.97 
-0.82 
-0.82 
-0.59 
-0.58 
-0.42 
-0.22 

-1.90 
-0.71 
-0.64 
-0.41 
-0.51 
-0.23 
-0.22 

-1.24 
-0.98 
-0.83 
-0.48 
-0.66 

-0.41 
-0.17 
-0.73 
-0.75 

-0.64 
-0.89 
-1.30 

monohydrate 
-1.40 -1.30 
-1.99 

Deuterated methyl-ammonium hydrogen 
maleate 

2.837 
2.897 
2.819 

2.731 
2.899 
2.902 
2.909 
2.960 
3.075 
2.731 
2.724 
2.909 
2.776 

2.835 
2.814 
2.792 

161.2 
160.2 
169.2 

0.24 
0.19 
0.29 

Triglycine 
143.4 0.18 
171.6 
153.7 
150.6 
101.0 
150.5 
140.2 
156.7 
171.5 
173.1 

0.09 
0.12 
0.11 
0.07 
0.08 
0.05 
0.21 
0.25 
0.24 

L-Alanine 
161.0 
161.2 
169.5 

0.19 
0.20 
0.27 

2.1 
2.0 
1.7 

3.63 
3.96 
2.73 
2.73 
2.20 
1.69 
0.84 
4.17 
2.44 
4.01 

3.50 
3.60 
4.70 

-1.6 
-1.1 
-2.0 

-1.05 
-1.17 
-0.56 
-0.53 
-0.29 
-0.34 
-0.18 
-1.26 
-1.15 
-1.39 

-1.10 
-1.20 
-1.70 

-1.91 

-1.4 
-1.0 
-1.8 

-0.91 
-1.17 
-0.54 
-0.48 
-0.25 
-0.33 
-0.14 
-1.15 
-1.13 
-1.35 

-1.10 
-1.20 
-1.70 

(eA-^ 

6.28 
6.24 
5.30 
4.83 
3.87 
3.14 
1.88 

9.15 
6.18 
4.01 
3.79 
3.56 
2.44 
1.62 

6.86 
5.61 
5.06 
3.52 
3.64 

3.80 
3.00 
4.23 
4.77 

4.01 
4.72 
4.56 

4.56 
6.36 

5.1 
4.2 
5.6 

5.59 
4.80 
3.83 
3.74 
2.86 
4.37 
1.16 
6.57 
4.72 
6.75 

5.70 
6.00 
8.10 

;" 

Ref 
.no. 
94 

95 

96 

96 

98 

42 

35a 

100 

101 
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Table 4.30 {continued) 

1.814 
1.849 

1.979 
1.918 
1.863 

1.940 
2.634 

2.067 
2.009 

1.770 

1.777 
1.910 
1.844 

1.82 
1.86 
1.84 

1.804 

1.885 
2.221 
1.936 
2.180 

1.7233 

2.2228 
2.7436 
2.3180 

(Z)-N-Acetyl-P-dihydro-phenylalanine 
2.835 170.5 0.22 
2.869 170.3 0.19 

N-Acetyl-L-Tryptophan 
methylamide 

3.010 173.9 0.15 
2.880 155.0 0.21 
2.890 172.1 0.22 

Ammonium dihydrogen 
phosphate 

2.889 156.8 0.22 
3.172 89.2 0.04 

Urea 
2.960 147.6 0.08 
2.998 166.8 0.06 

1 -methyluracil 
0.23 

L-Cystine 
2.785 164.4 0.21 
2.827 146.3 0.16 
2.803 153.2 0.20 

5-nitrouracil 
2.82 174.1 0.181 
2.86 169.3 0.166 
2.80 155.9 0.158 

2.794 166.0 0.147 
Urea-phosphoric acid 

2.893 171.4 
3.090 143.9 
2.943 170.1 0.18 
3.064 146.2 

P-NTO 
0.290 

2-methyl-5-nitroaniline 
153.83 0.065 
142.28 
145.48 0.066 

3.58 
3.33 

2.15 
2.06 
2.31 

2.12 
0.69 

1.54 
2.32 

2.10 

3.92 
2.47 
2.82 

3.321 
2.878 
2.993 
3.048 

-
-

1.04 
-

4.06 

1.07 
-

0.66 

-1.32 
-1.09 

-0.68 
-1.05 
-1.20 

-1.10 
-0.14 

-
-

-1.90 

-0.99 
-0.70 
-0.93 

-0.93 
-0.87 
-0.83 
-0.84 

-
-

-1.16 

-1.74 

-0.35 
-

-0.33 

-1.24 
-1.06 

-0.67 
-0.99 
-1.04 

-0.98 
-0.12 

-
-

-1.70 

-1.01 
-0.77 
-0.95 

-0.90 
-0.84 
-0.81 
-0.76 

-
-

-1.14 
-

-1.55 

-0.27 
-

-0.29 

6.14 
5.48 

3.51 
4.11 
4.55 

4.21 
0.95 

-
-

5.70 

5.92 
3.94 
4.71 

5.15 
4.59 
4.64 
4.64 

-
-

3.34 
-

7.36 

1.69 
-

1.28 

102 

103 

104 

18 

52a 

105 

48 

43 
-
-

43 

49 

'-' indicates non-availability of the data. 
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Table 4.31 Geometrical and cl 
bonds from the literature/ 
Type of H...A 
H-bond (A) 

C-H- -O 
2.481 
2.615 
2.818 
2.939 
2.600 
2.67 
2.55 
2.60 
2.42 
2.75 

2.637 
2.437 
2.930 

2.97 
2.69 
2.74 
2.89 
3.02 
2.779 
2.803 
2.937 
2.710 
2.623 
2.832 
2.988 
2.761 
2.765 
2.986 
2.716 
2.978 
2.765 
2.958 

2.382 
2.345 
2.400 

2.509 
2.406 

2.219 
2.463 
2.529 
2.540 

2.370 
2.340 

2.7521 
2.3503 

D...A 
(A) 

liarge density parameters of the C-H- -O, C - H - N and C-H-C 

D-H..,A 

o 
PBCP 

(eA-̂ ) 
V PBCP 
(eA-') 

Cinnamic acid and photodimer 
3.386 
3.641 
3.690 
3.714 
3.315 
3.525 
3.490 
3.493 
2.938 
3.176 
3.634 
3.404 
3.616 

141.2 
159.4 
139.6 
130.3 
124.3 
137 
148 
140 
108 
103 

153.9 
148.9 
122.9 

0.027 
0.011 
0.016 
0.017 
0.052 
0.048 
0.031 
0.018 
0.034 
0.071 
0.020 
0.037 
0.023 

0.648 
0.300 
0.319 
0.277 
0.759 
0.683 
0.622 
0.427 
0.576 
1.146 
0.438 
0.811 
0.355 

Aliphatic dicarboxylic acids 
3.883 145 0.023 0.338 
3.180 
3.421 
3.512 
3.860 
3.574 
3.717 
3.775 
3.228 
3.294 
3.724 
3.930 
3.421 
3.194 
3.878 
3.278 
4.016 
3.453 
3.605 

3.317 
3.372 
3.305 

3.336 
3.359 

3.161 
3.136 
3.016 
3.190 

-

3.275 

108 
120 
119 
127 
132 
145 
137 
110 
121 
142 
137 
120 
104 
142 
113 
168 
123 
122 

0.047 
0.043 
0.026 
0.021 
0.039 
0.030 
0.029 
0.057 
0.053 
0.033 
0.019 
0.040 
0.048 
0.026 
0.044 
0.019 
0.036 
0.030 

p-nitrophenol (p-form) 
143.3 0.08 
157.3 
139.9 

0.04 
0.01 

p-nitrophenol (a-form) 
132.1 0.03 
145.7 0.04 

Triglycine 
144.0 0.10 
119.0 
106.1 
116.2 

0.07 
0.07 
0.06 

1-methyluracil 
0.07 

- 0.06 
2-methyl-5-nitroaniline 

128.6 0.030 
142.1 0.061 

0.681 
0.636 
0.397 
0.344 
0.516 
0.419 
0.393 
0.750 
0.727 
0.424 
0.289 
0.536 
0.638 
0.327 
0.591 
0.252 
0.523 
0.410 

1 

1.15 
0.66 
0.26 

1 

0.81 
0.89 

1.56 
1.06 
1.01 
0.85 

1.10 
0.60 

0.444 
0.991 

(eA-') 

-0.14 
-0.04 
-0.05 
-0.05 
-0.17 
-0.18 
-0.14 
-0.10 
-0.15 
-0.27 
-0.09 
-0.13 
-0.07 

-0.07 
-0.12 
-0.14 
-0.08 
-0.07 
-0.12 
-0.09 
-0.09 
-0.17 
-0.17 
-0.10 
-0.05 
-0.10 
-0.09 
-0.07 
-0.10 
-0.05 
-0.10 
-0.08 

-0.44 
-0.25 
-0.08 

-0.12 
-0.18 

-0.40 
-0.24 
-0.25 
-0.20 

-0.40 
-0.40 

-0.11 
-0.26 

A.2 
(eA-̂ ) 

-0.09 
-0.03 
-0.05 
-0.04 
-0.17 
-0.16 
-0.09 
-0.05 
-0.06 
-0.20 
-0.06 
-0.12 
-0.06 

-0.06 
-0.11 
-0.11 
-0.07 
-0.03 
-0.11 
-0.08 
-0.08 
-0.13 
-0.10 
-0.09 
-0.05 
-0.01 
-0.07 
-0.07 
-0.04 
-0.05 
-0.08 
-0.04 

-0.27 
-0.24 
-0.05 

-0.06 
-0.12 

-0.37 
-0.22 
-0.15 
-0.17 

-0.30 
-0.30 

-0.08 
-0.20 

A.3 
(eA-̂ ) 

0.87 
0.37 
0.42 
0.36 
1.10 
1.01 
0.86 
0.58 
0.78 
1.62 
0.59 
1.07 
0.48 

0.47 
0.91 
0.88 
0.54 
0.44 
0.75 
0.59 
0.56 
1.05 
1.00 
0.61 
0.39 
0.65 
0.80 
0.47 
0.73 
0.35 
0.70 
0.53 

1.80 
1.14 
0.38 

0.99 
1.19 

2.33 
1.52 
1.41 
1.22 

1.90 
1.30 

0.63 
1.45 

Ref 
no. 
53a 

99 

45 

45 

100 

52a 

49 
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Table 4.31 {continued) 
2.9573 

2.583 
2.519 
2.498 
2.591 

2.351 
2.453 
2.689 
2.727 
2.776 
2.907 
2.942 
2.574 
2.694 
2.787 
2.858 
2.875 
2.517 
2.543 
2.57 
2.594 
2.969 
2.219 
2.232 
2.211 
2.248 

C-H--N 
2.594 
2.780 
2.443 

2.564 
2.840 
2.586 
2.560 
2.886 

2.0544 

2.7610 
C-H-C 

2.6473 
3.0109 

154.3 0.024 0.284 -0.07 -0.04 
Lithium bis (tetramethylammonium) hexanitro cobalt (III) 
3.607 
3.251 
3.543 
3.476 

156.7 
124.4 
169.7 
140.9 

0.02 
0.05 
0.04 
0.03 

0.36 
0.77 
0.66 
0.59 

3,4-Bis(dimethylamino)-3-cyclobutene-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

0.07 
0.06 
0.03 
0.02 
0.03 
0.03 
0.03 
0.04 
0.03 
0.02 
0.03 
0.03 
0.03 
0.04 
0.01 
0.04 
0.02 
0.11 
0.11 
0.11 
0.12 

Monothionitrile 
3.617 
3.633 
3.463 

3.541 
3.500 
3.631 
3.603 
3.554 

-

162.0 
137.5 
161.2 

0.032 
0.025 
0.05 

Dithionitrile 
152.8 
120.6 
168.6 
167.8 
121.3 

0.035 
0.042 
0.04 

0.040 
0.048 

p-NTO 
- 0.139 

2-methyl-5-nitroanilinf 
- 151.1 0.037 

2-methyl-5-nitroaniline 
-
-

160.3 
142.5 

0.062 
0.026 

0.87 
0.75 
0.55 
0.49 
0.48 
0.35 
0.33 
0.61 
0.47 
0.33 
0.39 
0.31 
0.66 
0.75 
0.23 
0.67 
0.27 
1.51 
1.57 
1.50 
1.39 

0.522 
0.420 
0.691 

0.653 
0.523 
0.619 
0.522 
0.566 

2.161 

0.467 

0.597 
0.382 

-0.04 
-0.16 
-0.21 
-0.17 

-1,2-dione 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-0.12 
-0.08 
-0.20 

-0.10 
-0.14 
-0.16 
-0.09 
-0.15 

-0.63 

-0.16 

-0.19 
-0.08 

-0.01 
-0.15 
-0.05 
-0.08 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
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-0.17 

-0.09 
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0.40 
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0.65 
0.48 
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0.84 
0.58 
0.41 
0.53 
0.41 
0.70 
0.94 
0.29 
0.82 
0.34 
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0.74 
0.56 
1.06 

0.85 
0.77 
0.91 
0.68 
0.78 

3.40 

0.75 

0.87 
0.48 

106 

37a 

48 

48 

43 

49 
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'-' indicates non-availability of the data. 
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In Figures 4.21a and b, the electron density and the Laplacian at the H---A 

critical points from the literature and from our data points are plotted against the 

H---A distance. These plots show that the PBCP and V pecp of the H---A bonds 

decrease exponentially with the H- • -A distance. 
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Figure 4.21: Data points from literature and inclusive of our data: (a) Plot of the 
total density PBCP versus the hydrogen bond distance, du-Afor the hydrogen bond, 
(see Tables 4.29-4.31). (b) Plot of the Laplacian of the electron density, V^PBCP, 

versus the hydrogen bond distance, dn-.A, showing an approximate exponential 
dependence. The hydrogen bond depicting each symbol is shown in the top right-
hand corner. 

287 



Results and discussion - Part 2 

It is indeed surprising that with increase in the number of data points, there is still 

a large dispersion of point across the fit for the total density plot (R-value 0.91), 

and the dispersion is only slightly lesser for the Laplacian plot (R-value 0.95). 

The individual eigenvalues, X\, are of interest. For hydrogen bonds, the 

perpendicular curvatures, "ki and X,2, are small in magnitude. The curvature along 

the intemuclear vector (X-3) can, however, be relatively large and positive. For 

hydrogen bonds from our study, we find that most of the 0-H- • -O bonds exhibit X-a 

values of ~3 to 7 eA" ,̂ with the exception of the longest bond (0.91 eA"̂ ) and the 

shortest bond (11.43 eA"^). The values for 0-H---0 bonds from the literature span 

between 0.4 and 13.0 eA'^, the X\ and X2 values being nearly equal, in the range -

0.1 to -6.0 eA'^. Similar values for X\ are found for the 0-H---N bonds. However, 

the N-H---0 bonds exhibit ^i values over a narrower range (A,3, 1 to 7 eA'^; X\ and 

A,2, -0.2 to -2.0 eA'^). The other types of hydrogen bonds are associated with 

smaller curvatures. We see that for a hydrogen bond interaction (H---A), the two 

perpendicular curvatures (X,i and ,̂2) are small in magnitude, whereas the positive 

curvature of the electron density (X3 along the intemuclear vector) is much larger in 

magnitude. This shows that X,3 is the dominant curvature for such closed-shell 

interactions, as there is a depletion of electron density in the H- • -A region. 

In Figure 4.22a, we show the plot of ,̂3 against the H---A distance for the 

hydrogen bonds from our study. An exponential fit of the form, A,3 = Aexp(-

BxdH.A) with a correlation factor, R, of 0.96 (standard deviation 0.11) is obtained. 

The A and B values are 0.8(2) x 10̂  and 2.8(1), respectively (R, 0.96 and standard 
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deviation, 0.11). A plot of ^3 versus the H---A distance inclusive of all the 

literature data is shown in Figure 4.22b. 
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Figure 4.22: Plot of the positive curvature of the electron density, X.3, versus the 
hydrogen bond distance, dH..A- (a) For data points corresponding to our study, (b) 
Plot inclusive of the literature data from Tables 4.29 - 4.31. The total number of 
data points in the curves is 218. The exponential curve follows the equation, Xs = 
Aexp[-BxdH..A], written on top of figure (b). The hydrogen bond depicting each 
symbol is shown in the top right-hand corner. 
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The exponential dependence is clearly seen. The R-value is 0.97 with a standard 

deviation of 0.11, the A and B constants being 0.47(4) x 10̂  and 2.5(1) 

respectively. These values of A and B are close to those reported by Espinosa et 

al,^^ who have described only 0-H---0, N-H---0 and C-H---0 bonds. We may 

therefore take the experimental relations obtained in the present study to be a 

general characteristic of all hydrogen bonds. 

Besides the density and the Laplacian, we have looked for possible 

correlations between the topological polarization, A, and the H---A distance for 

data points from this study. As shown in Figure 4.23, polarization generally 

decreases with increase in the H---A distance. The 0-H---0 bonds, with H---0 

distances between 1.5 and 2.5 A, exhibit polarization values between 15% and 

37%. The A values of the N-H---0 and the N-H---N bonds are nearly the same (~ 

26-30 %), except in cases with long H---N distances. The N-H---S bonds exhibit 

higher polarization values (~ 30%). The C-H---S bonds have higher polarization 

values than the C-H---0 bonds. In general, the polarization of the H---A bond 

reflects the hydrogen bond distance or the strength of the hydrogen bond as can be 

seen from the different sets shown in Figure 4.23. 
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Figure 4.23: Variation of polarization, A (in %) with the hydrogen bond distance, 
dH..A- (Symbols as in Figure 4.20). The bonds are grouped based on the donor and 
(or) the acceptor. 

