
   

 

 

 

A Thesis Submitted during 2006­2011 to the  
University of Hyderabad in partial fulfillment of 

the award of a Ph.D. degree in Chemistry 
 
 
 
 

By 
 

Naba Kamal Nath 

 

 
School of Chemistry 

University of Hyderabad 
Central University P. O., Gachibowli 

Hyderabad 500 046 
Andhra Pradesh 

India 

June 2011 

ISOSTRUCTURALITY AND POLYMORPHISM IN MODEL COMPOUNDS 
AND ACTIVE PHARMACEUTICAL INGREDIENTS 



 

 

 

 

 

 

A 
To
cof

N. 

(St

 

modulated
olbutamide
oformers/ad

K. Nath and

tructure of t

d structure 
e, an oral h
dditives.  

d A.  Nangia,

the week in 

of Form II
hypoglycem

, CrystEngCo

Crystal Grow

III and a no
mic agent, 

omm, 2011,

wth & Desig

ovel polym
were obtai

, 13, 47–51. 

gn Network)

orph Form
ined in pre

 

 

m V of 
esence of 



ISOSTRUCTURALITY AND POLYMORPHISM IN MODEL 
COMPOUNDS AND ACTIVE PHARMACEUTICAL INGREDIENTS 

 
 
 
 
 
 
 
 

A Thesis Submitted during 2006-2011 to the  
University of Hyderabad in partial fulfillment of the award of a  

Ph.D. degree in Chemistry 
 
 
 

By 
NABA KAMAL NATH 

 
 
 

 
 
 
 

School of Chemistry 
University of Hyderabad 

Central University P.O., Gachibowli 
Hyderabad 500 046 

Andhra Pradesh 
India 

 
 
 



DEDICATION 
 

 

 

 

 

 

 

 

 

This Thesis is 

Dedicated To My Parents 

 

 

 

 

 

 

 



1 | Chapter 1 

 

Chapter One 

 

Introduction 

 
 

 

Two polymorphic structures: Identical molecules  packed differently to give distinct 
crystal structures with different unit cell 

 

 

Two isostructural  structures: Different molecules  packed similarly to give similar 
crystal structures with similar unit cell 
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 ‘‘The important thing in science is not so much to obtain new facts as to discover new 

ways of thinking about them.’’ Sir William Henry Bragg (1862–1942), Nobel Prize for 

Physics 1915. 

1.1 Chemistry of Solid State and Crystal Forms 

There have been major advances in solid state and materials chemistry in the last 

two decades and the subject is growing rapidly and contributing to the betterment of 

many processes that are mainly an integral part of modern life.1 In the present times, 

solid state chemistry is concerned with the development of new methods of synthesis, 

new ways of identifying and characterizing materials, and of describing their structure 

and and above all, with new strategies for tailor-made materials with desired and 

controllable properties.2 The identification and characterization of different crystal forms 

(polymorphs, solvates) of the same molecule, or of aggregates of the same molecule with 

other molecules or ions (salts and co-crystals), is one of the most active and challenging 

research areas of modern solid-state chemistry. The last decade has witnessed many 

developments in the design and characterization of new crystal forms. The reasons 

include increased awareness of the possibility of multiple crystal forms of a substance 

with enhanced properties and the potential intellectual property implications of new 

crystal forms combined with the development of new technology and attempts to design 

and control the crystal structure.3 

Based on the internal structure and the degree of periodicity, solids can be 

broadly classified into two categories, crystalline and amorphous. Crystalline forms are 

characterized by long range order while amorphous forms have short range order.4 Each 

class of solids have their individual properties, advantages and disadvantages, and 

applications.  

A chemical compound can crystallize to give a molecular crystal or can 

crystallize by including solvent molecules in its crystal lattice to give solvates or 

pseudopolymorphs5 or as hydrates6 when the solvent molecule is water. When two or 

more compounds (solid at ambient temperature) coexist in a crystal lattice through 

hydrogen bonds or non-covalent interactions then it is called a cocrystal.7 However, the 
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multi-component crystalline system is known as molecular salt/salt8 if the proton is 

transferred from acid to base and the ionic state is formed. Cocrystal and salts can also 

incorporate solvent molecules in their crystal lattice to form solvates and hydrates. The 

single molecular entity can crystallize in different packing patterns to give rise to 

polymorphs. Polymorphism is possible in other classes of crystalline solids such as 

solvates, hydrates, salts, cocrystals and their solvates and hydrates, resulting in various 

solid forms as shown in Scheme 1.1. Therefore a single molecular entity can lead to the 

formation of multiple crystal forms.9  

 

Scheme 1.1 Multiple crystal forms from a single molecule. Red and yellow symbols 
represents single molecule in either neutral (molecular crystal, solvates, cocrystal 
cocrystal solvate) or in ionic state (salt and salt solvate). Blue circles indicate solvent 
molecules. This scheme is culled from Ref. 9a. 

On the contrary, the above mentioned crystal forms of different chemical 

compounds can have similar crystal structures to produce isostructural crystals. 

Isostructurality is another phenomenon, inversely related to polymorphism, which refers 

to identical or a nearly identical crystal packing arrangement of chemically related 
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compounds. Both isostructurality and polymorphism have potential applicability in solid 

state chemistry. While isostructurality is an aid to the crystal engineering, polymorphism 

is still a challenge. Scheme 1.2 depicts the inverse relationship of these twin 

phenomena.10 

 

(a) 

 

(b) 

Scheme 1.2 (a) Two polymorphic structures where the identical building blocks packed 
differently to produce distinct crystal structures as depicted by different unit cell shapes. 
(b) Two isostructural structures where different building blocks arranged in an identical 
manner as depicted by the same shape of the unit cell. This scheme is culled from Ref. 
10. 

1.2 Polymorphism: Definition and Background 

The word ‘Polymorphism’ originally comes from the Greek literature (poly = 

many, morph = form). Although the concept of existence of different crystal forms was 

realized as early as the nineteenth century, the widely accepted definition was given by 

McCrone who stated that “a polymorph is a solid crystalline phase of a given compound 

resulting from the possibility of at least two different arrangements of the molecules of 
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that compound in the solid state”. Burger tried to simplify it as “if these (solids 

composed of only one component) can exist in different crystal lattices, then we speak of 

polymorphism”.11 In modern chemistry, a crystal is described as a ‘supermolecule par 

excellence’ by Dunitz.12 In his view polymorphic modifications are ‘superisomers’ and 

polymorphism is a kind of ‘superisomerism’.  

 Mitscherlich, in 1822, was the first to document polymorphism in the context of 

crystallography.13a He noticed that arsenates and phosphates can exist as different crystal 

forms. Berzelius first described the existence of different crystal structures for the same 

element as allotrope.13b Allotropes and polymorphs are closely related. Polymorphism is 

used in general to refer to structural diversity of molecular compounds whereas allotropy 

is the structural diversity of elements. In 1844, Amici invented polarizing microscope 

which is responsible for the development of chemical crystallography and especially 

polymorphism.13c Mallard in his 1876 paper considered crystals to be built up by 

different packing arrangements of minute elementary crystallites giving rise to different 

crystal forms.13d In 1891 Lehman characterized polymorphism depending on their 

reversible or irreversible phase changes as enantiotropic and monotropic respectively.13e 

A major development in polymorphism came with the work of Ostwald in 1897, who 

found that unstable polymorphic forms have a greater solubility than the more stable 

forms in a particular solvent.13f He developed the famous ‘Rule of Steps’ on relative 

stability of polymorphs. During the turn of the twentieth century many experimental 

techniques and theoretical models were developed such as hot stage microscopy 

(Lehman, 1891), dilatometry, vapor pressure and solubility measurement, heat capacity 

and transition point determination, the Gibbs Phase Rule and the Clapeyron equation to 

determine thermodynamic relations and used to test the earlier observations and 

experimental findings. With the help of polarizing microscope identification and 

characterization of materials became easy and many of such observations were compiled 

by Groth in the last three volumes (1910, 1917 and 1919) of his five volume epic 

collection.13g Later during 1937 Bloom and Buerger pointed out the fundamental 

property change and importance of polymorphism.13h During the period of 1956-69 

McCrone worked on the pharmaceutical importance of polymorphism.13i 
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1.3 Classification and Terminologies  