291 



Results and discussion - Part 2 

4.3 Topological analysis of bond paths of 0 - H - " 0 hydrogen bonds 

We were interested to study the nature and shape of bond paths (trajectories 

of gradient vectors) in a series of 0-H---0 hydrogen-bonded systems. For this 

purpose, we have gathered experimentally derived charge density properties of O-

H - - 0 bonds from our own study and a few from the literature. The hydrogen-

bonded systems chosen from our study are piperazine-oxalate (III), disodium 

croconate trihydrate (I) and disodium squarate trihydrate (11)."'̂  In order to 

statistically improve the quantification analysis, we have also chosen systems 

whose charge density data were available in the laboratory. These are a-ethoxy 

cinnamic acid (VIII) and adipic acid (IX), for which the CSD deposition numbers 

and refinement parameters are listed in Table 4.32. Before discussing the results of 

the critical point analysis, a concise geometrical description of the hydrogen-

bonded systems is provided. As shown in Figure 4.24, piperazine-oxalate (III) 

forms a linear 0-H---0 hydrogen bond (designated as /) with an H---0 distance of 

1.532(9) A and an angle of 174.1(16)°. a-ethoxy cinnamic acid (VIII) and adipic 

acid (IX) form centrosymmetric dimers (/) of comparable geometries (see Figure 

4.24 and Table 4.33). The croconate ion (I), in the monoclinic form of the 

disodium salt, forms four 0-H---0 bonds with the surrounding water molecules 

grouped into two bifurcated systems (designated as b in Figure 4.24). In each case, 

an acceptor oxygen atom makes contacts with two hydrogen atoms from different 

water donor groups. The other hydrogen atom on water is involved in a bifurcated 

bond originating from a neighboring croconate ion (not shown in the figure). 
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Thus, bn and 62/ bonds share a common donor and so does the bj2 and 622 pair. As 

shown in Table 4.33, the H---0 bond lengths are spread between 1.8 to 1.9 A, with O-

H---0 angles between 170° and 176°. 

^ 

,X 
III 

Figure 4.24: A diagrammatic representation of the hydrogen bonds chosen for the 
study. Ill, the oxalate ion of the piperazine oxalate complex; VIII," a-ethoxy cinnamic 
acid; IX adipic acid; I, the croconate dianion; II, the squarate dianion. 

VIII** and IX'': Analyses carried out on data available in the laboratory. 
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Table 4.32 Refinement parameters for compounds VIII and IX. 

CCDC number" 

After multipole 
refinement 
Weighting scheme 
R{F} 
RfF"} 
S 
No. of variables 
Nre/N, 

VIII 

CCDC 205456 

0.070,0.123 
0.0426 
0.0467 
0.9808 
272 
14.3382 

IX 

ADIPAC05 

0.063,0.113 
0.0493 
0.0868 
0.9685 
100 
24.5100 

"Crystallographic information may also be obtained from the deposition numbers 
in the Cambridge Crystallographic Data Centre (CCDC) 

Table 4.33 Bond distances and angles of the various hydrogen 
bonds 
System 

III 
VIII 
IX 
I 

II 

Type of 
H-bond 

Linear (/) 
Linear (/) 
Linear (/) 
Linear (//) 
Linear {I2) 

Bifurcated {bii) 
Bifurcated (6/2) 
Bifurcated {b2i) 
Bifiircated (622) 

Linear (/) 
Bifurcated {bai) 
Bifurcated (Jbai) 
Triflircated {ti) 
Trifurcated {t:) 
Triflircated {ti) 

O-H 

(A) 
1.015(10) 
0.97(3) 
0.958(19) 
0.960(3) 
0.960(7) 
0.959(7) 
0.961(8) 
0.961(13) 
0.961(8) 
0.959(9) 
0.961(18) 
0.955(15) 
0.960(13) 
0.961(12) 
0.960(9) 

H--O 
(A) 

1.532(9) 
1.68(2) 
1.72(2) 
1.841(5) 
1.998(7) 
1.829(7) 
1.797(8) 
1.889(14) 
1.817(6) 
1.912(8) 
1.871(19) 
2.495(17) 
1.714(13) 
1.873(12) 
1.938(10) 

O-H-O 
(°) 

174.1(16) 
172.1(6) 
173(3) 
166.9(17) 
164.5(15) 
171.9(17) 
171.1(14) 
176.2(16) 
170.9(17) 
166.4(12) 
163.8(19) 
131.0(13) 
169.6(12) 
172.5(10) 
163.9(14) 

The bifurcation angles (angle between the two 0-H---0 bonds) are 88.6° and 85.1° for 

bi and b2, respectively. The croconate ion also forms two linear bonds {l\ and h) with 

the water molecules (see Figure 4.24 and Table 4.33). The water molecule engaged in 
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l\ forms a I2 hydrogen bond with a neighboring croconate ion. This results in a 

network of croconate ions Hnked by bifurcated and Hnear bonds from the surrounding 

water molecules. A unique feature of the squarate ion (II) is the presence of the 

trifurcated hydrogen bond (designated as t) in the squarate ion, where the acceptor 

oxygen atom makes contact with three water donor groups. The squarate ion also 

exhibits a bifurcated bond, ba, which is highly asymmetrical (see Table 4.33). Thus, 

the chosen set of hydrogen bonds is truly representative with the broad range of H---0 

distances (1.53 to 2.50 A) and angles (176° to 130°). The 0-H distance is close to 0.96 

A in all the cases, except in two (III and VIII) where the bonds are slightly elongated 

while the corresponding H---0 distances are shorter (see Table 4.33). 

In Figure 4.25, the static deformation density maps in the hydrogen bond (O-

H---0) plane are shown for four examples. The maps reveal chemically significant 

features such as bonding regions and lone-pair (non-bonding) regions. Concentric 

contours between the atom cores typify the bonding regions while localized lobes 

attached to the oxygen-core represent the lone-pairs. From Figures 4.25a-d, we see 

that there is an accumulation of charge density in the 0-H regions, typical of shared 

interaction. On the other hand, there is a depletion of the charge density in the H---0 

region. This is taken to represent a closed-shell interaction between the hydrogen and 

the acceptor. The distribution of the electron density is so varied among the different 

bonds that it brings out the diverse nature of the hydrogen bond. 
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(a)/(HI) 

(b)/(VIII) \ 

(c) /(II) 

(d) hil) 

Figure 4.25: Static deformation density plots (at contour intervals of 0.1 eA') in the 
hydrogen bond plane. D, H and A stand for the donor, hydrogen and the acceptor 
atoms, (a) 1(111), (b) IfVlll), (c) 1(1), (d) 6(11/ 
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The positions of the lone-pair CPs relative to the donor and the acceptor cores are 

shown in Figure 4.26. The values of the total density at the lone-pair CPs are around 7 

eA'̂  with Laplacians of ~ -115 eA"̂ , in agreement with those reported for oxygen 

lone-pairs.'^ Table 4.34 lists the geometrical parameters of the (3, -3) lone-pair CPs 

for all the hydrogen bonds obtained using the XDPROP routine. The distance from the 

eye of the lone-pair lobe (the CP) to the atomic (donor or acceptor) core is around 0.3 

A, except in a few cases where the distance extends to 0.5 A. The distances agree well 

with the reported values in the literature.''^ The angles between the lone-pairs at the 

atom core (cpo and CPA), are usually in the range, 130° to 160°. Such high angles can be 

attributed to the lone-pair - lone-pair repulsion. We observe smaller angles (at 94° and 

116°) in a few cases, especially with respect to the donors. We also estimated the 

angle subtended by the plane formed by the core of the donor and its lone-pairs with 

the hydrogen bond plane, ©D, and the corresponding angle at the acceptor site, ©A-

The values are similar (134.3° and 135.1°) in the case of the linear hydrogen bond 

/(III). This is also the case in the /(VIII) and the 3̂(11) bonds. For the rest of the 

hydrogen bonds, the two angles are different (Table 4.34). 

The linear bond /(III), exhibits electron densities of 1.88(6) and 0.39(4) eA"̂  

respectively at the 0-H and H---0 BCPs (see Figure 4.26a and Table 4.35). The 

corresponding Laplacian values are -23.2(4) and 5.95(8) eA" ,̂ respectively. The small 

and positive Laplacian of the H---0 bond is typical of a closed-shell interaction while a 

highly negative Laplacian of the 0-H bond is due to the shared interaction. 
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Figure 4.26: Charge density parameters of the 0-H---0 bonds: large hatched circles, 
donor (D) and acceptor (A) cores; open circles, hydrogen (H); small hashed circles, 
lone-pair electrons; small filled circle, D-H and H---A critical points (CP). The values 
of p and vp are given in eA'^ and eA'^ units, respectively. The 0-H and H---0 
distances (do-H and dH...o) are shown above the bonds. The value ofdcp is shown below 
the CP symbol. The distance of the lone-pair lobe to the donor or the acceptor atom-
core is indicated adjacent to the lone-pair circles. Values of (po and <PA, (see text) are 
shown close to the donor and the acceptor atoms. 
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Table 4.34 The geometries of the lone-pairs on the donor and acceptor atoms of the 
0-H-O bonds" 

System 

III 
VIII 
IX 
I 

II 

Type of 
H-bond 

Linear (/) 
Linear (/) 
Linear (/) 
Linear (//) 
Linear {I2) 

Bifurcated (bn) 
Bifurcated (6/2) 
Bifurcated (b^/) 
Bifurcated (b^ )̂ 

Linear (/) 
Bifurcated (bai) 
Bifurcated {ba2) 
Trifurcated (tj) 
Trifurcated {(2) 
Trifurcated (ts) 

dot 
(A) 

0.261 0.332 
0.249 0.256 
0.262 0.238 
0.268 0.290 
0.268 0.290 
0.284 0.287 
0.287 0.276 
0.284 0.287 
0.287 0.276 
0.344 0.513 
0.339 0.330 
0.323 0.321 
0.323 0.321 
0.344 0.513 
0.339 0.330 

d. \-i 
(A) 

0.265 
0.254 
0.256 
0.279 
0.290 
0.279 
0.279 
0.280 
0.280 
0.336 
0.352 
0.352 
0.337 
0.337 
0.337 

0.263 
0.240 
0.260 
0.280 
0.295 
0.280 
0.280 
0.280 
0.280 
0.333 
0.348 
0.348 
0.333 
0.333 
0.333 

< P D , <PA 

(°) 
94.7 

140.6 
171.3 
159.8 
159.8 
148.5 
162.4 
148.5 
162.4 
116.0 
146.7 
142.1 
142.1 
116.0 
146.7 

145.6 
134.7 
165.5 
159.2 
154.2 
159.1 
159.1 
159.1 
159.1 
133.3 
131.4 
131.4 
133.2 
133.2 
133.2 

C O D , COA 

(°) 
134.3 135.1 
49.3 48.2 

123.6 38.5 
55.8 176.3 

107.6 168.8 
75.1 144.0 

124.1 70.2 
153.5 104.0 
70.2 80.4 
110.4 162.9 
40.9 28.7 
87.0 52.9 
55.9 142.3 
95.7 127.3 
80.2 82.1 

"Here, do-^ and dA./ore the distances from the eye of the lone-pair lobe to the donor and the 
acceptor core; cpo and (pA are the angles subtended at the donor and the acceptor atom by 
the two lone-pair lobes; COD represents the angle between the hydrogen bond plane and the 
donor-lone-pair plane (plane formed by the two lone-pair lobes and the donor core), and COA 
is the angle between the hydrogen bond plane and the acceptor-lone-pair plane (plane 
formed by the two lone-pair lobes and the acceptor core). Columns containing identical 
numbers originate from common donors or acceptors. 

The dcp value for the H- • -O bond is slightly higher (0.036 A) than that of the 0-H bond 

(0.014 A). Accordingly, the bond path (BP) in the H---0 region is displaced slightly 

from the line joining the two atoms. This is also the case with the linear bond /(VIII) 

(Figure 4.26b). The /(II) bond (Figure 4.26c) carries much less density 0.07(3) eA"̂  and 

Laplacian of 2.31(1) eA"̂  and the BP is noticeably curved with a dcp value of 0.377 A. 

This is indeed surprising, for its geometry is not so unfavorable (H---0, 1.912(8)A, 

166.4(12)°). Similar values have been obtained for the /^(I) bond (Figure 4.26d). As 

expected, hydrogen bonds with relatively short H---0 distances and angles close to 180°, 

Oft 

generally exhibit higher densities and Laplacians at the BCPs. The BPs are less curved 

in such cases and are associated with small dcp values. From Table 4.35, we notice that 
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the dcp values of the H---0 bonds are often one order higher than the corresponding dcp 

values of the 0-H bonds. Based on a study of a variety of hydrogen bonds, Lecomte and 

co-workers have reported H---0 dcp values of up to 0.12 A for H---0 distances ranging 

from 1.22-1.97 A.̂ ° 

Table 4.35 Charge density parameters for the 0-H and H- • •( 
hydrogen- bonded systems* 
System Type of 

H-bond 

III Linear (/) 
VIII Linear (/) 
IX Linear (0 
I Linear (//) 

Linear (6) 
Bifurcated (6//) 
Bifurcated (6/2) 
Bifurcated (6^/) 
Bifurcated (6^2) 

II Linear (/) 
Bifurcated (bai) 
Bifurcated (ZJO )̂ 

Trifurcated (?/) 
Trifurcated (f̂ ) 
Trifurcated (ti) 

P 
(eA-^) 

1.88(6) 
2.3(1) 
2.6(1) 
2.77(9) 
2.55(10) 
2.70(9) 
2.92(9) 
2.90(9) 
2.93(9) 
2.62(9) 
2.64(8) 
2.65(8) 
2.40(7) 
2.35(7) 
2.36(7) 

O-H 

w 
(eA-^) 

-23.2(4) 
-23.8(8) 
-54.0(9) 
-29.5(7) 
-32.1(6) 
-25.5(6) 
-42.2(7) 
-30.2(5) 
-26.4(6) 
-41.2(5) 
-39.6(5) 
-32.7(4) 
-33.5(4) 
-36.0(5) 
-23.3(4) 

dcp 

(A) 
1.4 
1.3 
0.6 
1.5 
1.4 
1.5 
0.7 
0.9 
0.9 
0.8 
2.4 
1.8 
2.1 
1.3 
1.5 

0 bonds of the chosen 

P 
(eA-^) 

0.39(4) 
0.28(7) 
0.21(7) 
0.21(3) 
0.09(3) 
0.21(3) 
0.18(3) 
0.09(3) 
0.20(3) 
0.07(3) 
0.14(3) 
0.03(1) 
0.23(3) 
0.11(3) 
0.14(3) 

H - O 

vV 
(eA-^) 

5.95(8) 
5.13(8) 
6.17(9) 
3.02(1) 
1.94(1) 
3.00(1) 
2.97(1) 
2.52(1) 
3.32(1) 
2.31(1) 
2.95(1) 
0.647(3) 
4.44(3) 
3.56(3) 
2.75(1) 

dcp 
xlO^ 
(A) 
3.6 
4.9 

12.8 
6.0 

17.2 
8.4 
5.4 

18.3 
4.3 

37.7 
24.0 
41.8 
14.6 
10.1 
9.7 

d̂cp is the perpendicular distance of the critical point from the bond axis 

The dcp values of the H---0 bonds are indeed unusual and do not occur in 

normal shared interactions. If a covalent bond has a slightly higher dcp value, say ~ 0.05 

A, the bond is considered to be strained. One comes across such situations in strained 

ring systems. For instance, the mean dcp value of the C-C bonds in the squarate ring is 

0.058 A which is comparable to that in the cyclobutyl ring of a-truxillic acid (0.046 

A).̂ ^* A highly strained cyclopropyl ring exhibits a value of 0.06 A.'°^ The cage bonds 

in a 1,2-difluorinated cubane derivative have an average dcp value of0.14 A. "̂ ^ Since 
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the hydrogen bond interaction is mainly electrostatic (closed-shell), a simple 'bent bond' 

description would not be adequate, especially in situations where the dcp values are 

high. We have therefore, attempted to relate dcp values of the H---0 bonds with the 

H---0 distance, 0-H---0 angle, pecp and V^pec? (Figure 4.27). 

dH...o(^^ 

(b) 

X ^ 

0.4 

0.3 

, -

,fr 

0.2 

0.1 

0, 

.£. 0.2 
o 

Q- 0.4 
0 1 

2 3 4 5 6 7 

vVH...o(eA-^) 

Figure 4.27: Histograms depicting the dcp against (a) the 0-H-O angle and the 
hydrogen bond distance, dH...o (b) total density and its Laplacian at the H- • -O CP. 

301 



Results and discussion - Part 2 

The plot in Figure 4.27a shows how short H---0 distances and angles close to 180° are 

generally associated with small dcp values. The / bond in IX and h and b2i bonds of I 

seem to be exceptions. The data points in pecp and V^pecp are somewhat spread (Figure 

4.27b), but it appears that small dc? values accompany high values of the density and the 

Laplacian. 

We have found it instructive to examine the bond paths of the H- • -O bonds. The 

BP essentially lies in a plane, but different from the O-H-'-O plane. Small deviations of 

the BP from its mean plane are observed usually close to the atom cores. We have 

presented the BPs of the various H---0 bonds in a single normalized plot in Figure 4.28. 

Each BP starts at the hydrogen core with a characteristic take-off, bends inwardly after 

covering nearly one-third of the H---0 distance and then approaches the acceptor core 

with no appreciable curvature. The bond CP is located close to where the BP bends, 

giving rise to a high dc? value (see Table 4.35). We find that the take-off angle is related 

to the dcp value as shown in the inset of Figure 4.28. The figure reveals that high values 

of dcp are associated with unusual BP take-off angles. An exact description of the bond 

path would, however, require an analysis of the various contributions to the hydrogen 

bond interaction, not only from the donor and acceptor cores and the hydrogen but also 

from the lone-pairs. Here, we resort to a simpler method to see how the lone-pairs on the 

donor and acceptor atoms, as distinct from their cores, participate in the formation of 

hydrogen bonds and influence the location of the CP in the H- • -O region. 
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Figure 4.28: The H-0 bond paths normalized with respect to the H-0 distance. The 
dark circles depict the H- • -O critical points. The type of the hydrogen bond is shown 
above the bond path. The inset shows the variation of the dcp values of the H---0 bond 
with the corresponding bond path take-off angle at the donor. 
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Taking the example of a typical hydrogen bond, say /(VIII) (Figure 4.26b), we see 

that one of its lone-pair lobes is inclined towards the hydrogen, the distance from its 

CP to the hydrogen being shorter (1.43 A) than the H---0 distance (1.68 A). The lone-

pair under consideration would certainly affect the H---0 density. By considering the 

lone-pairs distinctly (apart from the atom cores of the D and A), we are able to obtain 

useful insights. We have paid attention to the location of the H - - 0 CP with respect to 

a new interaction line (distinct from the atomic interaction line) connecting the 

hydrogen and the CP of the lone-pair. Similar considerations involving the A and D 

atom cores and the lone-pairs (A^ and D )̂ on the donor and acceptor oxygens give rise 

to a unique set of possibilities termed Li.j, as depicted in Figure 4.29. In this figure, the 

H---0 CP is shown to lie on the interaction line L joining i and j objects, the latter 

corresponding to A, D, A ,̂ D^ or H. In the linear hydrogen bond shown in Figure 

4.29a, the H---0 CP lies on the line joining the proton and the core of the acceptor. 