Polymorphism can be classified mainly as conformational polymorphism, 

synthon polymorphism and packing polymorphism depending on the basis of its 

occurrences. Scheme 1.3 depicts the different types of polymorphism. Although 

polymorphism is due to packing differences of the molecules in different crystal 

structures, however if the packing difference is due to differences in the molecular 

conformation then it is termed as conformational polymorphism.14 Conformationally 

flexible molecules have greater scope for polymorphic occurrence because of large 

number of degrees of freedom as the energy differences between conformational 

polymorphs generally lies in a small window of 0.5-3 kcal mol–1.14c A metastable 

conformation may be stabilized by stronger hydrogen bonds in the crystal structure while 

a stable conformer may not be able to form strong hydrogen bonds. The overall stability 

of a polymorph is accounted by the conformation energy and lattice energy (total) for a 

given polymorphic system. The energy compensation towards overall energy 

minimization in a polymorphic system is referred to as systematic effect. This 

phenomenon was recently reviewed by Nangia14c with several examples of 

conformational polymorphs. Polymorphism in several cases discussed in this thesis such 

as, Fuchsones (Chapter 3 and Chapter 4), 2-(p-tolylamino)nicotinic acid (Chapter 5), 

Tolbutamide (Chapter 6), and Zolpidem•Succinic acid cocrystal (Chapter 6), are 

examples of conformational polymorphs.   
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Conformational Polymorphs

Packing Polymorphs

Conformational Polymorphs

Synthon Polymorphs

Packing polymorphs

Conformational Isomorphs,

Polymorph i Polymorph ii

Polymorph iii

Polymorph iv

v

Polymorph vi Polymorph vii

cisoid

transoid

 

Scheme 1.3 Schematic illustrations of different arrangement of molecules in the 
crystalline lattice that leads to different kinds of polymorphism. This scheme is culled 
from Ref. 14c. 

A study by Yu and co-workers showed that 5-Methyl-2-[(2-nitrophenyl)amino]-

3-thiophenacarbonitrile (ROY),14e has a record number of seven polymorphs that result 

from the rotation of thiophene ring. Recently Nangia et al. reported the conformational 

polymorphs of Nimesulide14f, a NSAID, and Curcumin14g, a principal curcuminoid in the 

popular Indian dietary spice turmeric (Figure 1.1).  
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Nimesulide Curcumin 

Figure 1.1 Conformational polymorphism in Nimesulide is due to the presence of the 
flexible phenoxy and sulfonamide groups whereas in Curcumin rotation of the aromatic 
ring about C−C single bond. 

Polymorphs with different kind of hydrogen bonding pattern in different forms is 

termed as synthon polymorphism.15  The presence of multiple functional groups capable 

of forming various hydrogen bonding motifs increases the scope of polymorphism 

engaging via different kinds of hydrogen bond synthons in crystal structures. 

Polymorphism in isomeric hydroxybenzoic acids15d is an example of synthon 

polymorphism. When polymorphism arises only because of different packing 

arrangement of molecules with the presence of same synthon or similar conformation, 

then it represents the case of packing polymorphism.16 Polymorphs can be identified 

using this classification but there are cases where two or more types of polymorphism 

exist in the same polymorphic system. Polymorphism in Furosemide, a diuretic drug, is 

due to both synthon and conformational differences (Figure 1.2 and 1.3).17 

Pyrazinamide18 is also a similar case where both synthon and packing polymorphism was 

observed. 
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(a) (b) 

Figure 1.2 (a) The three torsion parameters in Furosemide: τ1=C-C-S-N, τ2=C-N-C-C, 
τ3=N-C-C-O. The anthranilic acid moiety is locked in an intramolecular hydrogen bond. 
(b) Overlay of four conformations in Furosemide crystal structures. Form 1 conformers 
(magenta and blue) have similar τ1 but different τ2 and τ3 values, whereas all three 
torsion angles are different in form 2 and 3 conformers (yellow and red). 

   
Form I Form II Form III 

Figure 1.3 Synthon polymorphs of Furosemide: R ሺ8ሻଶ
ଶ  N−H···O dimer and R ሺ8ሻସ

ଶ  motif 
in form 1, C (4) catemer and R ሺ8ሻସ

ସ  tetramer motif in form 2, R ሺ8ሻଶ
ଶ  N−H···O motif and 

R ሺ6ሻଶ
ଶ  rings in skewed dimer form 3. Anthranilic acid moiety is not shown for clarity. 

Conformational isomorphism and conformational synmorphism are two 

phenomena which arise due to conformational differences present in molecules.19 The 

existence of different conformers of the same molecule in the same crystal structure 

represents conformational isomorphism. This situation arises when there is more than 

one molecule in the asymmetric unit (Z'>1). Conformational synmorphism refers to a 

random distribution of different conformers within the crystal structure.  
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When polymorphs crystallize simultaneously in the same flask under identical 

crystal growth conditions from the same solvent, they are termed as concomitant 

polymorphs.20 This phenomenon occurs when there are many metastable forms with 

almost similar energies that crystallize together. Concomitant polymorphism in 

benzamide is the first example of a polymorphic organic substance reported by Wöhler 

and Liebig in 1832.20b Isotopomeric polymorphism is a term recently coined to describe a 

situation where a change in crystal structure is due to the changing the isotopic identity 

of one or more of the atoms in a molecule.21 Polytypism22 is a special case of 

polymorphism where the two-dimensional translations within the layers are essentially 

preserved. An element or compound is polytypic if it occurs in several structural 

modifications, each of which can be regarded as built up by stacking layers of (nearly) 

identical structure and composition, and if the modifications differ only in their stacking 

sequence. 

1.4 Basis of Polymorphism – Kinetic Vs Thermodynamic Polymorph 

The crystallization process consists of two main events, (i) nucleation and (ii) 

crystal growth. Although the exact mechanism of nucleation is not clear, a plausible 

mechanism is supported partly by some experimental evidence.23 A solution is an 

entropy-dominated situation and a crystal is largely the enthalpically determined 

outcome. In solution various clusters involving both solute molecules and solvent 

molecules are formed using various intermolecular interactions. This brings elements of 

short range order in solution. These clusters are continuously breaking, forming and 

rearranging. At supersaturation these clusters become larger in size and more short range 

order enters in the system. At this stage nucleation occurs either by homogeneous 

nucleation (no effect of any external factor) or by heterogeneous nucleation (effect due to 

foreign particle, physical disturbance, scratched surface of vessel etc.) and solvent 

molecules from solute-solvent clusters exit into the bulk solvent simultaneously forming 

the crystal, which is characterised by long range order.24  

Ostwald13f stated that a system moves to equilibrium from an initial high-energy 

state through minimal changes in free energy. Therefore the structure that crystallizes 

first is the one which has the lowest energy barrier (highest energy, kinetically 
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crystal nucleus, are stabilized by intermolecular interactions. Therefore, intermolecular 

interactions generally favor kinetic crystals. It is highly unlikely to observe 

polymorphism in crystal systems where the best interactions are accompanied by the best 

packing. Examples like benzoic acids, naphthalene and D-glucose belong to this category 

where polymorphism is not observed so far.25  

 
Scheme 1.5 Kinetic and thermodynamic outcome of crystallization reaction. This 
scheme is culled from Ref. 25. 

From thermodynamic consideration polymorphic pairs can be divided as 

monotropic and enantiotropic systems.26 Monotropic systems are defined as systems 

where a single form is more stable regardless of temperature. Enantiotropic systems are 

defined as systems where the relative stabilities of the two forms invert at some 

transition temperature. In other words, if the free energy curves of two forms cross below 

the melting point of the lower melting polymorph, they are said to be enantiotropically 

related and if the free energy curves do not cross below the lower melting polymorph, 

they are said to be monotropically related. 

The next step after nucleation is the crystal growth.27 After clusters attain a 

critical size in the system and the nucleation stage is complete, the growth stage 

commences. Among the clusters that are formed, those exceeding the critical size do not 

dissociate and can grow larger. Since the structure is already formed, the solute 
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component will be incorporated into the crystal at the expense of a much smaller energy 

than that necessary for nucleation. The crystal growth mechanism will be different 

depending on the atomic roughness or smoothness of the interface between the solid and 

liquid phases that appeared as a result of nucleation. The morphology of single crystals is 

determined by the crystal structure (the internal factors), the crystal growth conditions, 

and the process of crystal growth (the external factors). Crystals having different crystal 

structures usually take geometrical external forms following the symmetries involved in 

their respective structures, but they may also take very different external forms if the 

growth conditions are dissimilar. Crystals formed under small driving force conditions in 

dilute ambient phases, such as the vapor phase or solution phase, will generally exhibit 

polyhedral forms, irrespective of their size. When a crystal is synthesized using a seed 

crystal or by a controlled growth technique such as one-directional solidification, it takes 

on a very different morphology from that of a freely grown crystal. 