Here, i and j correspond to H and A respectively and we assign the symbol, LH-A to 

describe the line. The /(HI) bond belongs to this category. Besides LH-A, we find 

another category involving the proton, LH-A^ (Figure 4.29b) where the CP lies on the 

line joining a lone-pair on the acceptor and the hydrogen. The bu and bi2 bonds of I 

and /(VIII) belong to this category. Figures 4.29c to f depict other possibilities. Thus, 

LD-A (Figure 4.29c) implies that the CP lies on the line joining the donor and the 

acceptor. An example of this kind is the t} in system II. LD̂ A (Figure 4.29d) is the line 

joining a lone-pair on the donor with the acceptor core. The bonds, / of IX and bai of 
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II are examples of this category. Similarly, LD-A^ (Figure 4.29e) stands for the line 

connecting the donor core with a lone-pair on the acceptor, examples 
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of this kind being ba2 and ti of II. The LDM^ category (Figure 4.29f) where the CP Hes 

in the Hne of sight of the lone-pair on the donor and the lone-pair on the acceptor, 

finds many examples in the /;, I2, b2i and 622 hydrogen bonds of I as well as / and ^ 

bonds of II. 

Let us consider in detail, the simple case of the linear hydrogen bond /(III) 

shown in Figure 4.30a. Here, the 0-H CP essentially lies on the intemuclear axis (dcp, 

0.014 A), while that in the H---0 region with a dcp value of 0.036 A, is well within 

that allowed for a bent bond. This hydrogen bond can be considered to belong to the 

class LH-A- The lone-pairs on the donor are pointing in a direction opposite to that of 

the H---0 bond with an angle of 94.7°, while those on the acceptor are more spread out 

with an angle of 145.6°. Figure 4.30b contains the linear bond, /(IX). The 0-H CP is 

on the intemuclear line (dcp, 0.006 A), but the H---0 CP is significantly away from 

the respective line with a dcp of 0.128 A. It is striking, however, that the H---0 CP lies 

close to the line joining a lone-pair on the donor and the acceptor core. Thus, the /(IX) 

bond belongs to the class, LD̂ A• It is convenient to define the perpendicular distance 

of the CP from the line L as 'the nearness parameter', db, to characterize the different 

hydrogen bonds. The value of dt for /(IX) is 0.018 A which is remarkably smaller 

than its dcp value (0.128 A). 

In Figure 4.31, we show the new connective relations in the two bifurcated 

bonds of I where the same donor water molecules are shared by the two bonds. The 

bii and bu bonds of the bifurcated system 6/, exhibit LH-A; relations engaging both the 

lone-pairs of the acceptor. The dt values are similar (0.007 A) and lower than the 
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corresponding H---0 dcp values (see Table 4.35). On the other hand, the b2i and b22 

bonds of b2 exhibit LD̂ /{f relations involving both the lone-pairs of the acceptor with 

dt values of 0.042 and 0.014 A, respectively. 

Figure 4.30: Connective relations in linear hydrogen bonds. The small gray spheres 
depict the lone-pairs. The 0-H and H- • -O CPs are shown as tiny dark spheres, (a) 
l(III) bond exhibiting relation LH-AI (b) l(IX) bond of class LDM-

There seems to be some sort of cooperative effect in that the hydrogen bonds 

belonging to a bifurcated system tend to exhibit similar relations due to the suitable 

orientation of the acceptor lone-pairs. The lone-pair-core-lone-pair (A^-A-A^) angle in 

both cases is 159.1°, which also reflects in similar bifurcation angles (88.6° and 85.1°) 

of the hydrogen bonds. While one lone-pair from each donor water molecule is 

involved in establishing a LH-A^ or LD^A^ relation, the other lone-pair orients itself in a 
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manner that minimizes the lone-pair lone-pair repulsion. The corresponding (po angles 

for bi and 62 pair of bonds are 148.5° and 162.4°, respectively (Table 4.34). 

I 

^ 

bn 

LH-A/ ,.;/ 

7 
LH-A/ 

bi2 

^ 

s? 

Dji 
y/Z 

DI| 

1 

N . %. b2i 

J^ A 

i l ^ - LD/.A/ 

lyy'' b22 
w .• ^.' 
. • 

Figure 4.31: Connective relations in bifurcated hydrogen bonds in I. The small gray 
spheres depict the lone-pairs. The 0-H and H---0 CPs are shown as tiny dark 
spheres. Note that both the lone-pairs on the acceptor (A) are involved in bonding 
while only one lone-pair on each water donor (D) is engaged. The bond symbol and 
its class are shown alongside each bond. 
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II 
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Figure 4.32: Connective relations in trifurcated and bifurcated hydrogen bonds in V. 
The small gray spheres depict the lone-pairs. The 0-H and H---0 CPs are shown as 
tiny dark spheres. The bond symbol and its class are shown alongside each bond. 

Cooperative effects are not found in the bifurcated bond, ba of II, shown in 

Figure 4.32. Here, the two bonds belong to two different relations perhaps due to the 

asymmetric nature of the bifurcation. The longer H---0 bond {ba2) follows a LD-A^ 

relation, while the shorter bond {bai) obeys a LD^A relation. The dt values are small at 

0.017 and 0.053 A as against dcp values of 0.418 and 0.240 A, respectively. The 

trifurcated bonds provide examples of LD-A, LD-A^ and LD^A^ relations, where too, 

water molecules act as common donors. 

309 



Results and discussion - Part 2 

In Table 4.36, we list the various hydrogen bonds studied by us along with 

their descriptions and the respective dt values. Besides the examples discussed above, 

we have added some more examples to the list, three from a low temperature form of 

adipic acid^' (X) and one from the y polymorph of ethoxy cinnamic acid"" (XI). The 

db values for the listed Lj.j relations are below 0.04 A while the corresponding dcp 

were as high as 0.12 A. From Tables 4.35 and 4.36, we notice that, whenever the dcp 

value is higher than that is permissible (say, up to 0.04 A), a new connective relation 

(Li-j) is generally obtained with the smallest possible dt value. For example, the /(II) 

bond belonging to the LD^A^ class, exhibits a db value of 0.043 A as against a dcp 

value of 0.377 A. However, one can obtain a whole spectrum of values of dL, which 

are considerably larger, by assuming this bond to belong to the other classes depicted 

in Figure 4.29. Thus, the next nearest dt value for /(II) is 0.153 A. Although most of 

the hydrogen bonds may permit a clear-cut assignment of the Li.j type, it may prove 

difficult in certain situations. The bu and bu bonds of I with the smallest dL values 

(0.007 A) in LH-A^ have the next nearest db values at 0.019 A (LD-A^) and 0.047 A 

(LD(-A;) with average values of 0.143 and 0.135 A, respectively. The dL values in LH-A? 

being so low, the original assignments are still justifiable. 

Another example is the /^(I) bond where the dL values from the LD^A^ LD-A^ 

andLH-A^ relations are similar, (0.069, 0.073 and 0.070 A respectively) but all of them 

being considerably lower than the dc? value (0.172 A). Such situations only reflect the 

complex nature of interactions in the hydrogen-bonded system and may require fiirther 

analysis. Nevertheless, the above discussion should suffice to demonstrate how on the 

basis of charge density analysis, one is able to provide a better description of a 
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hydrogen bond in terms of the location of the CP, vis-a-vis the location of the lone-

pair of electrons on the donor and the acceptor atoms. 

Table 4.36 A classification of the hydrogen bonds on the 
basis of the critical point position with their respective 
'nearness' parameter^ 

System 

III 
VIII 

IX 
I 

II 

X 

XI 

Type of 
H-bond 

Linear (/) 
Linear (/) 

Linear (/) 

Linear (//) 

Linear {I2) 

Bifurcated (bu) 

Bifurcated {bn) 

Bifurcated (62;) 

Bifurcated (622) 
Linear (/) 

Biflircated (Jbai) 

Bifiircated {ba2) 

Trifurcated {ti) 

Trifurcated (̂ 2) 

Trifurcated (t}) 
Linear 
Linear 
Linear 
Linear 

Class 

LH-A 

LH-A< 

LD^A 

Lof-Af 

LD£-A« 

LH-A^ 

LH-A< 

LD<-A^ 

LD£-A< 

Lof-A^ 

LD£-A 

LD-A^ 

Lo-Ae 

LDf-A< 

LD-A 

LD-A 

LH-A 

LD-A 

LD^A 

dtx 10^ 
(A) 

-
3.3 
1.8 
4.4 
7.0 
0.7 
0.7 
4.2 
1.4 
4.3 
5.3 
1.7 
3.0 
3.6 
8.5 
3.9 
-

3.7 
1.0 

For a description of class, see Figure 4.36 and the text. 
X: low temperature form of adipic acid; XI: y form of ethoxy cinnamic acid. 
Lj.j stands for the class, where the H - 0 BCP lies close to the line joining 
i and j objects. D and A stand for the donor and the acceptor atom cores; 
and D, and A^ for the lone-pairs on the donor and the acceptor 
atom-cores, respectively. For LH-A, dt = dcp. 

This study brings out clearly the unusual nature of the bond paths and the 

associated dcp values in hydrogen bonds. In some sense, these situations are 

comparable to bent bonds observed in shared interactions, but the shape of the bond 

path as well as the magnitude of dcp point to a more complex nature of the hydrogen 

bond interaction. This unusual behavior of the hydrogen bond has been examined here 

311 



Results and discussion - Part 2 

for the first time, taking examples from 0-H---0 bonds. Significantly, this work 

demonstrates how using a simple rationale, apparently flexible unruly lone-pairs on 

the donor and acceptor atoms, can be linked to the hydrogen bond interaction in the 

vicinity, thereby providing an insight into the observed diverse geometries. Clearly, 

the hydrogen bond interaction is more than a simple H---A interaction. Besides 

providing a useful classification, the study helps to understand the cooperative effects 

in hydrogen bonds, as illustrated in the case of bifurcated hydrogen bonds. 
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OTHER WORK DONE BY THE CANDIDATE 

Ring critical point (RCP) as an index of delocalization in the squarate and 

croconate dianions 

Aromaticity of cyclic molecules' is an aspect barely explored by experimental 

charge density analysis although a number of aromatic systems have been investigated 

during the last two decades by this method. Cameron et af' studied the topography of 

the electron density of benzene molecule trapped inside a phosphazene crystal, and 

provided evidence for the 7t-density above and below the ring planes. The charge 

density of a neat benzene crystal was examined by Spackman et al who derived the 

quadrupolar moment. Electron delocalization in citrinin'* and in an annulene 

derivative^ has been analyzed in terms of the critical point parameters. There has been 

an effort to obtain information on the extent of conjugation in N-containing 

compounds such as imidazole, triazole and pyrimidine derivatives, based on the 

bond properties. While the electron densities at the bond critical points were found to 

be intermediate to those of single and double bonds akin to aromatic rings, the 

Laplacian and the ellipticity values hardly showed any systematic trend. Koritsanszky 

and Coppens^ point out that the bond properties obtained from the charge density 

alone may not provide a consistent description of aromaticity involving electron 

delocalization and should therefore be formulated in terms of the collective rather than 

the local parameters. Howard and Krygowskî  in their theoretical study of benzenoid 

hydrocarbons, emphasize that the charge density descriptors evaluated at the ring 

324 



critical point (RCP) are more suitable for describing the aromatic character of a 

molecule. 

We considered it interesting to examine the charge density distributions in 

oxocarbon rings, which have formed a subject of great interest ever since West et al^^ 

pointed out that these 2rc electron ring dianions constitute a new aromatic system. 

West and Powell" calculated delocalization energies using the Hiickel LCAO-MO 

method and predicted that the delocalization energy per n electron was substantial for 

all the oxocarbon dianion species, but falls sharply with increasing ring size. The use 

of delocalization energy as a measure of aromaticity is, however, questionable. 

Based on the graph theory of aromaticity, Aihara'^ concluded that the degree of 

aromaticity in the oxocarbon dianions decreases with increasing ring size, as found by 

other workers as well.''* Schleyer et al^^ have analyzed the degree of aromaticity in the 

oxocarbon dianions based on magnetic properties and found the deltate anion to be 

doubly aromatic (both a and n aromatic), the squarate moderately aromatic and the 

croconate to be relatively less aromatic. Quinonero et al^^ have used the Nucleus 

Independent Chemical Shifts (NICS), Wiberg bond indices and '^O NMR calculated 

chemical shifts while dealing with the aromaticity of the oxocarbon anions. 

In this section, we describe a comparative investigation of the squarate, €404^', 

and the croconate, CjOs^" anions by the experimental charge density method. We have 

analyzed the topography of the charge distribution in both the anion ring regions. We 

have also compared the charge density parameters at the ring critical points (RCP) of 

these two dianions with those of other cyclic systems reported in the literature. Our 

study provides some insight into the conjugation in the two anion rings, and also 
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shows how one may classify aromatic and non-aromatic rings based on the density and 

the Laplacian at RCP. 

For crystallographic information and experimental details, refer Section 4.1.1 

in Section 4 of Part 2. In both the salts, the anions are arranged in stacks, the spacing 

being 3.48 A in the monoclinic form as compared to 3.37 A in the triclinic form (both 

being close to the 3.40 A separation expected for aromatic systems). The major 

difference between the two forms is in the octahedral coordination around the sodium 

ion. In the triclinic form reported here, four oxygens from water molecules and two 

from the squarate rings form the coordination shell while in the monoclinic form, 

water molecules and the squarate rings contribute equal number of oxygens to the 

coordination. 

The structure of disodium croconate trihydrate is quite similar to that of 

potassium croconate dihydrate reported by Dunitz et al}^ The interplanar spacing in 

the potassium salt is about 3.30 A as compared to 3.20 A in the present case. The 

potassium ion is surrounded by oxygen atoms of four separate anions and to the 

oxygen atom of a water molecule, which is somewhat different compared to the 

coordination of the sodium ion. In the sodium croconate trihydrate, the sodium ion is 

surrounded by three oxygen atoms from water molecules and a carbonyl oxygen from 

the neighboring croconate ring. 

The C-C distances in each ring are quite similar, the mean values being 

1.471(9) and 1.468(2) A for the squarate and the croconate rings, respectively (see 

Tables 4.2 and 4.3, Section 4, Part 2). Likewise, the C-O bonds of the anions are 

nearly equal with mean values of 1.259(6) and 1.248(4) A. The corresponding C-C-C 
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angles are 90° and 108° within 0.5°, but the 0-C-C angles exhibit a larger spread 

especially for the croconate ion. Both the squarate and the croconate rings are 

essentially planar, the mean deviation of the atoms being -0.007 and ~0.009A 

respectively. 

The critical point analysis in the bonding regions of the squarate and the 

croconate anions reveals (3, -1) CPs (see Tables 4.5 and 4.4, Section 4 in Part 2). The 

PBCP values for the C-C bonds of the squarate ion fall in a narrow range of 1.85(1) to 

1.87(1) eA"''. Those of the croconate ion are slightly lower with a mean value of 1.81(1) 

eA"̂  but their spread is similar (-0.01 eA"^). The Laplacians also behave in a likewise 

manner. The magnitude of the Laplacian are somewhat higher (- -13.4(3) eA'^) in the 

squarate than in the croconate (- -12.2(3) eA'^). The ellipticity (e) values in squarate 

vary between 0.23 and 0.27, with a mean value of 0.25 and those in croconate, are 

somewhat lower, between 0.18 and 0.25 with the mean value at 0.22. The mean d value 

for the C-C bonds in the squarate ring is 0.058 A while for the croconate the value is 

much smaller, 0.015 A in accordance with the observed strain in the rings. The mean C-

O bond density of the squarate ion is 2.72(3) eA"̂  as compared to 2.66(2) eA'̂  in the 

croconate ion. The pseudoatomic charges on the carbonyl oxygens are -0.15 e in the 

squarate and -0.13 e in the croconate ion. The charge on the squarate ring carbon is -

0.14 e, and in the croconate, the carbon atom carries a smaller charge (-0.07 e). 

Accordingly, the C-0 bond appears to be less polarized in squarate (A - 18%) compared 

to croconate (A - 25 %). 

The pBCP values in the C-C regions of the rings in the two dianions are 

considerably lower compared to those encountered in a benzenoid ring. Thus, the 
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naphthyl ring of l,8-bis(diniethylamino) naphthalene exhibits a C-C bonding density 

of-2.15 eA" .̂'̂ '' The values of the squarate and the croconate rings are rather close to 

the density in a typical single bond (PBCP, 1-71 eA"̂ ). Following Cremer and Kraka,'̂  

the densities in the squarate and the croconate ions correspond to the bond order 

values of 1.19 and 1.12 respectively. These values may be contrasted with the bond 

orders of 1.62 in benzene'^ and 1.54 in the naphthyl ring of 1,8-bis(dimethylaniino) 

naphthalene.'^'' This is probably because the 7i-acceptor carbonyl groups in the 

dianions withdraw the electron density away from the ring. Larger the number of 

carbonyl groups, greater is the charge separation between the carbonyl oxygens and 

the carbocyclic ring and lower is the C-C bond order. The ellipticity values, however, 

actually compare well with the value for benzene (0.23).'̂ ° The group charges 

associated with the squarate and the croconate ions are -1.16 and -1.04 e, 

respectively. However, a comparison of our results with those obtained from theory'̂  

is not straightforward since the latter is based on isolated dianions. 

squarate 

0. P 

O' O 
0.59 eA-̂  

11.80 eA'̂  

Figure 1: The ring critical point (RCP) parameters of squarate and croconate 
dianions. p and Vp at the RCP are indicated below each ring. The black circle close 
to the ring centre indicates the position of the RCP. 
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We have analyzed the topological properties of the ring densities of the two 

systems. Figure 1 illustrates the structural diagrams of the squarate and the croconate 

rings, along with the RCP values. Figure 2 shows how p (normalized with respect to 

PBCP) varies along a perpendicular line passing through the BCP of a C-C bond in the 

squarate and the croconate rings. Both the anion rings exhibit second-order saddles -

(3, +1) at the ring centers. The densities associated with the ring critical points (RCPs) 

for the squarate and the croconate rings are 0.59(1) and 0.30(2) eA"̂ , respectively. As 

shown in Figure 2, the density variation outside the rings is similar irrespective of the 

ring size. This variation is extrapolated to inside the ring to represent the case of 'an 

isolated bonding density'. 

• squarate 
o croconate 

Figure 2: The total electron density profile in the squarate (squares) and the 
croconate (circles) rings along a line perpendicular to a C-C bond passing through its 
BCP. The density has been normalized with respect to the density at BCP. The 
distance from the BCP inside the ring region is normalized with respect to the 
distance, r, between BCP and RCP. 
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The variation of the charge density inside the ring, however, deviates significantly 

from the 'isolated bond density' due to contributions from the other bonds forming the 

ring. The deviation is more significant in the case of the squarate than the croconate 

due to the smaller ring size. Accordingly, the density at the squarate RCP is higher. 

This finding goes well with Bader's argument on charge densities at RCPs.^° 

Interestingly, the Laplacians at the RCPs, V^PRCP also show a similar trend. The 

squarate and the croconate rings exhibit V̂ pRCp values of 11.8(1) and 5.4(4) eA'̂  

respectively. 

It is instructive to examine whether the charge density descriptors at RCP may 

be usefiil in describing aromaticity of the rings. For this purpose, we compiled the 

RCP parameters of several examples of cyclic systems from the literature, aromatic as 

well as non-aromatic, investigated either experimentally or theoretically. These 

include benzene, substituted phenyl rings, " naphthyl rings, uracil, quinoid, 

and phosphazene rings,^* besides the rings formed by intramolecular hydrogen 

bonds. ' Examples of smaller ring systems from the literature are pyrrolidine, bis-

(thiodimethylene)tetrathiafiilvalene rings,^° cyclobutyl ring of a truxillic acid̂ "* and 

cyclopropyl rings. We find that all the 6-membered rings, • **' " ^ irrespective of 

whether they are aromatic or non-aromatic, exhibit pRCP values in the range 0.10 to 

0.19 eA'^ Similarly, the PRC? values of the five-membered pyrrolidine and bis-

(thiodimethylene)tetrathiafulvalene rings fall in the range 0.24 to 0.36 eA'̂  while the 

4-membered squarate from this study and the cyclobutyl ring carry a density of ~ 0.6 

eA'^. We have also examined the Laplacian values of the ring systems under 

consideration. Comparing the squarate dianion and the cyclobutyl ring, we found the 
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Laplacian values to be considerably different (11.8 eA"̂  and 5.8 eA"̂  respectively), 

unlike the densities. It is rather surprising that the Laplacian values can be so different 

in spite of the fact that the two rings possess similar geometries. The origin of this 

difference can be understood in terms of the variation of p within the two rings. In 

Figure 3, we show the variation of p across their RCP regions. 
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0) 
•D 

10.5 
E 
o 
c 

Q. 

0.0 
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Figure 3: The total electron density profile in the squarate (open squares) and the 
cyclobutyl ring (solid squares) regions along a line joining two opposite BCPs 
(passing through the RCP). The density has been normalized with respect to the 
density at BCP. 

The rate of fall of density towards RCP is higher in the squarate compared to 

the cyclobutyl ring, the latter showing a somewhat flat profile at the RCP. 

Accordingly, its V pRCp value, which is a measure of curvature, is lesser than that of 

the squarate ring. The higher Laplacian of the squarate anion is clearly an outcome of 

the high degree of conjugation prevalent in it. A similar effect, though to a lesser 
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extent, is seen in the case of the croconate ion when compared with non-aromatic, 

five-membered rings. Laplacian of the croconate ring is 5.4 eA" ,̂ while the non-

aromatic rings have V p̂Rcp values of approximately 4 eA"̂ . 

An examination of the variation of the Laplacian with PRCP in ring systems 

yields useful insights. Thus, the plot presented in Figure 4 reveals the variation of 

V^PRCP to be markedly different for aromatic and nonaromatic systems. The aromatic 

systems seem to follow a trend where V pac? is roughly proportional to pRcp and thus, 

fall into the hashed region in Figure 4. In non-aromatic systems, the V̂ pRCp values are 

much lower and do not exhibit any systematic trend. However, this distinction is not 

so clear in the case of the 6-membered rings. The PRCP and V̂ pRCp values of benzene 

are 0.16 eA"̂  and 3.81 eA'^, respectively, which indeed do not differ much from the 

values exhibited by the non-aromatic 5-nitrouracil ring (0.19 eA" ,̂ 3.3 eA"^). The 

quinoid ring in 7,7-di(S(+)-2-(methoxymethyl)pyrrolidino)-8,8-dicyanoquino 

dimethane with its partial benzenoid character induced by the donor and acceptor 

groups, carries a PRCP value of 0.15 eA"̂  and a Laplacian of 3.1 eA'^. Interestingly, the 

non-aromatic ring formed by a strong intramolecular hydrogen bond in benzoyl 

acetone^^ lies quite close to benzene in Figure 4. The substituted phenyl ringŝ "̂̂ ^ 

cluster below the benzene point in Figure 4. The PRCP and Laplacian values 

corresponding to the non-aromatic cyclophosphazenes^^ are much lower compared to 

benzene and substituted phenyl rings. The hydrogen-bonded seven-membered maleate 

ring^^ lies below phosphazenes with PRCP and V p̂Rcp as low as 0.08 eA"'' and 1.8 eA'̂  

respectively. The case of cyclopropane, however, deserves special mention. Besides 

carrying a relatively high density at RCP^' (~1.28 eA"^), the cyclopropyl ring exhibits 
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bond ellipticities which are actually comparable to those of double bonds, a property 

which accounts for its ability to act like a n system.̂ *̂  However, the non-aromatic 

nature of the cyclopropyl ring is clearly evident from Figure 4 where it falls 

considerably below the aromatic regime. 
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Figure 4: Plot of V^PRCP versus pRCpfor the n-membered cyclic systems (n = 3, 4, 5, 
6). The circles depict aromatic rings and the squares, the non-aromatic. The numbers 
inside the symbols, denote the type of ring. The numbers lying over the x-axis depict 
the size of the ring. The hashed region is where the Laplacian varies proportional to 
the density, \-squarate, 2-croconate, 2,5-benzene and substituted benzene derivatives, 
A-dimethylaminonaphthalene, 6,7-maleate ring, %-phosphazene, 9-quinoid ring, 10-5-
nitrouracil, 11- tetrathiafulvalene derivative, \2-pyrrolidine ring, \3-cyclobutyl ring 
of a-truxillic acid, \4-cyclopropane. 

Thus, the plot of V̂ pRCP versus PRCP in Figure 4 appears to reflect the true 

aromatic character of cyclic systems. This plot also shows how one can distinguish, 

aromatic and nonaromatic systems. The aromatic rings fall in a region where the 

Laplacian is roughly proportional to the density while the non-aromatics show no 
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definitive trend. The plot may be useful in the case of polycyclic systems where 

aromatic and nonaromatic rings coexist. 
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APPENDIX 

1. For PART 1(A1) 

Table Al.l Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters 

Atom 
0(6) 
0(8) 
C(10) 
0(4) 
0(7) 
0(5) 
C(12) 
C(14) 
C(9) 

C(13) 
C(15) 
C(ll) 
0(3) 
C(8) 
N(2) 
0(2) 
0(1) 
C(7) 
N(l) 
C(6) 
C(5) 
C(4) 
C(3) 
C(2) 
C(l) 

H(15A) 
H(llA) 
H(6A) 
H(5A) 
H(4A) 
H(4B) 
H(4C) 
H(3B) 
H(3C) 
H(3D) 
H(2A) 
H(2B) 
H(2C) 
H(1A) 
H(1B) 
H(1C) 

[A ] of Trimesic acid (dimethylformamide), la 
x/a 

0.4809(2) 
0.2154(2] 
0.3359(2) 
0.2650(2) 
0.1464(2] 
0.5401(2] 
0.2771(2] 
0.4089(2] 
0.2109(3] 
0.3458(2] 
0.4039(2) 
0.2726(2] 
0.3825(2] 
0.3309(3) 
0.2742(2) 
0.2351(2] 
0.0318(2] 
0.4843(3] 
-0.0010(3 
0.2873(3] 
0.0491(3) 
-0.0840(4 
0.1943(3) 
0.3364(3) 
0.0224(3) 
0.4465(2) 
0.2268(2) 
0.3395(3) 
0.1022(3) 
-0.1122(4 
-0.1022(4 
-0.0932(4 
0.1948(3) 
0.1700(3) 
0.1649(3) 
0.3135(3) 
0.3658(3) 
0.3711(3) 
-0.0234(3 
0.0594(3) 
0.0467(3) 

y/b 
0.4170(2] 
0.4330(2] 
0.1421(2] 
0.0076(2] 
0.3035(2] 
0.2812(2] 
0.2913(3] 
0.2823(3] 
0.3500(3] 
0.3338(3) 
0.1863(3) 
0.1953(2] 
-0.0095(2 
0.0394(3) 
0.6898(2) 
0.8381(2] 
0.4127(2) 
0.3254(3) 

) 0.5598(3) 
0.7783(3) 
0.4945(4) 

) 0.5400(4) 
0.6556(3) 
0.6215(3) 
0.6534(4) 
0.1513(3) 
0.1663(2) 
0.7982(3) 
0.5107(4) 

) 0.5947(4) 
) 0.5197(4) 
) 0.4923(4) 

0.5894(3) 
0.6742(3) 
0.6803(3) 
0.5608(3) 
0.6322(3) 
0.6261(3) 

) 0.6895(4) 
0.6549(4) 
0.6786(4) 

z/c 
0.2127(5) 
-0.0668(4) 
0.0736(5) 
0.0109(5) 
-0.1036(5) 
0.2570(5) 
0.0106(5) 
0.1364(5) 
-0.0572(6) 
0.0745(5) 
0.1357(5) 
0.0117(5) 

) 0.1439(5) 
0.0818(6) 
0.0656(5) 
0.0429(5) 
-0.2076(5) 
0.2067(6) 
-0.2869(5) 
0.0578(7) 
-0.2406(7) 
-0.2977(8) 
0.0577(9) 
0.0827(7) 
-0.3203(9) 
0.1773(5) 
-0.0295(5) 
0.0637(7) 
-0.2318(7) 
-0.3330(8) 
-0.1816(8) 
-0.3856(8) 
0.0651(9) 
-0.0543(9) 
0.1571(9) 
0.0860(7) 
0.1924(7) 
-0.0189(7) 
-0.3521(9) 
-0.4179(9) 
-0.2132(9) 

Ueo" 
0.074(1) 
0.066(1) 
0.037(1) 
0.068(1) 
0.066(1) 
0.087(1) 
0.037(1) 
0.039(1) 
0.043(1) 
0.042(1) 
0.044(1) 
0.038(1) 
0.071(1) 
0.046(1) 
0.063(1) 
0.087(1) 
0.084(1) 
0.054(1) 
0.070(1) 
0.066(2) 
0.078(2) 
0.108(2) 
0.117(2) 
0.085(2) 
0.132(3) 

0.053 
0.046 
0.079 
0.093 
0.162 
0.162 
0.162 
0.175 
0.175 
0.175 
0.127 
0.127 
0.127 
0.198 
0.198 
0.198 
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Table Al.l (continued) 
H(7C) 0.2601(25) -0.0512(32) 0.0220(61) 0.077(17) 
H(7B) 0.5299(29) 0.4431(34) 0.2620(66) 0.116(20) 
H(7A) 0.1084(29) 0.3433(33) -0.1577(68) 0.111(20) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 

Table A1.2 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters [A ]̂ of Trimesic acid (methanol), lb 

Atom x/a y/b z/c U " 
C(9) 
C(8) 
0(7) 
0(5) 
0(6) 
0(4) 
0(3) 
C(7) 
0(2) 
C(6) 
C(5) 
C(4) 
C(3) 
C(2) 
C(l) 
0(1) 
0(11) 
C(ll) 

°Ueq is defined 

0.2357(24) 
0.2261(26) 
0.6573(23) 
0.2405(22) 
0.7049(20) 
-0.0146(22) 
-0.0196(22) 
0.4567(24) 
0.2220(23) 
0.0175(24) 
0.1456(28) 
0.1452(26) 
0.3848(25) 
0.3769(24) 
0.6172(26) 
0.0306(24) 
0.2026(86) 

0.4159(116) 

-0.0030(9) 
-0.0777(10) 
-0.4979(7) 
0.0784(7) 
-0.4383(7) 
0.2336(8) 
0.0850(8) 
-0.2522(9) 
-1.0422(9) 
0.0324(10) 
-0.0414(10) 
0.1158(9) 

-0.1433(10) 
-0.2202(9) 

-0.4070(10) 
0.2991(7) 

-0.5111(48) 
-0.5440(54) 

0.8047(9) 
0.6844(5) 
0.7820(4) 
0.9219(4) 
0.8949(4) 
0.8259(4) 
0.5762(4) 
0.7930(5) 
0.5639(4) 
0.7285(5) 
0.6029(5) 
0.8515(5) 
0.8380(5) 
0.7167(5) 
0.8294(5) 
-0.0108(4) 
0.5328(22) 
0.6045(26) 

as one-third of the trace of the orthogonalized Uy 

0.034(2) 
0.039(2) 
0.065(2) 
0.060(2) 
0.054(2) 
0.061(2) 
0.064(2) 
0.032(2) 
0.071(2) 
0.035(2) 
0.046(3) 
0.039(2) 
0.037(2) 
0.035(2) 
0.040(2) 
0.066(2) 

0.365(19) 
0.276(19) 

tensor. 
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Table A1.3 Fractional Coordinates and Equivalent Isotropic 
Parameters [A^] 

Atom 
C(ll) 
C(12) 
C(13) 
N(14) 
C(15) 
C(16) 
C(21) 
C(22) 
C(23) 
N(23) 
C(24) 
C(25) 
N(25) 
C(26) 
C(27) 
0(231) 
0(232) 
0(251) 
0(252) 
0(271) 
0(272) 
H(12) 
H(16) 
H(24) 
H(22) 
H(26) 
H(272) 
H(15) 
H(13) 

of 3,5-dinitrobenzoic acid + 4,4'-
x/a 

1.9105(8) 
1.8224(10) 
1.6518(10) 
1.5696(8) 

1.6518(11) 
1.8187(11) 
1.0146(9) 
1.1290(12) 
1.3043(11) 
1.4348(11) 
1.3710(11) 
1.2547(10) 
1.3286(10) 
1.0783(10) 
0.8314(10) 
1.6072(9) 
1.3597(10) 
1.4769(8) 
1.2364(9) 
0.7749(6) 
0.7404(7) 
1.9042(80) 
1.8864(75) 
1.5111(74) 
1.0743(77) 
1.0166(65) 
0.6270(65) 
1.5868(66) 
1.5983(79) 

y/b 
-0.0134(2) 
-0.0697(3) 
-0.0935(3) 
-0.0660(3) 
-0.0140(3) 
0.0139(3) 
0.1679(3) 
0.2222(3) 
0.2321(3) 
0.2890(3) 
0.1922(3) 
0.1406(3) 
0.0956(3) 
0.1272(3) 
0.1533(3) 
0.2923(2) 
0.3270(2) 
0.1110(2) 
0.0477(2) 
0.1873(2) 
0.1020(2) 

-0.0928(19) 
0.0514(21) 
0.1950(17) 
0.2549(22) 
0.0871(16) 
0.0912(15) 
0.0098(19) 
-0.1335(22) 

•bipyridyl, 2a 
z/c 

-0.4693(5) 
-0.5161(6) 
-0.4564(7) 
-0.3531(6) 
-0.3064(6) 
-0.3609(6) 
0.1799(5) 
0.2083(6) 
0.1407(6) 
0.1767(6) 
0.0478(6) 
0.0193(5) 
-0.0794(5) 
0.0827(5) 
0.2590(6) 
0.1313(6) 
0.2442(6) 
-0.1408(5) 
-0.0923(5) 
0.3494(4) 
0.2222(4) 

-0.5913(47) 
-0.3253(43) 
0.0121(42) 
0.2473(49) 
0.0693(37) 
0.2783(39) 
-0.2312(39) 
-0.4948(45) 

Displacement 

u • 
0.065(2) 
0.074(2) 
0.081(2) 
0.083(2) 
0.087(2) 
0.082(2) 
0.061(1) 
0.075(2) 
0.072(2) 
0.106(2) 
0.074(2) 
0.068(2) 
0.101(2) 
0.066(2) 
0.079(2) 
0.134(2) 
0.158(2) 
0.146(2) 
0.142(2) 
0.096(1) 
0.094(1) 

0.112(19) 
0.092(20) 
0.071(17) 
0.107(23) 
0.064(16) 
0.045(13) 
0.089(17) 
0.110(21) 

Ûeq is defined as one-third of the trace of the orthogonalized Ujj tensor. 
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Table A1.4 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters \A^] of 3,5-dinitro-4 

Atom 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
N(13) 
N(15) 
0(131) 
0(132) 
0(151) 
0(152) 
0(171) 
0(172) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
N(23) 
N(25) 
0(231) 
0(232) 
0(251) 
0(252) 
0(271) 
0(272) 
C(31) 
C(32) 
C(33) 
N(34) 
C(35) 
C(36) 
C(37) 
C(38) 
C(39) 

N(310) 
C(311) 
C(312) 
H(12) 
H(16) 

x/a 
-0.0658(3) 
-0.1651(3) 
-0.3118(3) 
-0.3697(3) 
-0.2639(3) 
-0.1162(3) 
0.0960(3) 
-0.5331(4) 
-0.4103(3) 
-0.3104(3) 
-0.3984(3) 
-0.4940(3) 
-0.3135(3) 
-0.3370(3) 
0.1449(2) 
0.1729(3) 
0.6314(3) 
0.7189(3) 
0.8698(3) 
0.9441(3) 
0.8483(3) 
0.6973(3) 
0.4677(3) 
1.1133(4) 
0.9528(3) 
0.9089(3) 
1.0609(3) 
0.9054(4) 
0.9838(3) 
0.8786(3) 
0.3883(3) 
0.4264(3) 
-0.2728(3) 
-0.2952(4) 
-0.4350(4) 
-0.5522(3) 
-0.5303(4) 
-0.3956(3) 
-0.1241(3) 
-0.0837(3) 
0.0570(4) 
0.1574(3) 
0.1199(4) 