1.5 The Experimental Search for Polymorphs 

Among the various methods of polymorph generation, solution crystallization 

and/or high throughput crystallization technique28 is traditionally used. Conditions for 

solution crystallization can be varied by changing solvents (or solvent mixtures), 

temperature, supersaturation, stirring, slurrying, cooling rate, seeding, use of antisolvent 

etc. Recent approaches for polymorph generation include crystallization with structurally 

related additives,29a,b epitaxial growth,29c melting, sublimation, laser induced 

nucleation,29d crystallization in capillaries,29e confinement within porous materials,29f 

using polymers as heteronuclei,29g,h mechanical grinding,29i using supercritical liquids,29j 

using self assembled monolayer with different functional moieties,29k potentiometric 

cycling,29m crystallization in gel medium29n,o etc. Goodman et al.30 presented the 

following scheme to illustrate the time scale required for most of the traditional 

crystallization process (Scheme 1.6). 
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Scheme 1.6 Time scale required for various solid state (cool from melt, solvent vapor 
exposure, expose to humid conditions, sublimation etc, in yellow boxes) as well as 
solvent mediated (evaporation, slurrying, cooling crystallization, addition or diffusion of 
antisolvent etc. in light blue boxes) crystallization techniques. (This scheme is culled 
from Ref. 30). 

Control over crystallization of a particular polymorph is possible by using a 

particular solvent system if the polymorphic systems have well documented crystal 

structures and phase relations.31 Form I of ranitidine hydrochloride which contains 

enamine tautomer can be crystallized by using non-polar solvents which leads to the 

strong hydrogen bonding interactions. In more polar solvent, such as water or methanol, 

Form II (nitronic acid tautomer) was obtained as ranitidine–ranitidine hydrogen-bonding 

interactions were disrupted in the polar medium.31c The degree of supersaturation of a 

solution can also affect the preference for crystallization of different polymorphs. In a 

supersaturated solution any nucleation point may lead to the formation of metastable 

polymorph compared to the stable one. Using seed crystal to obtain a desired polymorph 

is a well established technique but it is not always successful.32 Seeding may be 

successful provided the seed crystal is added to a saturated solution before the nucleation 

of other nuclei starts. Addition of the seed crystals to a dilute solution may result in 

dissolution of the added crystal. On the other hand seeding may result in a different 

polymorph due to heterogeneous nucleation.33 
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Use of hetero-seed is found to be successful in certain cases.34 A crystalline 

sample formed by molecules having almost same structure as the compound of interest 

but only difference is due to a substituent or counterion (in case of a salt) is termed as 

hetero-seeding.  

 In recent times new polymorphic forms of many drug molecules were obtained 

serendipitously during attempted cocrystallization.14g,35 This subject has now undergone 

a renaissance. Although in most of the cases the reason of this unpredicted occurrences 

of novel polymorphs were unknown, but to obtain a particular crystal form or to inhibit 

the formation of an unwanted polymorph is proved to be successful by using tailor made 

additives.36 An additive can inhibit the growth of some initially formed nuclei without 

interfering with the growth of the other phases.  

1.6 Statistics on Polymorphs 

McCrone’s statement11 four decade ago “the number of polymorphs known for a 

given compound is proportional to the time and money spent in research on that 

compound” is strongly validated in last few years. Many papers37 and reviews38 and 

theme issues dedicated to polymorphism came up highlighting its importance, scope and 

challenges. Statistics on polymorphs are not easy as the result may be biased by many 

factors such as choice of database where many reports on multiple crystal forms in 

primary literature is not included, intent of survey etc. Different research groups carried 

out database analyses to estimate the percentage of compounds that are polymorphic. It 

was found that about 4-5% of organic compounds,39 5.5% organometallics, and 2.1% of 

coordination compounds are shown to exhibit polymorphism.40  Polymorphism is more 

widespread in pharmaceutical solids, with estimates of 30-50% in drug-like molecules41 

compared to CSD statistics of 4-5% in organic compounds. However drug polymorphs 

are often not archived in the CSD for proprietary reasons. 

A recent report on statistics on multiple crystal forms42 from various sources is 

shown in Table 1.1. 
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Table 1.1 Statistics on multiple crystal forms (The entries do not necessarily add to 
100% as there are many cases of solvates and/or hydrates and/or polymorphs for a single 
compound, Ref. 42). 

.Database Total no. 
of entries 

Monomorphic 
(%) 

Polymorphs 
(%) 

Hydrates 
(%) 

Solvates 
(%) 

Merck Index 13th 
ed. (2001) 

10,250 (10,160)    

CSD (Nov 2008) 456,637 70.4 3.5 

(16,035) 

26.1 

(119,107) 

Beilstein (2009) 11,000,000 99.85    

Agrochemicals 686 78 18.8 42 2.2 

Pharmacopoeia 
Europa 5.8 

960 drugs 36 41 34 18 

 

There is a considerable growth in the reported structures and papers on 

polymorphism. Number of trimorphic and tetramorphic polymorphic clusters identified 

by Gavezotti and Filipini43 in 1995 were 13 and 3 respectively. There was no report of 

more than tetramorphic crystal structures. Database search by Yu et. al. in 200514e and 

later by Nangia et. al. in 200644a and by Dr. S. Roy for his PhD thesis in 200744b shows 

that there is a tremendous increase of trimorphic crystal structure as well as a reasonable 

increase of tetramorphic crystal structures too. A CSD (Ver. 1.12, Aug. 2010) search for 

tetramorphic or more than tetramorphic crystal structures is presented in Chapter 4.  

1.7 Importance of Polymorphism 

Polymorphism in organic solids is of fundamental importance because of its 

ability to alter various physical and chemical properties.45 Table 1.2 depicts the 

properties that can vary for polymorphs. From the studies on polymorphism molecular 

recognition, crystal nucleation, crystallization, and phase relationship between solids can 

be inferred.46 Polymorphism presents special opportunities to analyze structure–property 

relationships47 because the conformation, hydrogen bonding and lattice energy of the 
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same molecule in different crystalline environments may be compared in polymorphic 

structures.  

Table 1.2 Properties that can be different for polymorphs. This table is culled from Ref. 
45d.  
 

Packing properties 

• Molar volume and density 

• Refractive index, optical properties 

• Conductivity,electrical and thermal 

• Hygroscopicity 

Kinetic properties 

• Dissolution rate 

• Rates of solid state reactions 

• Stability 

Surface properties 

• Surface free energy 

• Interfacial tensions 

• Habit 

Mechanical properties 

• Hardness 

• Tensile strength 

• Compactibility, tabletability 

• Handling, flow and blending 

Thermodynamic properties 

• Melting and sublimation temperatures 

• Internal energy 

• Enthalpy 

• Heat capacity 

• Entropy 

• Free energy and chemical potential 

• Thermodynamic activity 

• Vapour pressure 

• Solubility 

Spectroscopic properties 

• Electronic transitions, ultraviolet-visible 

spectra 

• Vibrational transitions, infrared and 

Raman spectra 

• Rotational transitions 

• Nuclear magnetic resonance chemical 

shifts 

1.7.1 Polymorphism in pharmaceutical industry 

 Polymorphism has received particular attention in the recent literature because of 

its importance in drug substances and pharmaceutical formulation.41,45 As shown in Table 

1.2, drug polymorphs can have different physico-chemical properties that can affect drug 

performance drastically. Dissolution rate and solubility properties are the most crucial 

for API polymorphs.41 In the physiological absorption of a drug, the dissolution of the 

drug is often the rate determining step and it may affect the bioavailability of the drug. 

The rate and extent of physiological absorption determines the overall efficacy of a drug. 
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Bioavailability may vary for polymorphic forms and this is an important scientific and 

regulatory issue.48 There are many examples where the bioavailability of polymorphs 

varies significantly viz. Phenobarbital,49 Indomethacin50, Mercaptopurine51 and 

Mebendazole52 are a few examples. Hence a polymorph having higher dissolution rate, 

solubility and/or bioavailability may be considered for formulation. Sometimes high 

solubility is not preferred because of adverse effects. One such example is the 

antihelmentic drug Mebendazole, which is trimorphic and physical properties of the 

three polymorphs are very different. The solubility of these forms in physiological media 

is Form B> Form C> Form A. Based on these differences Form C is pharmaceutically 

preferred since its solubility is sufficient enough to ensure optimal bioavailability 

without the possible toxicity of the more  soluble Form B.53 

Generally, metastable states exhibit better solubility properties than stable 

polymorphs but the former have stability problems.41b These metastable forms might be 

chemically less stable and/or may have a tendency to convert into a stable polymorph. 

Such forms should be avoided in the formulation. For example in ritonavir,53 the more 

soluble polymorph converted to a new, less soluble and more stable polymorph, leading 

to recall of the product.  