-0.0182(3) 
0.1312(30) 

-0.0477(29) 

•methylbenzoic 
y/b 

0.5369(3) 
0.5615(3) 
0.6711(3) 
0.7631(3) 
0.7312(3) 
0.6239(3) 
0.4188(3) 
0.8781(4) 
0.6925(4) 
0.8231(3) 
0.5852(3) 
0.8153(3) 
0.7680(3) 
0.9482(3) 
0.3426(3) 
0.4098(3) 
0.4659(3) 
0.3743(3) 
0.2793(3) 
0.2683(3) 
0.3624(3) 
0.4585(3) 
0.5738(4) 
0.1748(5) 
0.1841(3) 
0.3627(4) 
0.0681(3) 
0.2266(3) 
0.2474(3) 
0.4795(3) 
0.6512(3) 
0.5772(3) 
1.0396(3) 
1.0341(3) 
1.1255(4) 
1.2195(3) 
1.2244(4) 
1.1395(3) 
0.9444(3) 
0.9740(4) 
0.8818(4) 
0.7647(3) 

0.7371(4) 
0.8215(3) 
0.5025(28) 
0.6068(25) 

acid + 4,4'-bipyridyl, 3a 
Z/c 

0.3177(2) 
0.3817(2) 
0.3460(2) 
0.2453(2) 
0.1848(2) 
0.2169(2) 
0.3571(2) 
0.2037(3) 
0.4198(2) 
0.0763(2) 
0.4898(2) 
0.4081(2) 
0.0212(2) 
0.0486(2) 
0.4442(2) 
0.2878(2) 
0.1687(2) 
0.2626(2) 
0.2726(2) 
0.1937(2) 
0.1013(2) 
0.0875(2) 
0.1532(3) 
0.2035(4) 
0.3774(2) 
0.0101(2) 
0.3944(2) 
0.4401(2) 
0.0053(2) 
-0.0573(2 
0.0714(2) 
0.2358(2) 
0.2752(2) 
0.3691(2) 
0.3806(3) 
0.3057(2) 
0.2165(3) 
0.1970(2) 
0.2597(2) 
0.1667(2) 
0.1563(3) 
0.2325(2) 
0.3214(3) 
0.3382(2) 
0.4503(19 
0.1687(17 

U " 
yJea 0.046(1) 

0.052(1) 
0.050(1) 
0.046(1) 
0.046(1) 
0.045(1) 
0.052(1) 
0.063(1) 
0.072(1) 
0.056(1) 
0.110(1) 
0.104(1) 
0.088(1) 
0.081(1) 
0.086(1) 
0.086(1) 
0.046(1) 
0.048(1) 
0.049(1) 
0.050(1) 
0.049(1) 
0.050(1) 
0.057(1) 
0.069(1) 
0.068(1) 
0.065(1) 
0.106(1) 
0.104(1) 
0.083(1) 

) 0.092(1) 
0.088(1) 
0.076(1) 
0.044(1) 
0.057(1) 
0.065(1) 
0.062(1) 
0.059(1) 
0.052(1) 
0.043(1) 
0.054(1) 
0.062(1) 
0.060(1) 
0.064(1) 
0.056(1) 

) 0.052(8) 
) 0.046(7) 

340 



Appendices A1 

Table A1.4 (continued) 
H(18A) 
H(18B) 
H(18C) 
H(172) 
H(22) 
H(26) 
H(28A) 
H(28B) 
H(28C) 
H(272) 
H(32) 
H(33) 
H(35) 
H(36) 
H(38) 
H(39) 
H(311) 
H(312) 

-0.6019(46) 
-0.5556(51) 
-0.5462(48) 
0.2737(43) 
0.6739(28) 
0.6409(31) 
1.1354(54) 
1.1517(49) 
1.1697(40) 
0.3181(46) 
-0.2130(35) 
-0.4521(35) 
-0.6127(36) 
-0.3897(31) 
-0.1504(32) 
0.0843(36) 
0.1960(43) 
-0.0346(34) 

0.8540(39) 
0.8843(46) 
0.9696(48) 
0.3343(38) 
0.3872(26) 
0.5199(29) 
0.0658(54) 
0.2023(44) 
0.1675(36) 
0.6480(41) 
0.9684(33) 
1.1263(32) 
1.2897(32) 
1.1540(29) 
1.0624(30) 
0.8980(33) 
0.6578(39) 
0.7935(31) 

0.2393(27) 
0.1424(32) 
0.2053(27) 
0.3038(23) 
0.3166(18) 
0.0240(19) 
0.2217(31) 
0.1424(30) 
0.2580(25) 
0.2298(25) 
0.4255(21) 
0.4425(21) 
0.1647(21) 
0.1312(20) 
0.1104(19) 
0.0913(23) 
0.3744(25) 
0.4037(21) 

0.106(14) 
0.134(19) 
0.129(16) 
0.090(11) 
0.043(7) 
0.053(8) 

0.149(18) 
0.0127(17) 
0.090(13) 
0.106(13) 
0.070(10) 
0.072(10) 
0.068(10) 
0.057(9) 
0.057(9) 

0.080(10) 
0.097(12) 
0.070(10) 

*Ueq is defined as one-third of the trace of the orthogonalized Uy tensor. 

341 



Appendices A1 

Table A1.5 Fractional coordinates and Equivalent Isotropic Displacement 
Parameters [A ]̂ of 3,5-dinitro-4-methylbenzoic acid + 4,4'-bipyridyl+anthracene, 
3b 

Atom 
0(372) 
C(34) 
C(21) 
C(33) 
N(24) 
C(22) 
N(33) 
C(31) 
C(26) 

0(371) 
C(32) 
N(35) 
C(36) 
C(37) 
C(25) 
C(35) 
C(23) 

0(352) 
0(351) 
0(332) 
C(38) 

0(331) 
C(ll) 
C(17) 
C(16) 
C(12) 
C(13) 
C(15) 
C(14) 
H(17) 
H(36) 
H(32) 
H(26) 
H(23) 
H(25) 
H(22) 
H(14) 

H(38C) 
H(15) 

H(38B) 
H(38A) 
H(12) 
H(372) 
H(13) 

x/a 
0.3112(3) 
0.2446(3) 
0.4754(3) 
0.1705(3) 
0.3803(3) 
0.5496(4) 
0.0377(3) 
0.3293(3) 
0.3503(4) 
0.4641(3) 
0.2103(4) 
0.4593(4) 
0.4076(4) 
0.3762(4) 

0.03071(4) 
0.3654(4) 
0.4990(4) 
0.3975(3) 
0.5935(3) 
0.0218(3) 
0.2076(5) 
-0.0483(3) 
0.0322(3) 
0.1121(4) 
-0.0834(4) 
0.0605(5) 
-0.0178(5) 
-0.1636(4) 
-0.1316(5) 
0.1935(29) 
0.4907(29) 
0.1548(28) 
0.2915(32) 
0.5515(27) 
0.2144(34) 
0.6444(33) 
-0.1986(36) 
0.1594(35) 
-0.2398(31) 
0.1412(45) 
0.2916(38) 
0.1437(39) 
0.3325(42) 
-0.0048(38) 

y/b 
0.1179(3) 
0.3397(3) 
0.0123(3) 
0.2494(3) 
0.0581(3) 
0.0920(4) 
0.1883(4) 
0.2658(3) 
-0.0427(4) 
0.2924(3) 
0.2114(4) 
0.4826(4) 
0.3568(4) 
0.2277(4) 
-0.0179(4) 
0.3897(3) 
0.1120(4) 
0.5833(3) 
0.4533(3) 
0.0612(3) 
0.3718(6) 
0.2667(3) 
0.4354(4) 
0.5447(4) 
0.3896(4) 
0.3689(5) 
0.2635(5) 
0.2782(4) 
0.2174(5) 

0.5719(27) 
0.3981(29) 
0.1511(28) 
-0.0926(32) 
0.1652(28) 
-0.0548(33) 
0.1329(33) 
0.1373(37) 
0.2885(36) 
0.2536(31) 
0.4694(47) 
0.3813(36) 
0.3979(39) 
0.1032(42) 
0.2240(39) 

z/c 
-0.0010(2) 
0.3584(3) 
-0.4397(2) 
0.3066(3) 
-0.2125(2) 
-0.3780(3) 
0.3650(2) 
0.1347(3) 
-0.3838(3) 
-0.0505(2) 
0.1991(3) 
0.3352(2) 
0.1805(3) 
0.0167(3) 
-0.2720(3) 
0.2899(3) 
-0.2663(3) 
0.3762(2) 
0.3266(2) 
0.3599(2) 
0.4810(4) 
0.4132(2) 
0.9001(3) 
0.9199(3) 
0.9836(3) 
0.8001(3) 
0.7836(4) 
0.9610(4) 
0.8654(4) 

0.8632(23) 
0.1370(23) 
0.1681(23) 
-0.4195(26) 
-0.2202(23) 
-0.2355(27) 
-0.4098(26) 
0.8555(29) 
0.5341(28) 
1.0185(25) 
0.4653(34) 
0.5252(29) 
0.7480(31) 
-0.0799(36) 
0.7082(33) 

U " 
0.051(1) 
0.039(1) 
0.036(1) 
0.038(1) 
0.045(1) 
0.043(1) 
0.056(1) 
0.035(1) 
0.049(1) 
0.062(1) 
0.039(1) 
0.059(1) 
0.042(1) 
0.043(1) 
0.052(1) 
0.042(1) 
0.047(1) 
0.081(1) 
0.084(1) 
0.083(1) 
0.056(1) 
0.083(1) 
0.045(1) 
0.049(1) 
0.045(1) 
0.059(1) 
0.071(1) 
0.062(1) 
0.072(1) 
0.036(8) 
0.041(9) 
0.038(8) 
0.056(10) 
0.036(8) 

0.066(10) 
0.068(11) 
0.081(11) 
0.068(11) 
0.049(10) 
0.108(16) 
0.072(13) 
0.091(13) 
0.110(15) 
0.091(13) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.6 Fractional Coordinates and Equivalent Isotropic 
Parameters 

Atom 
1(11) 
C(ll) 
C(12) 
C(13) 
N(21) 
N(22) 
0(21) 
0(22) 
0(23) 
0(24) 
0(25) 
0(26) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
H(ll) 
H(12) 
H(24) 
H(21) 
H(23) 
H(22) 

[A 1 of 3,5-dinitrobenzoic acid + 1,4-diiodobenzene 
x/a 

0.0451(1) 
-0.1916(7) 
-0.1355(6) 
-0.1913(6) 
0.8325(5) 
0.4428(5) 
0.4442(5) 
0.3508(4) 
0.9300(4) 
0.7996(5) 
0.6278(4) 
0.8209(4) 
0.6407(5) 
0.7455(5) 
0.7745(5) 
0.6885(4) 
0.5796(5) 
0.5579(5) 
0.7151(5) 

-0.1488(70) 
-0.1487(74) 
0.6713(119) 
0.8411(51) 
0.5348(52) 
0.6297(51) 

y/b 
0.2456(1) 
0.3766(7) 
0.2427(5) 
0.1097(7) 
0.0504(5) 
0.2989(6) 
0.2063(6) 
0.3909(5) 
0.0583(5) 
-0.0613(5) 
0.6749(4) 
0.5767(4) 
0.1765(6) 
0.1829(5) 
0.3089(6) 
0.4319(5) 
0.4281(6) 
0.3022(6) 
0.5705(5) 
0.4671(88) 
0.0104(91) 
0.7555(93) 
0.3083(58) 
0.4994(60) 
0.0893(62) 

z/c 
0.4351(1) 
0.4865(2) 
0.4735(2) 
0.4866(2) 
0.3296(2) 
0.3995(2) 
0.4311(2) 
0.3930(2) 
0.3043(2) 
0.3503(2) 
0.2879(2) 
0.2616(1) 
0.3656(2) 
0.3347(2) 
0.3087(2) 
0.3127(2) 
0.3423(2) 
0.3681(2) 
0.2852(2) 

0.4799(23) 
0.4776(24) 
0.2723(41) 
0.2878(17) 
0.3428(17) 
0.3825(18) 

Displacement 

U * 
0.063(1) 
0.060(2) 
0.046(1) 
0.051(1) 
0.052(1) 
0.048(1) 
0.072(1) 
0.070(1) 
0.067(1) 
0.081(1) 
0.062(1) 
0.058(1) 
0.040(1) 
0.040(1) 
0.038(1) 
0.035(1) 
0.039(1) 
0.037(1) 
0.041(1) 

0.078(21) 
0.089(23) 
0.130(41) 
0.035(12) 
0.038(15) 
0.047(14) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.7 Fractional Coordinates and Equivalent Isotropic 
Parameters [Â T 

Atom 
N(22) 
N(23) 
N(25) 
C(26) 
N(24) 
N(21) 
C(25) 
C(23) 
C(21) 
0(112) 
0(132) 
0(111) 
C(12) 
0(131) 
C(13) 
C(ll) 
0(1) 
H(25A) 
H(25B) 
H(24) 
H(21A) 
H(21B) 
H(26) 
H(23B) 
H(23A) 
H(7) 
H(22) 
H(25B) 

of 2,4,6-triaminopyrimidine + malonic acid, 4a 
x/a 

0.7435(2) 
0.5600(3) 
0.6562(3) 
0.8000(3) 
0.6099(2) 
0.9287(3) 
0.6904(3) 
0.6376(3) 
0.8275(3) 
0.7209(2) 
0.6606(2) 
0.9034(2) 
0.7832(3) 
0.5886(2) 
0.6710(3) 
0.8040(3) 

0.5000 
0.5869(3) 
0.7034(3) 
0.5422(2) 
0.9837(3) 
0.9396(3) 
0.8535(31) 
0.4815(40) 
0.5818(33) 
0.8467(41) 
0.7561(36) 
0.7855(41) 

y/b 
0.0997(3) 
0.1798(4) 
-0.1750(4) 
-0.0809(4) 
0.0036(3) 
0.0262(3) 
-0.0854(4) 
0.0934(4) 
0.0127(4) 
0.2235(3) 
0.1476(3) 
0.1632(3) 
0.0566(5) 
-0.0051(3) 
0.0701(4) 
0.1560(4) 
0.3079(4) 
-0.1744(4) 
-0.2336(4) 
0.0014(3) 
-0.0260(3) 
0.0873(3) 

-0.1433(39) 
0.1713(44) 
0.2350(40) 
0.0691(47) 
0.1597(50) 
-0.0201(54) 

z/c 
0.5425(3) 
0.4870(3) 
0.3694(3) 
0.4835(3) 
0.4271(3) 
0.6011(3) 
0.4270(3) 
0.4845(3) 
0.5429(3) 
0.3316(2) 
0.1347(2) 
0.3767(3) 
0.2598(4) 
0.1936(3) 
0.1903(4) 
0.3277(3) 

0.2500 
0.3351(3) 
0.3665(3) 
0.3905(3) 
0.6040(3) 
0.6363(3) 
0.4797(30) 
0.4396(37) 
0.5260(34) 
0.2371(36) 
0.5856(38) 
0.2854(41) 

Displacement 

U * 
0.040(1) 
0.051(1) 
0.064(1) 
0.044(1) 
0.045(1) 
0.053(1) 
0.043(1) 
0.040(1) 
0.040(1) 
0.055(1) 
0.058(1) 
0.069(1) 
0.047(1) 
0.063(1) 
0.047(1) 
0.044(1) 
0.059(1) 

0.076 
0.076 
0.054 
0.064 
0.064 

0.043(11) 
0.069(15) 
0.039(13) 
0.076(15) 
0.062(15) 
0.078(18) 

Ûeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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Table A1.8 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters of 2,4,6-triaminopyrimidine + glutaric acid, 5a.\ 

Atom 
0(1) 
0(2) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(21) 
N(22) 
C(22) 
N(23) 
N(24) 
C(24) 
N(25) 
N(26) 
C(26) 

0(111) 
0(112) 
0(151) 
0(152) 
H(13A) 
H(13B) 
H(14A) 
H(14B) 
H(21A) 
H(22A) 
H(22B) 
H(23A) 
H(24A) 
H(24B) 
H(25A) 
H(26A) 
H(26B) 

x/a 
1.0000 

0.9729(5) 
0.8649(5) 
0.7608(5] 
0.7710(5) 
0.6640(5] 
0.6660(5] 
1.3108(5] 
1.1945(4) 
1.2121(5] 
1.1312(4) 
1.0591(4] 
1.1380(5] 
1.2358(4] 
1.4108(4] 
1.3193(5] 
0.8666(4] 
0.9433(4) 
0.7482(3] 
0.5763(4] 
0.8369(5] 
0.7813(5) 
0.6551(5) 
0.5985(5) 
1.3685(5) 
1.1335(4) 
1.2440(4) 
1.0723(4) 
0.9991(4] 
1.0659(4) 
1.2439(4) 
1.4149(4) 
1.4654(4) 

y/b 
-0.1891(5) 
0.3159(4) 
0.0423(5) 
0.0272(5) 
0.1111(5) 
0.1022(5) 
0.1849(4) 
-0.1015(4) 
-0.1899(4) 
-0.1060(4) 
-0.0185(3) 
0.1492(4) 
0.0707(4) 
0.0762(3) 
0.0032(4) 
-0.0081(4) 
0.1310(4) 
-0.0335(4) 
0.2531(3) 
0.1824(3) 
0.0877(5) 
0.1953(5) 
0.0179(5) 
0.1230(5) 
-0.1589(4) 
-0.1876(4) 
-0.2465(4) 
-0.0205(3) 
0.1461(4) 
0.2053(4) 
0.1346(3) 
0.0624(4) 
-0.0489(4) 

z/c 
0.7500 

0.6765(2) 
0.8431(3) 
0.7904(3) 
0.7322(3) 
0.6802(3) 
0.6213(3) 
0.9769(2) 
0.8830(2) 
0.9305(3) 
0.9320(2) 
0.9786(2) 
0.9775(2) 
1.0229(2) 
1.0697(2) 
1.0234(3) 
0.8817(2) 
0.8452(2) 
0.6171(2) 
0.5775(2) 
0.7126(3) 
0.7474(3) 
0.6650(3) 
0.7007(3) 
0.9767(2) 
0.8547(2) 
0.8806(2) 
0.9021(2) 
0.9496(2) 
1.0084(2) 
1.0514(2) 
1.0976(2) 
1.0714(2) 

d e q 

0.080(2) 
0.087(2) 
0.049(2) 
0.050(2) 
0.046(2) 
0.049(2) 
0.045(2) 
0.045(2) 
0.057(1) 
0.044(1) 
0.044(1) 
0.052(1) 
0.040(1) 
0.045(1) 
0.055(1) 
0.041(1) 
0.074(2) 
0.063(1) 
0.053(1) 
0.061(1) 

0.055 
0.055 
0.058 
0.058 
0.054 
0.069 
0.069 
0.053 
0.062 
0.062 
0.054 
0.066 
0.066 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.9 Fractional Coordinates and Isotropic Displacement 
of 2,4,6-triaminopyrimidine -

Atom 
C(ll) 
C(12) 
C(13) 

0(131) 
0(132) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 

0(261) 
0(262) 
C(31) 
N(32) 
C(33) 
C(34) 
C(35) 
N(36) 
N(31) 
N(33) 
N(35) 
0(211) 
0(212) 
H(llA) 
H(llB) 
H(12A) 
H(12B) 
H(132) 
H(22A) 
H(22B) 
H(23A) 
H(23B) 
H(24A) 
H(24B) 
H(32A) 
H(34A) 
H(31A) 
H(31B) 
H(33A) 
H(33B) 

x/a 
0.4677(7) 
0.3269(8) 
0.2266(7) 
0.1646(5) 
0.2061(5) 
0.4215(7) 
0.5214(7) 
0.5460(8) 
0.6450(7) 
0.6601(9) 
0.7515(6) 
0.8157(5) 
0.7547(5) 
0.9794(6) 
0.9043(5) 
0.9054(7) 
0.9835(6) 
1.0584(6) 
1.0561(5) 
0.9803(5) 
0.8265(6) 
1.1393(6) 
0.3666(5) 
0.4017(6) 
0.4596(7) 
0.5273(7) 
0.3323(8] 
0.2974(8] 
0.1490(5) 
0.6076(7] 
0.4879(7] 
0.5806(8] 
0.4594(8] 
0.6122(7] 
0.7332(7] 
0.8558(5] 
0.9860(6] 
1.0299(5] 
0.9312(5] 
0.8228(6] 
0.7791(6^ 

f adipic acid, 6a 
y/b 

0.4825(4) 
0.5185(4) 
0.4919(4) 
0.5381(2) 
0.4114(3) 
-0.2880(3) 
-0.2615(3) 
-0.1691(3) 
-0.1412(3) 
-0.0468(3) 
-0.0091(3) 
-0.0515(2) 
0.0705(2) 
0.1154(3) 
0.1564(2) 
0.2414(3) 
0.2826(3) 
0.2370(3) 
0.1527(2) 
0.0330(3) 
0.2789(3) 
0.2722(3) 
-0.2422(2) 
-0.3683(2) 
0.4227(4) 
0.4932(4) 
0.5787(4) 
0.5004(4) 
0.4003(3) 
-0.2895(3) 
-0.2789(3) 
-0.1519(3) 
-0.1412(3) 
-0.1588(3) 
-0.1668(3) 
0.1296(2) 
0.3403(3) 
0.0051(3) 
0.0076(3) 
0.3322(3) 
0.2498(3) 

z/c 
-0.0629(5) 
-0.0995(5) 
-0.0060(5) 
0.0644(4) 
-0.0047(4) 
0.3089(5) 
0.2112(5) 
0.2096(5) 
0.1099(5) 
0.1127(6) 
0.0142(5) 
-0.0612(3) 
0.0144(3) 
-0.2405(5) 
-0.1557(4) 
-0.1553(5) 
-0.2404(5) 
-0.3245(5) 
-0.3260(4) 
- 0.2352(4) 
-0.0713(4) 
-0.4093(4) 
0.3816(4) 
0.3105(4) 
-0.0538(5) 
-0.1339(5) 
-0.1000(5) 
-0.1873(5) 
0.0486(4) 
0.2310(5) 
0.1242(5) 
0.2964(5) 
0.1914(5) 
0.0227(5) 
0.1293(5) 
-0.1020(4) 
-0.2415(5) 
-0.2866(4) 
-0.1804(4) 
-0.0687(4) 
-0.0196(4) 

Parameters [A ]̂ 

U " 
0.056(2) 
0.057(2) 
0.049(2) 
0.059(1) 
0.074(2) 
0.043(2) 
0.048(2) 
0.049(2) 
0.043(2) 
0.047(2) 
0.040(2) 
0.052(1) 
0.056(1) 
0.039(2) 
0.043(1) 
0.039(2) 
0.043(2) 
0.040(2) 
0.038(1) 
0.048(2) 
0.054(2) 
0.055(2) 
0.067(2) 
0.066(2) 

0.068 
0.068 
0.069 
0.069 
0.112 
0.058 
0.058 
0.059 
0.059 
0.052 
0.052 
0.051 
0.052 
0.058 
0.058 
0.065 
0.065 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table ALIO Fractional coordinates and Equivalent Isotropic 
Parameters 

Atom 
N(26) 
0(25) 
0(23) 
N(24) 
0(21) 
N(22) 
C(ll) 
N(14) 
C(25) 
C(12) 
C(16) 
C(I5) 
C(23) 
C(21) 
C(13) 
H(26) 
H(15) 
H(24) 
H(16) 
H(13) 
H(12) 
H(22) 

[A ] of cyanuric acid + 4,4'-bipyridyl (methanol), 7a 
x/a 

0.1952(3) 
0.2527(3) 
0.7272(3) 
0.4824(3) 
0.1762(3) 
0.4440(3) 
0.0758(4) 
0.3594(3) 
0.3075(4) 
0.0867(5) 
0.2150(5) 
0.3517(5) 
0.5610(4) 
0.2663(4) 
0.2262(5) 

0.0853(45) 
0.4541(48) 
0.5606(48) 
0.2206(49) 
0.2273(52) 
-0.0083(53) 
0.5036(47) 

y/b 
0.1613(1) 
0.3985(1) 
0.2324(1) 
0.3193(2) 
-0.0805(1) 
0.0738(1) 
0.4303(2) 
0.1670(2) 
0.3004(2) 
0.3002(2) 
0.4231(2) 
0.2919(2) 
0.2101(2) 
0.0441(2) 
0.1735(2) 

0.1410(19) 
0.2872(22) 
0.4072(25) 
0.5078(24) 
0.0832(24) 
0.2953(24) 
0.0100(24) 

z/c 
0.0346(1) 
-0.0612(1) 
0.2669(1) 
0.1056(1) 
0.1235(1) 
0.2001(1) 
-0.4702(1) 
-0.3584(1) 
0.0208(1) 
-0.5135(2) 
-0.3691(2) 
-0.3174(2) 
0.1966(1) 
0.1203(1) 
-0.4553(2) 

-0.0200(17) 
-0.2509(19) 
0.0967(17) 
-0.3343(19) 
-0.4838(19) 
-0.5829(20) 
0.2629(18) 

Displacement 

U " 
0.043(1) 
0.056(1) 
0.061(1) 
0.047(1) 
0.054(1) 
0.044(1) 
0.042(1) 
0.053(1) 
0.042(1) 
0.060(1) 
0.055(1) 
0.059(1) 
0.044(1) 
0.041(1) 
0.062(1) 
0.054(5) 
0.071(6) 
0.067(6) 
0.076(6) 
0.082(7) 
0.081(6) 
0.068(6) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table Al . l l Fractional coordinates and Equivalent Isotropic 
Parameters 

Atom 
N(23) 
N(22) 
N(21) 
0(23) 
N(12) 
0(22) 
0(21) 
C(23) 
C(16) 
N(ll) 
C(22) 
C(14) 
C(21) 

C(llO) 
C(15) 
C(19) 
C(13) 
C(17) 
C(12) 
C(18) 
C(ll) 
H(ll) 
H(12) 
H(13) 
H(15) 
H(17) 
H(21) 

H(llO) 
H(22) 
H(19) 
H(18) 
H(23) 

[Al of Cy anuric acid + 4,4'-bipyridyl 
x/a 

0.6364(5) 
0.9433(5) 
0.9387(5) 
1.2358(4) 
1.1113(5) 
0.6529(4) 
0.6331(4) 
1.0525(5) 
1.2183(5) 
1.3805(5) 
0.7387(6) 
1.2720(5) 
0.7286(6) 
1.3722(6) 
1.4494(6) 
1.3119(7) 
1.1501(6) 
1.0091(6) 
1.2069(6) 
0.9635(7) 
1.4986(7) 
1.6256(58) 
1.1141(55) 
1.0373(52) 
1.5286(53) 
0.8935(54) 
0.9938(57) 
1.5193(67) 
1.0075(68) 
1.4182(57) 
0.8222(57) 
0.5057(77) 

y/b 
0.0626(1) 
0.0227(1) 
0.1029(1) 
0.0639(1) 
-0.0686(1) 
-0.0161(1) 
0.1414(1) 
0.0634(1) 
-0.1623(1) 
-0.3048(1) 
0.0204(1) 
-0.2114(1) 
0.1048(1) 
-0.1271(1) 
-0.2241(1) 
-0.0816(1) 
-0.2476(1) 
-0.1485(1) 
-0.2931(1) 
-0.1025(1) 
-0.2700(1) 
-0.2789(1) 

-0.3152(15) 
-0.2406(11) 
-0.2020(11) 
-0.1728(13) 
0.1333(13) 
-0.1370(13) 
-0.0061(15) 
-0.0583(11) 
-0.0945(13) 
0.0641(13) 

+ water, 7b 
z/c 

0.2098(5) 
0.2422(5) 
0.2372(5) 
0.2636(4) 
0.2699(5) 
0.2359(4) 
0.1933(5) 
0.2499(5) 
0.2474(5) 
0.2103(5) 
0.2304(6) 
0.2317(5) 
0.2124(6) 
0.3021(6) 
0.1966(6) 
0.3110(6) 
0.2521(6) 
0.2072(6) 
0.2390(6) 
0.2212(6) 
0.1894(6) 
0.1685(53) 
0.2562(52) 
0.2862(48) 
0.1712(49) 
0.1706(50) 
0.2458(54) 
0.3359(58) 
0.2534(64) 
0.3397(52) 
0.1956(53) 
0.2152(65) 

Displacement 

U " 
0.042(1) 
0.041(1) 
0.040(1) 
0.053(1) 
0.046(1) 
0.060(1) 
0.063(1) 
0.036(1) 
0.036(1) 
0.046(1) 
0.041(1) 
0.034(1) 
0.041(1) 
0.042(1) 
0.044(1) 
0.045(1) 
0.041(1) 
0.043(1) 
0.045(1) 
0.048(1) 
0.045(1) 
0.053(11) 
0.059(12) 
0.033(9) 

0.039(10) 
0.055(11) 
0.052(11) 
0.068(13) 
0.074(14) 
0.044(10) 
0.057(12) 
0.071(13) 

*Ueq is defined as one-third o the trace of the orthogonalized Uy tensor. 
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Table A1.12 
Parameters \A^ 

Atom 
N(3) 
N(2) 
N(l) 
0(3) 
0(1) 
C(2) 
C(3) 
0(2) 
C(l) 
C(4) 

H(4B) 
H(4C) 
H(4D) 
H(2) 
H(l) 

N(3) 
N(2) 
N(l) 
0(3) 
0(1) 
C(2) 
C(3) 
0(2) 
C(l) 
C(4) 

H(4B) 
H(4C) 
H(4D) 
H(2) 
H(l) 
0(4) 
H(41) 
H(42) 

Fractional Coordinates and 
] of N-methylcyi 

x/a 
0.7346(21) 
0.7145(19) 
1.0237(20) 
1.0438(15) 
0.4389(17) 
0.9147(24) 
0.9359(25) 
0.9990(14) 
0.6163(26) 
0.6427(23) 
0.50110(23) 
0.6832(23) 
0.6832(23) 

0.6330(350) 
1.1653(179) 

Equivalent Isotropic Displacement 
muric acid (8) and its adduct with water (8 + H2O) 

y/b 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.3743 
0.1257 
0.2500 
0.2500 

z/c 
0.5534(5) 
0.3824(5) 
0.4578(6) 
0.6233(4) 
0.4741(6) 
0.3708(7) 
0.5500(6) 
0.2917(4) 
0.4700(7) 
0.6502(5) 
0.6432(5) 
0.6856(5) 
0.6856(5) 

0.3208(109) 
0.4514(57) 

N-methylcyanuric acid + H2O (8 + H2O) 
0.0183(5) 
0.2636(5) 
0.3626(5) 
0.6014(4) 
0.1176(4) 
0.4224(7) 
0.0583(6) 
-0.0816(4) 
0.1645(7) 
0.3150(9) 

0.2716(73) 
0.4544(84) 

0.2716 
-0.1237(61) 
0.4722(70) 
-0.2612(5) 

-0.1419(108) 
0.2154(86) 

0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 

0.1160(77) 
0.2500 
0.3839 
0.2500 
0.2500 
0.2500 
0.2500 
0.2500 

0.8052(4) 
0.6537(4) 
0.9419(4) 
0.7961(3) 
1.0849(4) 
0.7973(5) 
0.6530(5) 
0.5268(3) 
0.9540(5) 
0.4918(6) 

0.4284(59) 
0.4987(57) 

0.4284 
0.8087(42) 
1.0332(51) 
0.1884(5) 
0.1329(73) 
0.2773(67) 

Uea" 
0.034(3) 
0.030(3) 
0.036(3) 
0.049(3) 
0.054(3) 
0.033(4) 
0.029(3) 
0.058(3) 
0.041(4) 
0.051(4) 

0.076 
0.076 
0.076 

0.198(79) 
0.015(28) 

0.040(1) 
0.038(1) 
0.044(1) 
0.073(1) 
0.063(1) 
0.040(1) 
0.038(1) 
0.053(1) 
0.042(1) 
0.057(2) 

0.181(22) 
0.084(19) 
0.062(10) 
0.038(11) 
0.060(14) 
0.061(1) 

0.148(26) 
0.093(24) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.13 Fractional Coordinates and Equivalent Isotropic 
Parameters [A ]̂ of N-methylcyanuric acid + 4,4'-bipyridyl, 8a 

Atom 
0(21) 
0(23) 
0(22) 
N(24) 
N(23) 
N(22) 
C(ll) 
N(21) 
C(I7) 
C(16) 
C(21) 
C(18) 

N(llO) 
C(22) 
C(23) 

C(112) 
C(13) 

C( l l l ) 
C(15) 
C(I9) 
C(24) 
C(12) 

H(24B) 
H(24C) 
H(24D) 
H(18) 
H(19) 
H(112) 
H(16) 
H(12) 
H(23) 
H(21) 
H(13) 
H(l l l ) 
H(15) 

x/a 
0.1233(9) 

0.6138(10) 
0.1084(9) 
0.7560(10) 
0.1024(11) 
0.3559(10) 
1.0090(12) 
0.3673(11) 
1.1370(12) 
0.9767(14) 
0.1946(13) 
1.2777(13) 
1.3779(11) 
0.1870(13) 
0.4599(14) 
1.1215(14) 
0.7911(15) 
1.2410(14) 
0.8543(15) 
1.3942(15) 
0.4461(14) 
0.9099(15) 
0.5625(14) 
0.2397(14) 
0.5949(14) 
1.3171(93) 
1.5064(106) 
1.0171(93) 
1.0644(98) 

0.9234(106) 
0.0182(108) 
0.4755(124) 
0.7158(105) 
1.2217(108) 
0.8620(106) 

y/b 
0.6208(2) 
0.3992(2) 
0.3958(2) 
0.0963(2) 
0.5077(2) 
0.3935(2) 
0.2134(2) 
0.5104(2) 
0.2756(2) 
0.2266(3) 
0.5506(3) 
0.2586(3) 
0.3938(2) 
0.4298(3) 
0.4322(3) 
0.3556(3) 
0.0836(3) 
0.4110(3) 
0.1666(3) 
0.3179(3) 
0.3092(2) 
0.1393(3) 
0.2921(2) 
0.2787(2) 
0.3018(2) 

0.2071(20) 
0.3008(22) 
0.3707(20) 
0.2761(21) 
0.1274(23) 
0.5359(24) 
0.5391(27) 
0.0316(25) 
0.4666(24) 
0.1770(23) 

Z/c 
0.7333(1) 
0.6540(2) 
0.8507(1) 
0.6157(2) 
0.7914(2) 
0.7518(2) 
0.5332(2) 
0.6924(2) 
0.4893(2) 
0.5980(2) 
0.7383(2) 
0.4307(2) 
0.4070(2) 
0.8011(2) 
0.6967(2) 
0.5056(2) 
0.5534(2) 
0.4630(2) 
0.6364(3) 
0.3917(2) 
0.7579(2) 
0.5104(3) 
0.7199(2) 
0.7631(2) 
0.7946(2) 

0.4155(16) 
0.3493(19) 
0.5424(16) 
0.6162(16) 
0.4670(18) 
0.8266(18) 
0.6560(22) 
0.5373(16) 
0.4737(17) 
0.6772(18) 

Displacement 

U * 
0.065(1) 
0.075(1) 
0.072(1) 
0.057(1) 
0.049(1) 
0.049(1) 
0.043(1) 
0.052(1) 
0.045(1) 
0.055(2) 
0.053(1) 
0.053(2) 
0.057(1) 
0.053(1) 
0.055(2) 
0.057(2) 
0.062(2) 
0.061(2) 
0.062(2) 
0.064(2) 
0.072(2) 
0.062(2) 

0.108 
0.108 
0.108 

0.036(12) 
0.063(13) 
0.030(11) 
0.046(12) 
0.056(14) 
0.069(15) 
0.090(17) 
0.057(14) 
0.057(13) 
0.050(14) 

Ûeq is defined as one-third of the trace of the orthogonalized Uij tensor. 