Different structures and properties make polymorphs patentable.54 If a generic 

pharmaceutical company discovers a novel crystal form of an already marketed drug, it 

will gain an early access into the market place; therefore, the innovator companies must 

find out all possible polymorphs of the drug and patent them in order to extend their 

monopoly in pharmaceutical industry and to protect their product. A well-known 

example is the polymorphs of anti-ulcer drug Ranitidine hydrochloride.54 Glaxo obtained 

a patent on the two polymorphs (I followed by II) of Ranitidine hydrochloride. In the 

mid 1990s, as the patent on the drug (form I) was approaching expiration, other 

companies began preparing to market a cheaper, generic versions of form I. But the 

generic manufacturers were not able to crystallize form I exclusively as it was always 

crystallizing as a mixture of form I and form II. This kept the generic companies 

products off the market for several years and during that period Glaxo was making $10 

million in sales each day on this simple drug. Ultimately Novopharm could find a 

method to prepare exclusively form I with non-detectable amounts of form II, and won 
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the battle and since then generic entry was made into the market. Cefadroxil, terazosin 

hydrochloride and aspartame are other well known examples of patent issues 

surrounding polymorphism.54a  

1.7.2 Importance of polymorphism in other fields 

Apart from pharmaceutical industry polymorphism plays important role in a 

number of industrial and commercial applications55 such as in agrochemicals, 

photographic industry, food additives industry, fat-based food products (ice cream, 

chocolate, and margarine), pigment industry, high energy materials etc. 

Differences in solubility of polymorphs can pose problems during manufacture, 

and can lead to impaired performance also observed in photographic industry. 

Polymorphism is well known with colorants. In pigment industry polymorphism plays 

important role as the essential properties for a pigment to be useful such as, maximum 

molar extinction coefficient, particle size distribution, morphology, solubility, 

lightfastness, weatherfastness, tendency to aggregate, crystallinity, flocculation, wetting 

capability, dispersibility, dissolution rate, filtration properties, tendency to cake, 

dispersion properties, and powder flow properties may vary with different polymorphic 

forms.55 Pigment Violet 19, quinacridone55b,c,d, exists in four known polymorphs. 

Quinacridone was first synthesised in 1935 as the reddish α-form which was not 

commercialised because of its poor fastness properties. Twenty years later its potential as 

a pigment was recognised after the discovery of two new polymorphs, β and γ, with 

remarkably different colour properties. Treatment in high boiling organic solvents at 

elevated temperature converts, the α-quinacridone to the β- or γ-forms, which are violet 

and pink, and characterized by a high stability to light, weather, temperature (up to 400 

°C) and solvents. 

High energy materials polymorphs are well known and their polymorphic 

behavior can change properties like sensitivity to detonation, the rate of deflagration to 

detonation transition, the detonation velocity, the detonation pressure, the crystal density, 

thermal and shock stability and crystal morphology which influence their performance as 

explosives.55 2,4,6-trinitrotoluene, TNT, exists as two structurally similar dimorphs, with 

the less stable form converting with time to the more stable one.55f This solid–solid 
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transformation from one polymorph to the other is associated with risk as its phase 

transition can cause macroscopic defects in the crystalline material, increasing the 

detonation sensitivity.  

The herbicide metazachlor55g exists as five polymorphic modifications. Since 

metazachlor is used as an aqueous suspension, the use of metastable forms (at ambient 

conditions these are forms I and II) is not advisable because of a potential transformation 

to form III. 

1.8 Characterization of Polymorphs 

The characterization of polymorphs is the first step after screening all possible 

forms of a compound. Optical and hot stage microscopy56 are widely used to study 

various properties of polymorphic compounds such as homogeneity or diversity of 

crystalline samples, variations in size, shape or color, melting point, phase 

transformation, detection of discontinuous changes in polarization colors during the 

heating, sublimation behavior, etc. Thermal analysis57 has been an extremely important 

analytical tool in the pharmaceutical industry for more than 40 years. Differential 

Scanning Calorimetry (DSC) measures the rate of heat flow and is used to measure the 

heat of transition. As all the transitions in materials involve heat flow (into the sample in 

endothermic events and out of the sample for exothermic events), DSC became the 

universal technique for measuring the wide variety of temperature induced transitions in 

solid materials. Thermogravimetric analysis (TGA) measures physical changes in 

materials. TGA provides quantitative measurement of mass change in materials 

associated with transition and thermal degradation.  

X-ray crystallography58, which reflect differences in crystal structures, is one of 

the most definitive methods in the identification and characterization of polymorphs. 

Different solid forms possess different X-ray powder patterns in most cases; therefore it 

is a primary tool for characterizing them. The X-ray powder diffraction pattern of a solid 

is a plot of the diffraction intensity as a function of 2θ values and can be considered as a 

fingerprint of that solid. Single crystal X-ray crystallographic techniques are employed to 

determine details of the molecular and crystal structure and bonding interactions in the 
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solid. Single crystal X-ray crystallography is advantageous over X-ray powder 

diffraction in cases where two genuine polymorphs possess almost similar powder 

pattern.  

Spectroscopic investigations deliver chemical and physical information 

combined high throughput analysis and the non-invasive measurements with high 

selectivity and sensitivity. Various spectroscopic techniques such as FT-IR59, FT-

Raman60, near IR61 and more recently solid state NMR62 are used regularly to 

characterize various polymorphic forms. Scanning electron microscopy (SEM) provides 

greater magnification than optical microscopy. Resolution in atomic force microscopy 

(AFM) and scanning tunneling microscopy (STM) are even higher and these techniques 

provide useful information about morphology and surface properties of polymorphs.63 

1.9 Utility of Hirshfeld Surface Analysis in Polymorphism 

 In polymorphic crystals, understanding the differences between the chemical 

environments of identical molecules is a key to understand the structure as a whole. 

Spackman et al.64 developed a very powerful technique, to determine how different is the 

chemical surrounding of the molecule in two (or more) comparing crystal structures or if 

two (or more) structures are true polymorph,  which utilizes the Hirshfeld surfaces, 

originally conceptualized in the 1970s by Hirshfeld.65 The Hirshfeld surface of a 

molecule in a crystal is constructed by partitioning space in the crystal into regions 

where the electron distribution of a sum of spherical atoms for the molecule (the 

promolecule) dominates the corresponding sum over the crystal (the procrystal). The 

Hirshfeld surface is then defined in a crystal as that region around a molecule where 

w(r)≥0.5. These representations have been incorporated into a software package Crystal 

Explorer. The two-dimensional “molecular fingerprint” associated with Hirshfeld 

surfaces, allows one to analyze in detail the intermolecular interactions and is very useful 

in comparing crystal structure and identifying polymorphs. The fingerprint is a standard 

graphical two-dimensional map that indicates the distribution of the interactions for a 

single molecule in the structure and is perhaps one of the most useful tools for comparing 

polymorphic crystal structures.  
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Differentiation of polymorphic crystal structures using 2D fingerprint plot as 

Hirshfeld surface are explained in Chapters 5 and 6. The example below demonstrates 

how 2D fingerprint plots are useful in determining whether two crystal structures are true 

polymorphs or not. Three crystal structures of methyl paraben were archived (CEBGOF, 

CEBGOF01, and CEBGOF02) in the CSD.66 The crystal structures with Z´=3, 

corresponding to these three refcodes represent the same polymorphs, Form I, although 

earlier claimed to be different. The 2D fingerprint plot as Hirshfeld surface applied on 

the crystal structures corresponding to CEBGOF01, and CEBGOF02 shows clearly the 

similarity of the fingerprints as shown in Figure 1.4. From visual observation of the 

finger print plot it is clear that CEBGOF01 molecule 1= CEBGOF02 molecule 2; 

CEBGOF01 molecule 2= CEBGOF02 molecule 1 and CEBGOF01 molecule 3= 

CEBGOF02 molecule 2. Therefore, chemical environment of the 3 symmetry 

independent molecule of the crystal structure corresponding to refcode CEBGOF01 is 

same as that of the three molecules of the crystal structure corresponding to refcode 

CEBGOF02. Therefore both the structures are one and the same not true polymorphs. 

   
     

   
     

Figure 1.4 Comparison of the 2D Hirschfield finger print plot of two of three reported 
crystal structures (CEBGOF01 and CEBGOF02) of methyl paraben. 
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1.10 Isomorphism and Isostructurality: Definitions and Background 

 According to IUCr online dictionary67, two crystals are said to be Isomorphous 

(isometric) if (a) both have the same space group and unit-cell dimensions and (b) the 

types and the positions of atoms in both are the same except for a replacement of one or 

more atoms in one structure with different types of atoms in the other (isomorphous 

replacement), such as heavy atoms, or the presence of one or more additional atoms in 

one of them (isomorphous addition). Isomorphism here does not mean molecular 

isomorphism, i.e. similar morphology of crystalline substances, but it means 

crystallographic isomorphism where isomorphous crystals form solid solutions. Two 

crystals are said to be Isostructural if they have the same structure, but not necessarily 

the same unit cell dimensions nor the same chemical composition, and with a 

'comparable' variability in the atomic coordinates to that of the cell dimensions and 

chemical composition.  

` The history of isostructurality68 started when Romédel’Isle (in 1772) for the first 

time observed growing crystals of potassium alum, with a coat ammonium alum layer 

over them, when placed in a saturated solution of ammonium alum. In the year 1809, 

Wollaston recognized that calcite (CaCO3), magnesite (MgCO3) and siderite (FeCO3) 

crystallize as rhombohedra with slightly different faces. Mitscherlich (1819) observed 

pairs of phosphate and arsenate salts (e. g. KH2PO4, KH2AsO4, NH4H2PO4 and 

NH4H2AsO4) acquired the same crystalline form and these salts have similar chemical 

formulae, i.e., one kind of atom in one compound being replaced by another kind in the 

related salts. These pairs of salts were then called isomorphous. At the same time the 

term polymorphism also came up after observing different crystals for same compounds. 

Berzelius used the isomorphous nature of Na2SO4, Ag2SO4, Na2SeO4 and Ag2SeO4 to 

establish the atomic weight of selenium in 1828. Von Groth (1874), Náray-Szabó (1969) 

and others developed the phenomena and concluded that the basic conditions for 

isomorphism of compounds is that the crystals are closely similar in shape and one of the 

crystals continue growing in the solution of the others. Wells, Bloss and other authors 

introduced the term isostructural and isostructurality (or isotypism).68c Zoltai and Stout68e 

gave the definitions as, solid solution series in which the crystal structures remain same 
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throughout the series is isomorphism whereas isostructurality is the relationship among 

minerals of different chemical composition and identical crystal structures. 

Kitaigorodskii69 was the first to review isostructurality in organic molecular 

crystals by using the term isomorphism. Kálmán et al.70 studied crystal structures of 

various streroids such as digitoxigenin, digirezigenin, 3-epidigitoxigenin, uzarigenin, 

bufalin, cinobufagin etc. and used the term ‘isostructural’ to define identical or quasi-

identical packing motifs of organic crystals. They have divided isostructurality into two 

categories⎯isostructural crystals or main-part isostructuralism of related molecules and 

homeostructural crystals. 

(1) Isostructural crystal: Isomorphous (isometric) molecules form identical packing 

motifs. This phenomenon was previously termed as main-part isostructuralism of related 

molecules. They may differ by the substituents present, chirality of one atom, or 

multivalent shielded core atoms having similar atomic radii of the interchangeable 

atoms. In general isomorphous crystals which differ by only one substituent have high 

degree of structural similarity. Isostructural crystal pairs formed by molecules differing 

only in the chirality of one atom are termed as configurationally isostructural. 

(2) Homeostructural crystals: When the related molecules differing by substitutions on 

more than one atomic site have similar packing, it is called homeostructural crystals. 

1.11 When Isostructurality Occurs?  

Geometrical properties like shape, size and chemical properties such as 

electronegativity, polarizability of functional group influence crystal packing. 

Kitaigorodskii has given importance to the volume and shape of functional groups in 

crystal packing,69 however, the electronic properties of functional groups cannot be 

ignored.71 As the size of the molecule increases the significance of geometric effects 

becomes important. A given packing motif may be able to tolerate small changes in the 

molecular structure without a considerable change in the close-packed crystal structure. 

These changes are minor alterations in substitution and/or epimerization. The tolerance 

may be ascribed to the presence of ∼30% free space in close-packed structures because 

the packing coefficients of organic crystals are generally about 70%. 
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There are certain substituents when present in a molecule can be replaced with 

other substituents without altering the crystal packing. This is known as functional group 

exchange in terms of isostructurality. It is important to have some knowledge about 

which groups are interchangeable and under which circumstances to see the isostructural 

behavior between two structures. Kitaigorodskii69 has ranked them as, (i) the halogens 

Cl, Br, I; (ii) O and S; (iii) C, quadrivalent Si, Ge, Sn and Pb. 

The most well studied substituents are halogen atoms.72 Cl→methyl and 

Br→methyl exchange to result isostructural crystal is observed in many cases.73 The 

other examples which shows isostructural behavior to a certain extent include74 OH→ 

=O74a, CH3→C2H5
74b, H→O−H74a, H→CH3

74c,d, H2→=O74e, N՜C−H74f,g, P=O→P (l. 

p.)74h, C−H→t-Bu74i etc. 

The almost similar van der Waals radii of Cl and methyl allow them to form 

isostructural crystals. Kitaigorodskii and others69,75 have used the principle of close 

packing by interchanging substituents in such a way that each group occupies 

approximately the same volume. Kitaigorodskii’s “close-packing model” proposed69 that 

the packing of molecules in a crystal structure can be predicted in such a way that the 

'voids' in one are locked into the 'protrusions' of the other, volume and shape 

considerations hold sway rather than electronic factors. Since chloro (19 Å3) and methyl 

(24 Å3) groups have nearly the same volume, they may be interchanged in a molecule 

without altering the crystal structure, the so-called 'chloro-methyl exchange rule'. Thus 

each non-polar substituent group of a certain volume can be exchanged for another non-

polar group of a similar volume without any change in the crystal structure. Such 

isostructural behavior is found when crystal stabilization is mainly through dispersive 

and repulsive interactions. A recent study by Fernandes showed73j the chloro-methyl 

exchange between a series of 2,6-disubstituted-N-phenylformamides. Violations of this 

rule are observed when directional forces or weak bonds are involved and the failure of 

complete chloro-methyl exchange in a substance like hexachlorobenzene points to the 

importance of weakly attractive Cl···Cl interactions.  

Isostructurality was observed in the crystal structures of various steroids with an 

exchange of functional groups such as H→OH in cinobufagin↔cinobufotalin, 
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digitoxigenin bisdigitoxoside↔gitoxigenin bisdigitoxoside, H→CH3 in digitoxigenin↔ 

(21R)- and (21S)-methyldigitoxigenins, CH2→C=O in gamabufotalin↔arenobufagin, 

H2→ =O in gamabufotalin↔arenobufagin etc.  

There is reported bromide and nitrate exchange in isostructural crystals in spite 

of their different shapes where both of the anions make strong H-bonds with the cation 

counter part.76 Above all these groups, the halogen exchange, specially Cl, Br and I to 

produce isostructurality, are more frequent. Propargylammonium halides (Cl¯, Br¯, I¯) 

are isostructural where halide ions accept three H-bonds from ammonium group and one 

from terminal alkyne group. Another interesting isostructurality has been reported by Bar 

et al.72e in para sustituted X–C6H4–CH=N–C6H4–X' molecules. When X = X' = Cl or Br, 

the molecules are not isostructural, but the molecule with X = Cl and X' = Br is 

isostructural to the dichloro compound. On the other hand, X = Br and X' = Cl 

substituted molecule is isostructural to dibromo derivative. It indicates the importance of 

halogens as well as the position of substitution in the molecules.  

The size of the molecules also plays an important role in producing isostructural 

crystals. Small molecules such as urea (CH4N2O) and thiourea (CH4N2S) cannot form 

isostructural crystal structures since the difference in volume of S and O is significant 

with respect to the volumes of the individual molecules.77 As the molecular volume 

increases, possibility of functional group exchangeability also increases and the 

possibility of an isostructural relationship becomes higher. For example, the 5-halo-

substituted indol-3-ylacetic acid70a contains 14 non-H and eight H atoms. The 5-F and 5-

Cl derivatives are isostructural with F→Cl exchange but corresponding 5-Br derivative is 

not isostructural as volume of Br is much higher volume of Cl and F. In contrast, 17-

halo-3-methoxy-16,17-secoestra-l,3,5-triene-16-nitrile72b which contains 22 non-H atoms 

and 24 H atoms, C1→ Br→I exchange occurs to produce isostructurality. In an extreme 

case, the biosides of digitoxigenin and gitoxigenin78 (16-OH-digitoxigenin) which 

possesses 52 non-H atoms with 62 H atoms are isostructural. 

The isostructurality due to exchange is equally applicable for host guest 

complexes. (Triphenylisocyanurate).(trinitrobenzene).(benzene) solvate is isostructural 

to the corresponding 1:1:1 thiophene solvate. This is a case of the benzene-thiophene 
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exchange rule.79a Chlorobenzene/toluene solvates of tetraphenyl-anthyridine,79b 

substituted gem-alkynols79c are some of the notable examples that show 

solvent/substituent exchange without altering the overall packing arrangements. 