350 



Appendices A1 

Table A1.14 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters [A l̂ of 9-ethyladenine 

Atom 
N(19) 
C(19) 
N(16) 
C(13) 
N(15) 
N(12) 
C(14) 
N(18) 
C(12) 
C(17) 
C(ll) 
C(22) 

x/a 
0.6612(5) 
0.6846(5) 
0.7412(5) 
0.6921(5) 
0.7149(5) 
0.6710(5) 
0.7215(5) 
0.7018(4) 
0.7339(7) 
0.7298(6) 
0.6864(6) 
0.9171(10) 

y/b 
0.7413(3) 
0.8432(3) 
1.0575(2) 
0.9271(3) 
1.0956(2) 
0.9294(2) 
1.0286(3) 
0.8703(2) 
1.2127(3) 
0.9724(3) 
1.0313(3) 
1.2435(7) 

z/c 
0.1548(5) 
0.1298(5) 
0.0586(4) 
0.2453(5) 
0.3275(4) 
0.3986(4) 
0.2016(5) 
-0.0159(4) 
0.3333(7) 
-0.0395(6) 
0.4404(6) 
0.3876(13) 

U * 
*-'ea 0.052(1) 

0.045(1) 
0.060(1) 
0.046(1) 
0.055(1) 
0.058(1) 
0.048(1) 
0.051(1) 
0.062(1) 
0.061(1) 
0.064(1) 
0.097(2) 

Ûeq is defined as one-third of the trace of the orthogonalized Uij tensor. 

Table A] .15 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters ['A"'! of 9-ethyladenine + N-methylcyanuric acid, 8b 

Atom 
0(21] 
0(23] 
0(22] 
N(23] 
N(22] 
N(21] 
C(23) 
C(22) 
C(21) 
C(24) 
N(15] 
N(ll] 
N(14) 
C(17) 
N(13) 
C(16) 
C(15) 
C(14) 
N(12) 
C(12) 
C(13) 
C(ll) 

x/a 
0.2554(4) 
0.7827(4) 
0.2082(5) 
0.2265(5) 
0.4977(5) 
0.5186(5) 
0.6113(7) 
0.3036(6) 
0.3279(6) 
0.5911(9) 
0.4347(5) 
0.7320(5) 
0.1686(5) 
0.4748(6) 
0.1946(6) 
0.5372(6) 
0.2776(6) 
0.2506(7) 
0.6254(5) 
0.8627(8) 
0.7740(7) 

0.8479(11) 

y/b 
0.5820(5) 
0.2371(5) 
0.4702(6) 
0.5116(6) 
0.3454(6) 
0.4021(6) 
0.3212(7) 
0.4451(7) 
0.5057(7) 

0.2715(11) 
0.2518(6) 
0.0569(6) 
0.3043(6) 
0.1212(7) 
0.1871(7) 
0.1506(7) 
0.2037(7) 
0.3241(8) 
0.0085(6) 
0.0361(9) 
-0.0233(8) 

-0.1081(11) 

z/c 
0.9559(3) 
0.7954(3) 
0.6295(3) 
0.7968(3) 
0.7088(3) 
0.8784(4) 
0.7945(4) 
0.7068(4) 
0.8821(4) 
0.6143(6) 
0.3242(3) 
0.2591(3) 
0.2123(3) 
0.1656(4) 
0.0604(4) 
0.2551(4) 
0.1435(4) 
0.2961(4) 
0.1139(3) 
0.3433(4) 
0.1733(4) 
0.4417(5) 

U * 
0.049(1) 
0.066(1) 
0.065(1) 
0.044(1) 
0.046(1) 
0.049(1) 
0.048(1) 
0.044(1) 
0.044(1) 
0.066(2) 
0.046(1) 
0.047(1) 
0.043(1) 
0.041(1) 
0.052(1) 
0.041(1) 
0.037(1) 
0.046(1) 
0.050(1) 
0.049(1) 
0.050(1) 
0.069(2) 

Ûeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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Table A1.16 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters [A ]̂ of cyanuric acid + melamine), 9a 

Atom x/a y/b z/c 
N(2) 0.0879(3) 0.0000 0.3511(12) 
N(l) 0.2114(2) 0.1228(3) 0.1158(8) 
C(2) 0.1293(2) 0.1217(4) 0.2674(10) 
C(l) 0.2529(3) 0.0000 0.0420(14) 
0(2) 0.3247(12) 0.0000 0.1382(50) 
0(1) 0.0832(6) 0.2355(9) 0.2944(25) 
N(4) 0.3360(17) 0.0000 0.0517(65) 
N(3) 0.0973(8) 0.2381(15) 0.3887(31) 

U * 
Uea 0.026(1) 

0.025(1) 
0.026(1) 
0.023(1) 
0.026(3) 
0.027(2) 
0.028(6) 
0.024(3) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 

Table A1.17 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters [A ]̂ of trithiocyanuric acid + melamine), 9b 

Atom x/a y/b z/c *-'eq 

N(4) 
N(3) 
C(2) 
C(l) 
S(l) 
N(l) 
N(2) 
S(2) 

0.0877(3) 
0.2115(2) 
0.1289(3) 
0.2522(4) 
0.0934(4) 

0.0798(11) 
0.3212(12) 
0.3331(5) 

0.0000 
0.1226(3) 
0.1213(4) 

0.0000 
0.2371(5) 

0.2359(17) 
0.0000 
0.0000 

0.3053(14) 
0.1161(9) 
0.2681(12) 
0.0449(17) 
0.3634(17) 
0.2633(48) 
-0.1745(57) 
-0.0702(23) 

0.025(1) 
0.024(1) 
0.025(1) 
0.023(2) 
0.053(2) 
0.023(6) 
0.022(6) 
0.052(3) 

Ueq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.18 Fractional Coordinates and 
Parameters 

Atom 
S(15) 
S(13) 
S(ll) 
N(16) 
C(21) 
C(23) 
N(14) 
C(15) 
N(12) 
C(26) 
C(13) 
N(24) 
C(25) 
C(22) 
C(ll) 
C(32) 
C(31) 
C(33) 
H(23) 
H(26) 
H(14) 
H(22) 
H(12) 
H(25) 
H(16) 
H(31) 
H(32) 
H(33) 

[A ] of Trithiocyanuric acid + 4,4 
x/a 

0.4757(1) 
0.9800(1) 
0.2342(1) 
0.3739(3) 
-0.3963(3) 
-0.0531(4) 
0.7055(3) 
0.5177(3) 
0.5991(3) 
-0.3457(4) 
0.7538(3) 
-0.0067(3) 
-0.1530(4) 
-0.2433(3) 
0.4090(3) 
0.3681(15) 
0.3024(11) 
0.5667(18) 
0.0475(41) 
-0.4415(44) 
0.7929(41) 
-0.2631(41) 
0.6280(40) 
-0.1214(4) 
0.2427(53) 
0.1776(81) 
0.2666(93) 
0.6066(90) 

y/b 
0.7270(1) 
0.4111(1) 
0.6153(1) 
0.6593(2) 
0.9607(2) 
0.8696(3) 
0.5770(2) 
0.6511(2) 
0.5221(2) 
0.8970(3) 
0.5065(2) 
0.8083(2) 
0.8227(3) 
0.9453(3) 
0.5985(3) 
0.9161(10) 
1.0570(11) 
0.860(7) 

0.8619(27) 
0.9004(29) 
0.5731(27) 
0.9883(29) 
0.4826(28) 
0.7764(30) 
0.7100(35) 
1.0854(61) 
0.8621(66) 
0.7661(65) 

Equivalent Isotropic Displacement 
-bipyridyl + benzene, 

z/c 
0.3620(1) 
0.7293(1) 
0.9005(1) 
0.6355(2) 
0.5142(2) 
0.4405(3) 
0.5607(2) 
0.5256(2) 
0.7932(2) 
0.6486(3) 
0.6919(2) 
0.5699(2) 
0.6718(3) 
0.4087(3) 
0.7697(2) 
0.0145(5) 
0.0053(5) 
0.0086(5) 
0.3709(28) 
0.7257(31) 
0.4937(29) 
0.3162(31) 
0.8750(29) 
0.7641(31) 
0.6155(33) 
0.0109(54) 
0.0190(60) 
0.0139(56) 

10a 
Uec" 

0.043(1) 
0.048(1) 
0.061(1) 
0.036(1) 
0.036(1) 
0.046(1) 
0.037(1) 
0.034(1) 
0.040(1) 
0.048(1) 
0.036(1) 
0.042(1) 
0.050(1) 
0.044(1) 
0.038(1) 
0.123(2) 
0.124(2) 
0.122(2) 
0.049(7) 
0.060(8) 
0.046(7) 
0.056(8) 
0.049(8) 
0.059(8) 
0.080(10) 
0.144(25) 
0.178(26) 
0.166(25) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.19 Fractional Coordinates and 
Parameters 

Atom 
S(23) 
S(22) 
S(21) 
N(23) 
C(ll) 
C(15) 
N(22) 
C(12) 
C(23) 
C(16) 
N(21) 
C(22) 
N(14) 
C(21) 
C(13) 
C(4) 
C(3) 
C(5) 
C(2) 
C(6) 
C(7) 

H(16) 
H(15) 
H(12) 
H(13) 
H(21) 
H(22) 
H(23) 

[A ] of Trithiocyanuric acid + 4,4' 
x/a 

-0.0276(2) 
0.4802(2) 
-0.2620(3) 
-0.1254(8) 
0.8962(8) 
0.5564(10) 
0.2043(7) 
0.8423(10) 
0.0167(8) 
0.7474(9) 
0.1018(7) 
0.2548(9) 
0.5063(7) 
-0.0887(9) 
0.6479(10) 
0.9720(27) 
0.6239(56) 
0.7661(42) 
0.8348(53) 
0.8490(32) 
0.8592(49) 
0.7713(105) 
0.4484(101) 
0.9390(95) 
0.6230(99) 
0.1252(95) 
0.2859(139) 
-0.2518(139) 

y/b 
0.7242(2) 
0.4203(2) 
0.6208(3) 
0.6632(6) 
0.0391(7) 
0.1329(8) 
0.5796(6) 
0.0982(8) 
0.6525(7) 
0.0571(8) 
0.5305(7) 
0.5123(7) 
0.1881(6) 
0.6041(8) 
0.1720(9) 
0.1184(19) 
0.0387(50) 
0.1080(32) 
-0.1315(38) 
-0.0158(27) 
0.2378(36) 
0.0241(79) 
0.1363(72) 
0.0952(69) 
0.2074(75) 
0.4881(72) 
0.5801(84) 
0.7025(102) 

Equivalent Isotropic Displacement 
-bipyridyl + toluene, 

z/c 
-0.1392(2) 
0.2265(2) 
0.3969(2) 
0.1327(5) 
-0.0133(6) 
0.0619(7) 
0.0585(5) 
-0.1467(7) 
0.0242(6) 
0.0918(8) 
0.2890(6) 
0.1899(6) 
-0.0667(6) 
0.2668(7) 
-0.1680(8) 

-0.5106(15) 
-0.4805(40) 
-0.4984(24) 
-0.4787(31) 
-0.4903(19) 
-0.5181(30) 
0.1887(78) 
0.1438(71) 
-0.2257(67) 
-0.2653(76) 
0.3658(69) 
-0.0161(81) 
0.1114(94) 

10b 
U " 

0.050(1) 
0.055(1) 
0.078(1) 
0.042(1) 
0.040(2) 
0.051(2) 
0.040(2) 
0.053(2) 
0.039(2) 
0.051(2) 
0.047(2) 
0.041(2) 
0.048(1) 
0.048(2) 
0.060(2) 
0.134(5) 

0.387(21) 
0.219(9) 

0.307(15) 
0.171(7) 
0.301(14) 
0.069(23) 
0.061(20) 
0.051(19) 
0.065(21) 
0.046(21) 
0.076(26) 
0.112(34) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.20 Fractional Coordinates and Equivalent Isotropic 
Parameters 

Atom 
C(ll) 
C(12) 
C(13) 
C(14) 
C(21) 
C(22) 
C(23) 
C(24) 
N(31) 
S(31) 
C(31) 
S(32) 
N(32) 
C(32) 
S(33) 
N(33) 
C(33) 
C(41) 
C(42) 
C(43) 
N(44) 
C(45) 
C(46) 
C(51) 
C(52) 
C(53) 
N(54) 
C(55) 
C(56) 
C(57) 
C(58) 
C(59) 
S(61) 
C(61) 
N(61) 
S(62) 
N(62) 
C(62) 
S(63) 
N(63) 
C(63) 
S(71) 
N(71) 
C(71) 
S(72) 
C(72) 

[A 1 of Trithiocyanuric acid + 4,4' 
x/a 

0.1540(13) 
0.0723(14) 
0.0633(13) 
-0.0071(15) 
0.3399(15) 
0.4219(18) 
0.4954(23) 
0.5688(16) 
0.7886(8) 
0.7537(3) 

0.6968(10) 
0.8706(3) 
0.6100(8) 

0.7529(10) 
0.3355(3) 
0.5547(8) 

0.5028(10) 
0.5493(10) 
0.4973(10) 
0.5926(11) 
0.7330(9) 

0.7836(11) 
0.6961(10) 
0.1641(10) 
0.3041(11) 
0.3933(12) 
0.3485(9) 

0.2119(11) 
0.1167(11) 
0.0648(10) 
0.1193(11) 
0.0246(11) 
-0.5574(3) 

-0.4533(11) 
-0.2838(8) 
-0.0479(3) 
-0.5035(8) 

-0.2172(10) 
-0.4993(3) 
-0.3086(7) 

-0.4262(10) 
0.1348(3) 
-0.448(8) 

0.0651(10) 
-0.3138(3) 

-0.1407(10) 

y/b 
0.4761(12) 
0.4867(16) 
0.3877(15) 
0.3950(13) 
0.4697(16) 
0.4815(22) 
0.3858(15) 
0.4048(22) 
0.1010(7) 
0.2045(3) 
0.1744(9) 
-0.0138(3) 
0.1249(7) 
0.0713(9) 
0.2454(3) 
0.2174(7) 
0.1925(9) 
0.4616(9) 

0.4350(10) 
0.3632(10) 
0.3131(8) 

0.3395(10) 
0.4106(9) 
0.5173(9) 

0.4571(11) 
0.3843(11) 
0.3652(8) 

0.4242(10) 
0.4990(10) 
0.5985(9) 
0.6214(9) 
0.6935(9) 
1.1074(3) 
1.0193(9) 
0.8811(7) 
0.8147(3) 
1.0057(8) 
0.8864(9) 
0.9332(3) 
0.9537(7) 
0.9414(9) 
1.1583(3) 
1.0773(7) 
1.1217(9) 
1.2120(3) 
1.1519(9) 

Appendices A1 

Displacement 
-bipyridyl + p-Xylene, 10c 

z/c 
0.3386(7) 
0.4217(9) 

0.4666(10) 
0.5422(10) 
0.1514(8) 

0.0741(11) 
0.0240(15) 
-0.0487(12) 
-0.4436(4) 
-0.3161(2) 
-0.3842(5) 
-0.5752(2) 
-0.5020(4) 
-0.5060(6) 
-0.4452(2) 
-0.3863(4) 
-0.4445(6) 
0.4666(5) 
0.4100(5) 
0.3504(6) 
0.3422(4) 
0.3961(6) 
0.4583(5) 
-0.1476(6) 
-0.1506(6) 
-0.2112(7) 
-0.2695(5) 
-0.2663(6) 
-0.2080(6) 
-0.0822(6) 
-0.0248(6) 
0.0354(5) 
0.3712(2) 
0.2968(5) 
0.1717(4) 
0.2247(2) 
0.2382(4) 
0.2277(5) 
0.1066(2) 
0.2893(4) 
0.1740(5) 
0.2762(2) 
0.1057(4) 
0.2142(5) 
0.1694(2) 
0.1641(5) 

U * 
0.095(5) 
0.074(5) 
0.067(5) 
0.075(5) 
0.134(8) 
0.089(6) 
0.099(7) 
0.089(7) 
0.039(3) 
0.064(1) 
0.035(3) 
0.051(1) 
0.038(2) 
0.036(3) 
0.048(1) 
0.034(2) 
0.034(3) 
0.033(3) 
0.046(3) 
0.045(3) 
0.042(3) 
0.049(3) 
0.042(3) 
0.036(3) 
0.060(4) 
0.066(4) 
0.044(3) 
0.044(3) 
0.050(3) 
0.035(3) 
0.044(1) 
0.043(3) 
0.044(1) 
0.031(3) 
0.036(2) 
0.047(1) 
0.040(2) 
0.027(3) 
0.060(1) 
0.038(3) 
0.033(3) 
0.056(1) 
0.031(2) 
0.031(3) 
0.042(1) 
0.031(3) 
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Table A1.20 (continued) 
N(72) 
S(73) 
N(73) 
C(73) 

N(510) 
C(511) 
H(llC) 
H(llB) 
H(llA) 
H(13) 
H(14) 

H(21C) 
H(21B) 
H(21A) 
H(223) 
H(24) 
H(31) 
H(32) 
H(33) 
H(42) 
H(43) 
H(45) 
H(46) 
H(52) 
H(53) 
H(55) 
H(56) 
H(58) 
H(59) 
H(61) 
H(62) 
H(63) 
H(71) 
H(72) 
H(73) 
H(511) 
H(512) 

-0.0794(8) 
0.2063(3) 
0.1462(8) 

0.0983(10) 
-0.1142(9) 
-0.0803(10) 
0.1457(13) 
0.1140(13) 
0.2532(13) 
0.1077(13) 
-0.0115(15) 
0.3437(15) 
0.2420(15) 
0.3808(15) 
0.4965(23) 
0.6132(16) 
0.8777(8) 
0.5831(8) 
0.4930(8) 

0.3994(10) 
0.5554(11) 
0.8822(11) 
0.7362(10) 
0.3412(11) 
0.4902(12) 
0.1770(11) 
0.0205(11) 
0.2173(11) 
0.0619(11) 
-0.2311(8) 
-0.5944(8) 
-0.2729(7) 
-0.0788(8) 
-0.1352(8) 
0.2364(8) 

-0.2652(11) 
-0.1222(10) 

1.1699(7) 
0.9330(3) 
1.0464(7) 
1.0218(9) 
0.7425(7) 
0.6513(10) 
0.5585(12) 
0.4374(12) 
0.4256(12) 
0.3082(15) 
0.3225(13) 
0.3845(16) 
0.5254(16) 
0.4914(16) 
0.3053(15) 
0.3371(22) 
0.0697(7) 
0.1151(7) 
0.2627(7) 