In organometallic compounds isomorphous replacement of core atoms may also 

take place.79d,e Crystal structures of the series of organometallic compounds 

Ph3X−X´Me3 (X, X´= metal atom) when X, X´ are Si, Si; Ge, Si; Si, Ge and Ge, Si are 

isostructural.  

Molecules differing only in the chirality of one atom can form isostructural 

crystal. (21R)- and (21S)-methyldigitoxigenins form isostructural crystals despite having 

inverted molecular structure due to the chiral carbon atom.80d,79f,g, Isostructurality may 

also be seen in certain compounds due to orientational, positional and substitutional 

disorders.73c,79h  

1.12 Isostructurality Among Polymorphs 

 Isostructurality in three dimensions means the similarity of complete crystal 

packing. One and two dimensional isostructurality80 is documented. If two crystal 

structures contain similar rows of molecules such as an infinite hydrogen bonded chain, 

then they are called one dimensional isostructural. Similarly, if two molecules contain 

similar infinite two dimensional arrangements of molecules, such as sheets of hydrogen 

bonded molecules extending in one plane, they are called two dimensional isostructural. 

For one and two dimensional isostructural crystal structures, similar unit cell parameters 

and space group is not a requirement and this phenomenon is not rare in literature. 

Fábián and Kálmán documented 1D, 2D and 3D isostructurality among polymorphs.80a 

The four polymorphs of glycine80h,i,j,k (α, β, γ and δ) shows similarity in their crystal 

structures (Figure 1.5).  
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Figure 1.5 α, β and δ polymorphs of Glycine contain similar two dimensional layers of 
molecules whereas γ polymorph contains 1D infinite molecular chain similar to the α, β 
and δ polymorphs. Therefore α, β and δ are two dimensional isostructural whereas γ 
polymorph is 1D isostructural with α , β and δ polymorphs. 

1.13 Descriptors of Isostructurality 

Kálmán et al. proposed two descriptors to quantify isostructurality68a,70a,  viz. unit 

cell similarity index ‘Π’ and isostructurality index ‘Ii(n)’ and can be defined as the 

following equations. 
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The isostructurality index, [Ii(n)] is a measure of the degree of internal isostructurality 

where n is the number of distance differences (∆Ri) between the absolute coordinates of 

identical non-hydrogen atoms within the same section of asymmetric units of related 

structures. Ii(n) should be close to 100% for isomorphous crystals.  Isov or isov2 

softwares were developed to calculate [Ii(n)].15j 

 A recent approach to identify similar packing motifs is the XPac method.81 Xpac 

is a computer program written by Dr. T. Gelbrich and Prof. Michael B. Hursthouse at the 

University of Southampton Highfield, UK.  In this method similarities and differences 

between two crystal structures are expressed in terms of ‘supramolecular construct’. 

Analysis of crystal structures using the XPac technique is presented in Chapter 3. 

1.14 Solid Solution 

 Solid solution or mixed crystal82 is a solid state solution of two or more 

components where addition of the solute does not change the crystal structure of the 

solvent but the ratio of solute to solvent will vary in a non-stoichiometric proportion 

throughout the structure. Solid solutions are frequently encountered in the field of 

metallurgy but are less probable with organic molecules. The necessary condition for 

solid solution formation is that the compounds should be isomorphous. Some compounds 

with different crystal structures can also form solid solution where the minor component 

adopts the structure of the major component. This phenomenon is termed as structural 

mimicry.82c,d,e For example, the crystal structures of chlorinated (1) and methylated (2) 

derivatives of the fragment 2-benzyl-5-bromobenzylidine-cyclopentanone (Figure 1.6) 

are not isostructural and 1 has a bent conformation whereas 2 is planar. These two 

compounds can form solid solution where 1 adopts a planar conformation.82d 
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Figure 1.6 Non-isostructural chloro (1) and methyl (2) derivatives of 2-benzyl-5-
bromobenzylidine-cyclopentanone forms solid solution where the minor component 1 
adopts the conformation of the major component 2 showing structural mimicry. 

1.15 Importance of Isostructurality 

 The main importance of isostructurality lies in the fact that, it is possible to 

design isostructural crystals to some extent. In isostructural compounds the structural 

parameter is kept nearly fixed and therefore chemical perturbation can be evaluated. 

Predicting crystal structures is a challenge in crystallography. The concept of 

isostructurality is helpful in crystal structure prediction.83 Isostructurality helps in a 

logical expectation of polymorphism. For two isostructural compounds if one of them is 

polymorphic, one can expect the other molecule could be polymorphic too.84 Such an 

example is explained in Chapter 2, where crystallization of triiodoresorcinol in P21/n 

space group finds logic to be polymorphic as the terminal members of the series, 

triiodophenol and triiodophloroglucinol are isomorphous in orthorhombic space group 

P212121. Isostructurality can also be used in inorganic-organic hybrid materials. 

Isostructural series of metal organic frameworks (MOFs) with controllable H2 gas 

storage properties are documented. Isostructural MOFs with same crystal structure and 

different metal atoms may serve as the ideal system to study the H2 binding capacity of 

metals.85 Structural equivalence of functional group can be utilized to design and 

synthesize material with controllable desired properties. Formation of solid solution is an 

aid of isostructurality. Multi-component systems whether cocrystal or solid solution, can 

show enhanced properties compared to the individual components. Jones et al.86 used the 

structural equivalence of halogen-bonded iodine and bromine functionalities to construct 

pairs of solids that exhibit different melting point, stability, and crystal morphology. The 

physical properties of solid solutions can be finely tuned by changing the nature and 

relative ratios of the different components as solid solutions share the properties of the 
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individual components.87 This approach may find application in pharmaceuticals where 

tuning of properties of an API is still a challenge. 
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Chapter Two 

 

Isostructural Polymorphs of 

Triiodoresorcinol and 

Triiodophloroglucinol 

 
 

 
 

The  orthorhombic  and  monoclinic  forms  of  triiodoresorcinol  and 

triiodophloroglucinol  establish   a  structural  link  in  the  crystal 

structure  series  from  triiodobenzene  (P212121)  to 

trifluorotriiodobenzene (P21/n).  
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2.1 Introduction  

The two important phenomena of isostructutrality and polymorphism typify 

almost opposite molecule to crystal structure behavior in the organic solid-state. When 

different molecules, usually within a family of compounds, adopt the same (similar) 

crystal structure they are isostructural and the phenomenon is termed isostructurality.1 

Polymorphism2 is the existence of the same chemical substance in more than one 

crystalline modification. Both phenomena are well known, well studied and are 

important in crystal engineering as well as in materials science and pharmaceutical 

chemistry.3 There are reports of polymorphs of single compounds which are isostructural 

in one dimension (similar rows of molecules) or in two dimensions (similar infinite two 

dimensional molecular arrangements).4 Examples are available in the literature which 

display both polymorphism and isostructurality.5 Polymorphism and isostructurality of 2-

amino-4-chloro-6-morpholinepyrimidine and 2-amino-4-chloro-6-piperidinopyrimdine is 

such an example.5a The morpholine derivative yields two polymorphs, both in space 

group P21/c, with two and one molecules in the asymmetric unit respectively (Z′ = 2 and 

1, Figure 2.1). Its piperidine derivative (O acceptor is replaced by CH2), has only one 

crystal structure with two molecules in the asymmetric unit of P21/c space group (Z′ = 2, 

Figure 2.1). Interestingly it is found to be isomorphous with one of the polymorphs of 

morpholine derivative which also has Z′ = 2. A second form with Z′ = 1 was not 

observed for piperidine derivative. Another interesting example which depicts both 

isostructurality and polymorphism is 1,3,5-triarylbenzenes (TAB).5b 4-chloroTAB 

crystallized as dimorph, in Pca21 and in ܲ1ത  space group. The ܲ1ത  polymorph is 

isostructural with the 4-bromo TAB which does not have a second form (Figure 2.1). In 

both the cases the second isostructural molecule is not showing polymorphic behaviour.  
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(a) (b) 

Figure 2.1 (a) Piperidine derivative is a dimorphic substance with Z′ = 2 and 1 in P21/c 
space group, while the morpholine derivative has only one crystal structure with Z′ = 2. 
It is isomorphous with piperidine Z′ = 2 polymorph showing O ⇔ C–H replacement. (b) 
4-chloroTAB is dimorphic and triclinic form is isomorphous with 4-bromoTAB but the 
latter does not have an orthorhombic polymorph (Pca21) isomorphous with that of the 
former. 

Examples of polymorphic compound where each polymorph is isostructural with 

the corresponding polymorph of other compound/compounds are rare. Triiodresorcinol 

and triiodophloroglucinol have two polymorphs each and these forms are in turn 

isomorphous and isostructural.6 

Halogeneted phloroglucinol were studied in our laboratory because of their 

ability to crystallize as hydrates.7 In dibromophloroglucinol channel structure a T6(2) 

tape of hydrogen bonded water molecules resides in boat cyclohexane conformation. 

Water helices of opposite handedness were found in the channel structures of 

tribrormophloroglucinol and trichlorophloroglucinol. But their guest free structures could 

not be crystallized. Triiodphloroglucinol crystallized as guest free structure. This 

compound  and its derivatives have importance in the design of MRI contrasting agent.8 

2,4,6 triiodoresorcinol is used in medicine for treating mycoses, viral disease of the eye 

and acute respiratory disease.9 Triiodophenol was originally described as a nonsteroid 

antiinflammatory molecule and  its selected derivatives show cytotoxic activity 

accompanied by DNA synthesis inhibition.10 
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2.1.1 Hetero-seeding 

 Systematic (manual or automatic) solvent and thermal screenings of solid forms 

is the main method to examine crystal polymorphism.11 Methodologies proposed in the 

recent literature to obtain polymorphs were described in Chapter 1.  Among these 

techniques the use of hetero-seed is found to be successful in some cases.12 A crystalline 

sample formed by molecules having almost same structure as the compound of interest 

but only difference is due to a substituent or counterion (in case of a salt) is termed as 

hetero-seeding. The two compounds p-methyl benzyl alcohol and p-chloro benzyl 

alcohol are not isomorphous. A polymorph of the former which is isomorphous with the 

later can be obtained by using crystals of the later as hetero-seed. 12a 

2.2 Interactions Involving Halogens 

 Halogens engage in halogen bonding13 (D···X–Y) with weak to very strong 

interaction energy where the halogen (X) bonded to another atom (Y) is electron 

acceptor and the other atom (D) donates electrons are inter halogen interactions and 

weak bonds. 

2.2.1 Inter-halogen interactions 

 Halogens can make short contact with respect to their spherical van der Waals 

radii sum, as it has been seen in several crystal structures. The Cl2, Br2 and I2 molecules 

make side on contact in their orthorhombic crystal structures (Cmca).14 Bondi, observed 

that the effective shapes of some atoms might not be truly spherical but rather ellipsoid 

or ‘pear-shaped’ especially for heavier elements.15 The atomic radii of the non-spherical 

halogen atoms along C–X bond vector are found to be shorter than the distance 

perpendicular to it.16 Halogen···halogen contacts have two preferred geometries, type I 

(θ1 ≅ θ2) and type II (θ1 ≅ 180º and (θ2 ≅ 90º) as shown in Scheme 2.1. It was shown by 

theoretical calculations that Cl···Cl interactions are quite normal, with the repulsion, 

dispersion and electrostatic contributions being the most important, but the non-

sphericity of the chlorine charge distribution has a significant effect on these 

contributions.17 
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Scheme 2.1 (a) Type I geometry of halogen···halogen interaction. (b) Type II geometry 
of halogen···halogen interaction.  

 It is believed that the halogens are polarized positively in the polar region and 

negatively in the equatorial region (Scheme 2.1). The size and polarization increases in 

the order Cl < Br < I, where as electronegativity change is in the reverse direction. Thus 

in the cases of unsymmetrical inter halogen interactions the negative equatorial part of 

the lighter-halogen approaches the positive axial region of a heavier halogen.18 F behaves 

quite differently than the other three halogens due to its hardness, small size and very 

high electronegativity. Thus various researches described the short inter halogen contacts 

as a result of close packing due to elliptical shape of the halogen atoms or 

electrophile···nucleophile interaction type due to polarization. It appears that inter-

halogen type I is van der Waals interaction and type II is induced by the mutual 

polarization. Type II geometry is believed to be a result of specific inter-halogen 

interactions and hence favored for iodine because of stabilization from the dual 

polarization in C–I(δ+)···I(δ–)–C. On the other hand, electronegative chlorine atom is more 

often present in type I geometry, a result largely of close packing consideration. The 

nature of interhalogen interactions is described in several papers.19 

 2.2.2 Halogen bonding  

 The term “halogen bonding” was introduced by Dumas et al. for describing the 

attractive donor–acceptor interactions that involve halogen atoms functioning as Lewis 

acids and another atom containing lone pair of electrons functioning as Lewis base.20 In 

halogen bond with D···X–Y geometry the angle around X (halogen) tends to be linear. 

The halogen atoms that are involved in halogen bonding can be bound to other halogen 

or to carbon or to nitrogen atoms and the electron pair donor can be neutral or anionic 
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(N, O, S, Se, I⎯, Br⎯, Cl⎯, F⎯, etc.). The interaction energy of halogen bonding spans over 

a very wide range, from 10 to 200 kJ/mol.21 Theoretical and experimental data prove that 

all four halogens can act as halogen bond donor and the bond strength order is F < Cl < 

Br < I. Though F is a strong acceptor but organic F hardly participate in halogen bond as 

acceptor.22 The halogen bond accepting strength of halide ions increases as F⎯ < Cl⎯ < 

Br⎯ < I⎯ and aromatic nitrogen is better acceptor than oxygen and sulfur.23 Halogen 

bonding can play a crucial role in some biological systems. Short I···O interactions play 

important roles in the recognition of some hormones by their cognate proteins. A very 

large number of short I···O contacts from thyroxine and its derivatives to their associated 

proteins were identified.24 

2.2.3 Halogens in hydrogen bonding 

 Organic halogens can participate in hydrogen bond but energetically very weak 

because of the weak acceptor property. C–F is most surprising because F has high 

electronegativity and yet weak accepting capacity. It is interesting that strong 

donors/acceptors O and N are also electronegative atoms and in H-bonding 

electronegativity of donor and acceptors play an active role. The H-bonding capability is 

not very different for other three halogens Cl, Br and I.  

2.3 Results and Discussion 

Triiodoresorcinol (TIR, 2,4,6-triiodoresorcinol) and triiodophloroglucinol (TIG, 

2,4,6- triiodophloroglucinol) crystallized as orthorhombic (TIR-O and TIG-O in P212121) 

and monoclinic (TIR-M and TIG-M in P21/n) polymorphs. The orthorhombic 

polymorphs are isostructural and in turn similar to the crystal structure of 1,3,5-

triiodobenzene (TIB). The isostructural monoclinic polymorphs are similar to the 

structure of 1,3,5-trifluoro-2,4,6-triiodobenzene (TIF). Triiodophenol (TIP) crystallized 

in a single orthorhombic form only. Figure 2.2 shows the triiodo compounds studied in 

this chapter.  
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Figure 2.2 Triiodo-hydroxy-benzene compounds studied. 

TIR and TIG were synthesized25 by the iodination of resorcinol and 

phloroglucinol. TIP was purchased (Aldrich) and used as such for crystallization. 

Synthesis, crystallization and X-ray diffraction are detailed in the Experimental Section. 

 2.3.1 Polymorphism 

Crystallization from EtOAc, CHCl3 or mesitylene afforded good quality single 

crystals. Crystals obtained from CHCl3 were solved and refined in the non-

centrosymmetric orthorhombic space group P212121 are designated as TIG-O. A second 

form was obtained when a hot solution of TIG in mesitylene was poured over the filter 

paper. Quick precipitation gave single crystals for X-ray diffraction in the 

centrosymmetric space group P21/n, or TIG-M form.  The H atom of OH groups could 

not be located in difference electron density maps of X-ray radiation because of the 

flanking heavy iodine atoms. The molecular packing is discussed via inter-halogen 

interactions listed in Table 2.1. Details of unit cell parameters are summarized in 

Appendix. 

In the crystal structure of TIG-O, the three OH groups are flanked by iodine 

atoms and do not engage in significant hydrogen bonding for steric reasons. The 

structure is directed by type-II iodo···iodo interactions. The molecules form 1D zigzag 

tapes via I3···I2 interaction (3.77 Å, 164.0º, 103.7º) along the [010] direction. These 

tapes extend into the third dimension via I1···I3 interaction (3.89 Å, 145.9º, 82.2º) 

forming left-handed helix in the [100] direction. The molecules form corrugated sheet-

like structure parallel to (100) plane (Figure 2.3). 
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(a) 

  
(b)  (c) 

Figure 2.3 Molecular packing in TIG-O. (a) Zigzag tapes mediated by type-II I···I 
interaction are shown as line diagram, (b) a left-handed helix down [100], and (c) 
corrugated sheet parallel to (100) plane. 