0.4655(10) 
0.3486(10) 
0.3084(10) 
0.4242(9) 
0.4647(11) 
0.3461(11) 
0.4148(10) 
0.5375(10) 
0 .5887(9) 
0.7080(9) 
0.8365(7) 
1.0417(8) 
0.9553(7) 
1.0647(7) 
1.2140(7) 
1.0109(7) 

0.7593(10) 
0.6385(10) 

0.2180(4) 
0.0265(2) 
0.1550(4) 
0.0985(5) 
0.0431(5) 
-0.0724(6) 
0.3180(7) 
0.3111(7) 
0.3348(7) 

0.4453(10) 
0.5691(10) 
0.1607(8) 
0.1571(8) 
0.1867(8) 

0.0389(15) 
-0.0812(12) 
-0.4426(4) 
-0.5407(4) 
-0.3496(4) 
0.4127(5) 
0.3129(6) 
0.3914(6) 
0.4948(5) 
-0.1112(6) 
-0.2118(7) 
-0.3062(6) 
-0.2088(6) 
-0.0275(6) 
0.0729(5) 
0.1329(4) 
0.2423(4) 
0.3263(4) 
0.0706(4) 
0.2565(4) 
0.1529(4) 
-0.0063(6) 
-0.1083(6) 

0.036(2) 
0.046(1) 
0.040(3) 
0.040(3) 
0.038(2) 
0.047(3) 

0.142 
0.142 
0.142 
0.081 
0.091 
0.201 
0.201 
0.201 
0.119 
0.107 
0.047 
0.046 
0.041 
0.055 
0.053 
0.059 
0.050 
0.072 
0.079 
0.052 
0.059 
0.053 
0.051 
0.043 
0.048 
0.046 
0.037 
0.043 
0.048 
0.057 
0.057 

Ûeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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Table A1.21 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters 

Atom 
S(13) 
S(ll) 
S(12) 
N(13) 
C(21) 
N(12) 
C(25) 
C(13) 
N(ll) 
C(12) 
N(24) 
C(23) 
C(ll) 
C(22) 
C(21) 
C(4) 
C(3) 
C(5) 
C(l) 

C(2) 
C(7) 

H(12) 
H(22) 
H(25) 
H(ll) 
H(23) 
H(21) 
H(13) 

[A ] of Trithiocyanuric acid + 4,4' 
x/a 

0.0302(2) 
-0.4810(2) 
0.2609(2) 
0.1239(5) 
0.8963(6) 
-0.2024(5) 
0.5595(7) 
-0.0159(6) 
-0.1035(5) 
0.0878(6) 
0.5059(5) 
0.8374(8) 
-0.2554(6) 
0.7495(7) 
0.6453(7) 

-0.0971(70) 
-0.2649(46) 
0.1772(74) 
0.0651(29) 

-0.1651(23) 
-0.3157(125) 
-0.2814(62) 
0.7720(77) 
0.4582(81) 
-0.1281(60) 
0.9185(81) 

0.6177(107) 
0.2398(96) 

y/b 
0.2795(1) 
0.5733(1) 
0.3787(2) 
0.3367(4) 
0.0385(4) 
0.4197(4) 
0.1345(6) 
0.3478(4) 
0.4655(4) 
0.3940(5) 
0.1878(4) 
0.0949(6) 
0.4837(4) 
0.0608(6) 
0.1672(7) 

0.2325(26) 
0.1190(39) 
0.1242(29) 
-0.0916(14) 

-0.0080(23) 
-0.0530(141) 
0.4275(40) 
0.0356(54) 
0.1526(52) 
0.5003(42) 
0.0866(53) 
0.2047(76) 
0.2926(63) 

-bipyridyl + o-xylene, 
z/c 

0.1381(1) 
-0.2250(1) 
-0.3947(1) 
-0.1315(4) 
-0.0134(4) 
-0.0591(4) 
0.0617(5) 
0.0234(4) 
-0.2874(4) 
-0.2654(4) 
-0.0646(4) 
-0.1429(5) 
-0.1879(4) 
0.0915(5) 
-0.1639(6) 
0.4832(21) 
0.5024(17) 
0.4741(16) 
0.5038(8) 

0.5137(11) 
0.5063(106) 
0.0027(44) 
0.1768(60) 
0.1302(56) 
-0.3596(46) 
-0.2134(58) 
-0.2473(79) 
-0.1141(62) 

lOd 
U * 

0.055(1) 
0.058(1) 
0.068(1) 
0.044(1) 
0.044(1) 
0.045(1) 
0.060(1) 
0.041(1) 
0.045(1) 
0.044(1) 
0.051(1) 
0.068(2) 
0.043(1) 
0.060(1) 
0.072(2) 

0.298(22) 
0.377(25) 
0.305(26) 
0.148(4) 

0.162(4) 
1.499(154) 
0.033(11) 
0.069(15) 
0.068(15) 
0.031(12) 
0.064(16) 
0.119(25) 
0.086(19) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.22 Fractional Coordinates and Equivalent Isotropic Displacement 
Parameters [A ]̂ of Trithiocyanuric acid + 4,4'-bipyridyl + m-xylene, lOe 

Atom x/a y/b z/c Uea' 
S(33) 
S(22) 
S(31) 
S(32) 
S(21) 
S(23) 
N(33) 
N(23) 
N(32) 
N(22) 
C(33) 

N(llO) 
C(23) 
N(21) 
C(32) 
C(15) 
C(16) 
N(14) 
C(112) 
C(22) 
C(ll) 
N(31) 
C(12) 
C(18) 
C(17) 
C(31) 
C( l l l ) 
C(21) 
C(19) 
C(13) 
C(7) 
C(4) 
C(2) 
C(l) 
C(3) 
C(5) 
C(6) 
C(8) 

H(33A) 
H(23A) 
H(32A) 
H(22A) 
H(21A) 
H(15A) 
H(16A) 
H(llB) 

0.3383(3) 
1.4957(3) 
0.8137(3) 
0.6975(3) 
1.0324(3) 
1.1430(3) 
0.5786(8) 
1.3073(8) 
0.5312(7) 
1.1055(8) 
0.4894(9) 
1.5019(9) 
1.1859(10) 
1.2577(7) 
0.6512(9) 
1.4452(11) 
1.4806(10) 
1.3305(9) 
1.3408(11) 
1.3472(9) 

1.3978(10) 
0.7334(8) 
1.2800(10) 
1.5611(11) 
1.4322(10) 
0.7034(10) 
1.3787(12) 
1.1350(9) 
1.5901(11) 
1.2501(11) 
1.8245(20) 
1.9104(35) 
1.8521(17) 
1.8663(18) 
1.8786(29) 
1.9341(29) 
1.9121(22) 
1.9649(30) 
0.5554(8) 
1.3631(8) 
0.4772(7) 
1.0285(8) 
1.2791(7) 
1.5037(11) 
1.5615(10) 
1.2531(11) 

0.7219(2) 
0.6680(2) 
0.5610(2) 
0.9696(2) 
0.8363(3) 
0.4044(3) 
0.6509(7) 
0.5515(7) 
0.8346(7) 
0.6227(7) 
0.7350(9) 
0.4567(7) 
0.5290(9) 
0.7371(7) 
0.8520(9) 
-0.0401(9) 
0.0568(9) 
-0.0522(8) 
0.3267(10) 
0.6522(8) 
0.1495(9) 
0.7596(7) 
0.1386(9) 
0.2931(9) 
0.2582(9) 
0.6605(8) 
0.4231(9) 
0.7278(9) 
0.3924(10) 
0.0371(10) 
-0.0783(22) 
0.2574(57) 
0.0846(18) 
0.0544(28) 
0.2157(30) 
0.2726(31) 
0.1457(54) 
0.3288(71) 
0.5889(7) 
0.4969(7) 
0.8908(7) 
0.6139(7) 
0.8013(7) 
-0.1009(9) 
0.0604(9) 

0.3065(10) 

0.2772(3) 
0.6127(2) 
0.3076(3) 
0.5530(3) 
0.5421(3) 
0.3413(3) 
0.3012(3) 
0.4783(7) 
0.4074(7) 
0.4495(7) 
0.3312(8) 
0.1401(7) 
0.4243(9) 
0.5703(7) 
0.4620(9) 

-0.2144(10) 
-0.1341(9) 
-0.2729(8) 
0.0359(10) 
0.5519(8) 
-0.1090(9) 
0.4274(7) 
-0.1699(9) 
0.0054(9) 
-0.0218(9) 
0.3461(9) 

0.1136(10) 
0.5194(9) 
0.0851(10) 
-0.2498(10) 
-0.1626(18) 
0.0537(35) 
0.0069(27) 
-0.1108(29) 
0.1251(37) 
-0.0352(49) 
-0.1616(32) 
-0.1027(52) 
0.2518(7) 
0.4642(7) 
0.4219(7) 
0.4177(7) 
0.6172(7) 

-0.2293(10) 
-0.0959(9) 
0.0214(10) 

0.060(1) 
0.060(1) 
0.066(1) 
0.065(1) 
0.072(1) 
0.073(1) 
0.049(2) 
0.053(3) 
0.048(2) 
0.053(3) 
0.044(3) 
0.054(2) 
0.052(3) 
0.049(2) 
0.048(3) 
0.064(3) 
0.061(3) 
0.061(3) 
0.068(4) 
0.044(3) 
0.050(3) 
0.056(3) 
0.056(3) 
0.061(3) 
0.050(3) 
0.049(3) 
0.067(4) 
0.049(3) 
0.067(4) 
0.063(3) 
0.152(8) 

0.251(28] 
0.140(8) 
0.150(10] 
0.208(18] 
0.177(20] 
0.243(21] 
0.459(46^ 

0.059 
0.064 
0.058 
0.064 
0.059 
0.077 
0.074 
0.081 
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Table A1.22 {continued) 
H(31A) 
H(12A) 
H(18A) 
H(llC) 
H(19A) 
H(13A) 

0.8101(8) 
1.2209(10) 
1.6270(11) 
1.3150(12) 
1.6769(11) 
1.1698(11) 

0.7647(7) 
0.1991(9) 
0.2494(9) 
0.4687(9) 
0.4157(10) 
0.0311(10) 

0.4597(7) 
-0.1537(9) 
-0.0303(9) 
0.1507(10) 
0.1013(10) 
-0.2894(10) 

0.067 
0.068 
0.074 
0.081 
0.081 
0.076 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table A1.23 Fractional Coordinates and Equivalent Isotropic 
Parameters [A] of Trithiocyanuric acid + 4,4'-

Atom 
S(43) 
S(41) 
S(35) 
S(45) 
S(31) 
S(33) 
N(44) 
N(42) 
N(36) 
N(46) 
N(34) 
N(32) 
C(21) 
C(35) 
C(27) 
C(33) 
C(45) 
N(29) 
C(210) 
C(28) 
C(43) 
C(26) 
N(24) 
C(211) 
C(25) 
C(41) 
C(22) 
C(27) 
C(31) 
C(23) 
C(13) 
C(15) 
C(14) 
C(12) 
C(17) 
C(16) 
C(ll) 

H(44A) 
H(42A) 
H(36A) 
H(46A) 
H(34A) 
H(32A) 
H(21A) 
H(28A) 
H(26A) 

x/a 
0.4758(3) 
0.9776(3) 
1.1107(3) 
0.8934(3) 
1.6450(3) 
1.2719(3) 
0.6998(9) 
0.7342(9) 
1.3731(9) 
0.9109(9) 
1.2157(9) 
1.4412(8) 

1.5090(10) 
1.2367(11) 
1.5558(11) 
1.3107(10) 
0.8331(11) 
1.6393(10) 
1.5074(13) 
1.7289(12) 
0.6441(11) 
1.3738(13) 
1.4274(9) 
1.4648(12) 
1.3368(12) 
0.8694(11) 
1.6055(12) 
1.6936(12) 
1.4817(11) 
1.5580(13) 
0.9156(13) 
0.8955(13) 
0.9464(12) 
0.9698(12) 
1.0132(18) 
0.9316(16) 
0.9373(14) 
0.6463(9) 
0.7040(9) 
1.3916(9) 
0.9941(9) 
1.1337(9) 
1.504398) 
1.4415(13) 
1.8211(12) 
1.3073(13) 

y/b 
0.3144(3) 
0.4704(3) 
1.1648(3) 
0.8109(2) 
1.3765(3) 
0.8696(3) 
0.5581(7) 
0.4046(7) 
1.2565(8) 
0.6248(8) 
1.0337(7) 
1.1294(8) 
1.7524(9) 
1.1508(9) 
1.8881(9) 

1.0167(10) 
0.6594(10) 
2.1448(8) 

2.0442(11) 
2.1181(10) 
0.4300(10) 
1.6454(10) 
1.5001(8) 
1.9176(11) 
1.5226(10) 
0.4990(9) 
1.7275(11) 
1.9936(10) 
1.2514(9) 

1.6003(11) 
0.9345(13) 
1.1405(15) 
0.8671(11) 
0.8671(11) 
1.3353(15) 
1.2721(16) 
0.7304(13) 
0.5760(7) 
0.3243(7) 
1.3319(8) 
0.6870(8) 
0.9644(7) 
1.1231(8) 

2.0596(11) 
2.1877(10) 
1.6557(10) 

Appendices 

Displacement 
jipyridyl + anthracene, lOf 

z/c 
0.3843(3) 
0.3140(3) 
0.7228(3) 
0.5871(2) 
0.7092(3) 
0.4767(3) 
0.4789(7) 
0.3609(7) 
0.7067(7) 
0.4437(7) 
0.6070(7) 
0.5964(7) 
1.0035(9) 
0.6777(9) 
1.0810(9) 
0.5620(9) 
0.4993(8) 
1.2230(7) 
1.1964(10) 
1.1783(10) 
0.4096(9) 
0.9754(10) 
0.8554(7) 
1.1277(10) 
0.9016(10) 
0.3746(8) 
0.9601(10) 
1.1088(10) 
0.6705(9) 

0.8851(10) 
0.8815(10) 
0.8613(12) 
0.9297(10) 
0.9490(10) 
1.0326(18) 
0.9127(16) 
0.9018(14) 
0.5123(7) 
0.3190(7) 
0.7511(7) 
0.4522(7) 
0.5898(7) 
0.5687(7) 
1.2251(10) 
1.1949(10) 
1.0059(10) 

U * 
0.046(1) 
0.045(1) 
0.045(1) 
0.042(1) 
0.053(1) 
0.045(1) 
0.035(2) 
0.033(2) 
0.032(2) 
0.039(2) 
0.034(2) 
0.034(2) 
0.029(2) 
0.033(3) 
0.032(2) 
0.031(2) 
0.032(2) 
0.039(2) 
0.046(3) 
0.047(3) 
0.033(3) 
0.049(3) 
0.035(2) 
0.047(3) 
0.045(3) 
0.031(2) 
0.052(3) 
0.044(3) 
0.034(3) 
0.053(3) 
0.056(4) 
0.061(4) 
0.052(3) 
0.047(3) 
0.089(6) 
0.074(4) 
0.070(4) 

0.042 
0.039 
0.038 
0.046 
0.041 
0.041 
0.055 
0.056 
0.059 

Al 
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Table A1.23 
H(21B) 
H(25A) 
H(22A) 
H(27A) 
H(23A) 
H(13A) 
H(15A) 
H(17A) 
H(16A) 
H(llA) 

(continued) 
1.3718(12) 
1.2443(12) 
1.7010(12) 
1.7614(12) 
1.6231(13) 
0.8580(13) 
0.8384(13) 
1.0327(18) 
0.9017(16) 
0.8803(14) 

1.8501(11) 
1.4523(10) 
1.7944(11) 
1.9808(10) 
1.5864(11) 
0.8909(13) 
1.0994(15) 
1.4226(15) 
1.3198(16) 
0.6863(13) 

1.1125(10) 
0.8834(10) 
0.9805(10) 
1.0811(10) 
0.8546(10) 
0.8032(10) 
0.7827(12) 
1.0660(18) 
0.8675(16) 
0.8235(14) 

0.056 
0.054 
0.062 
0.052 
0.064 
0.068 
0.073 
0.107 
0.089 
0.084 

*Ueq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Table Al.: 
Parameters 

Atom 
Ag(l) 
Ag(2) 
0(3) 
N(3) 
C(3) 

Ag(3) 
0(2) 
N(2) 
N(l) 
C(2) 
C(l) 
0(1) 

14 Fractional Coordinates and Equivalent Isotropic Displacement 
[A ]̂ of cyanuric acid + silver nitrate 

x/a 
0.0000 
0.0000 

0.0974(3) 
0.1420(4) 
0.1609(4) 
0.4343(1) 
0.1982(4) 
0.3146(4) 
0.2545(4) 
0.2179(5) 
0.3324(5) 
0.4173(3) 

y/b 
0.0000 

0.1844(1) 
0.2217(3) 
0.0559(4) 
0.1581(4) 
-0.0903(1) 
-0.1054(3) 
0.0221(4) 
0.1893(4) 
-0.0116(4) 
0.1230(5) 
0.1611(3) 

AgiCA 
z/c 

-0.5000 
-0.7500 

-0.4258(7) 
-0.3481(7) 
-0.3394(8) 
-0.0767(1) 
-0.2827(7) 
-0.1750(7) 
-0.2342(8) 
-0.2684(9) 
-0.1547(9) 
-0.0717(7) 

U " 
0.019(1) 
0.026(1) 
0.022(1) 
0.016(1) 
0.014(1) 
0.024(1) 
0.024(1) 
0.015(1) 
0.019(1) 
0.014(1) 
0.016(1) 
0.025(1) 

Ûeq is defined as one-third of the trace of the orthogonalized Uy tensor. 
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Appendices A2 

Disodium croconate trihydrate 
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A2.1e Residual electron density map in the plane of the croconate ring (contours at 0.1 eA ) 
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Appendices A2 

Disodium squarate trihydrate 
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A2.2e Residual electron density map in the plane of the squarate ring (contours at 0.1 eA") 
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Piperazine oxalate 
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Thionicotinamide 
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Appendices A2 

Thioacetamide 
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Residual electron density map in the plane containing the atoms 
S(l), C(2) and N(l) in rotamer I (contours at 0.1 eA ) 
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Residual electron density map in the plane containing the atoms 
S(2), C(4) and N(2) in rotamer II (contours at 0.1 eA"̂ ) 
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