In TIG-M form, molecules extend along [100] via I1···I1 (3.70 Å, 175.7º, 107.2º) 

and I2···I3 (4.00 Å, 145.5º, 82.8º) type-II interaction to form tapes which extend in the 

third dimension via I2··· I3 (4.02 Å, 159.6º, 109.9º) and type-I I2···I2 interaction (3.99 Å, 

131.1º). I2···I3 interactions makes left- and right-handed helices in the [010] direction. 

Zigzag chains of I1···I1 interaction along [010] and corrugated sheet-like structure in 

(010) are present (Figure 2.4). 

 

 
(a) (b) 
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(c) (d) 
Figure 2.4 TIG-M. (a) Tapes along [100] complete the 3D packing via formation of and 
I···I zigzag chains, (b) right- and left-handed helices are connected by type-I I···I 
interaction, (c) type II I···I zigzag chain along [010], and (d) corrugated sheet parallel to 
(010) plane.  

When TIR was crystallized from solvents such as CHCl3, mesitylene and CCl4 

reflections (crystal from CHCl3 was used for X-ray diffraction) were solved in the 

monoclinic space group P21/n (TIR-M). A second orthorhombic form was obtained by 

the hetero-seeding technique.12 When 20 mg of TIR in CHCl3/MeOH was seeded with 2-

3 crystals (∼10% by weight) of TIP and kept for slow evaporation, X-ray diffraction 

showed that it crystallized in orthorhombic space group P212121 (TIR-O). The oxygen 

atoms are disordered so as to mimic a 1,3,5-trihydroxybenzene molecule in both crystal 

structures. The partial site occupancy factor (s.o.f.) of resorcinol O atoms are O1, O2, O3 

are 0.88, 0.86, 0.27 in TIR-M and 0.62, 0.70, 0.68 in TIR-O structure.  

In TIR-M form, molecules form a tape along [100] via I1···I1 (3.736Å, 175.5º, 

112.5º) and I2···I3 (3.91 Å 152.5º, 79.9º). The tapes extend via I3···I1 (3.92 Å, 160.5º, 

110.0º) interaction. I2···I3 interactions makes left- and right-handed helices in the [010] 

direction. The I1···I1 type-II interaction forms zigzag chain along [010]. The molecule 

forms corrugated sheet-like structure in the (010) plane (Figure 2.5).  



51 | Chapter 2 

 

 
 

 
(a) (b) 

 

 (c)  (d) 
Figure 2.5 TIR-M. (a) Tapes along [100] complete the packing dimension via formation 
of helix and zigzag chain, (b) right- and left-handed helix, and (c) iodo interaction-
mediated zigzag chain, (d) corrugated sheet parallel to (010). 

In TIR-O, molecules form zigzag tape along [010] via I3··· I2 (3.81 Å, 162.0º, 

106.6º) type-II interaction. These tapes extend in the third dimensions via I1···I3 type-II 

interaction (3.92 Å, 147.2º, 81.7º) forming a left-handed helix along [100]. Molecules 

forms corrugated sheet in the (100) plane (Figure 2.6). Iodo···iodo interactions direct the 

crystal packing and OH groups are mostly like bystanders. 

 

(a) (b) 
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(c) 
Figure 2.6 TIR-O. (a) Zigzag tapes along [010], (b) right handed helix along [100], and 
(c) corrugated sheet in (100) plane. 

The structure of TIP (crystallized from CHCl3, space group P212121) extends in 

[010] direction through a zigzag tape of type-II I3···I2 interaction (4.02 Å, 157.1º, 

112.1º). The packing is completed via I2···I2 (3.99 Å, 153.1º, 108.1º) and I1···I3 (4.03 Å, 

143.4º, 84.7º) type-II interactions. A zigzag chain of I2···I2 interaction and left-handed 

helix of I1···I3 runs along the [100] direction. The molecules form a corrugated sheet in 

(100) plane (Figure 2.7). A monoclinic form of this compound or another polymorph 

could not be obtained.  

 
(a) (b) 

 
 (c)  (d) 

Figure 2.7 Molecular packing and intermolecular interactions in the structure of TIP. (a) 
Zigzag tapes along [010] extend the packing via zigzag chains and helices, (b) left-
handed helix along [100], (c) zigzag chain along [100], (d) corrugated sheet parallel to 
(100). 
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Table 2.1 Inter-halogen interactions (D/Å, and θ/°) in crystal structures. 

Compound Interaction D (I···I) C−I···I−C Symmetry code 
θ1 θ2 

TIB I 2···I1  3.985(1) 153.4(1) 112.0(1) 3/2−x,1− y,−1/2 + z 
I1···I1 3.944(1) 153.1(1) 108.6(1) −1/2+x,1/2−y,1−z 
I 2···I1 4.052(1) 147.8(1) 93.5(1) 1−x,1/2+ y,1/2−z 
I 3···I2 4.048(1) 150.1(1) 77.9(1) 1/2 + x, 1/2−y,−z 

TIP I 2···I2 3.996(1) 153.1(2) 108.0(2) −1/2+x,−1/2−y,−z 
I1··· I3 4.035(1) 143.3(2) 84.7(1) −1/2+x,1/2−y,−z 
I3··· I2 4.022(1) 157.1(2) 112.1(2) 1−x,1/2+y,1/2−z 

TIR-M I 1··· I1 3.736(1) 175.5(2) 112.4(2) 1/2−x,−1/2+y,1/2−z 
I 2··· I3 3.907(1) 152.5(2) 79.9(1) 3/2−x,1/2+y,1/2−z 
I3··· I1 3.921(1) 160.5(2) 110.0(2) 1/2+x,3/2−y,1/2+z 

TIR-O I3 ··· I2 3.812(2) 162.1(5) 106.6(1) 1−x,1/2+y,1/2−z 
I1··· I3 3.919(2) 147.2(5) 81.8(2) −1/2+x,1/2−y,−z 

TIG-O I3··· I2  3.771(1) 164.2(2) 103.7(2) 1−x,1/2+y,1/2−z 
I1··· I3 3.888(1) 146.0(2) 82.2(1) −1/2+x,1/2−y,−z 

TIG-M I1···I1 3.699(2)  175.7(3) 107.2(3) 1/2−x,−1/2+y,1/2−z 
I3···I1  4.021(2) 159.6(3) 109.9(3) 1/2+x,3/2−y,1/2+z 
I2···I3  4.003(2) 145.4(3) 82.8(1) 3/2−x,1/2+y,1/2−z 
I2··· I2b 3.990(2) 131.1(3) 131.1(3) 1−x,3−y,−z 

TIF F1···F1b 2.766(4) 157.7(2) 157.7(2) −x, −y,1−z 
I3···I2 3.912(1) 147.1(1) 79.7(1) x,−1/2+y,3/2−z 
I2···I1 3.994(1) 157.7(1) 105.9(1) −1/2+x,−1/2−y,−1/2+z 
I1···I1 3.736(1) 171.3(1) 100.4(1) −x,1/2+y,3/2−z 
I3···I3a 4.048(1) 136.7(1) 136.7(1) −x,−2−y,2−z 
F2···I3 3.455(3) 164.9(2) 73.0(2) −1/2−x,−1/2+y,3/2−z 

TIP+TIR-O I3···I2 3.935(1) 159.1(2) 109.4(2) 1−x,1/2+y,1/2−z 
I1···I3 3.959(1) 146.3(2) 82.1(1) −1/2+x,1/2−y,−z 

TIR+ TIG-O I1···I3 3.896(1) 146.9(2) 82.1(1) −1/2+x,1/2−y,−z 
I3···I2 3.768(1) 164.5(2) 104.9(2) 1−x,1/2+y,1/2−z 

a = Intramolecular interaction. 
b= Inter-halogen type-I interaction. All other inter-halogen interactions are type-II. 

2.3.2 Isostructurality and solid solution 

 Solid solution or mixed crystal26 is a solid state solution of two or more 

components where addition of the solute does not change the crystal structure of the 

solvent but the ratio of solute to solvent will vary in non-stoichiometric proportion 

throughout the structure. The necessary condition for the formation of solid solution is 
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that both the components must be isomorphous. Solid solution formation may enhance 

properties of the resulting material compared to the starting ones.27 

The unit cell similarity index (Π) 1b of two crystal structures being compared is 

calculated using the equation 

1−
′+′+′

++
=∏

cba
cba

 

where a, b, c and a', b', c' are the orthogonalized lattice parameters of related crystals. Π 

is close to zero for isostructural crystals. Π values calculated for nine crystal pairs (Table 

2.2) show that the monoclinic and orthorhombic structures are very similar in each 

crystal system.  

Table 2.2 Unit cell similarity index (Π)  

Crystal pair Π 
TIB, TIP 0.0054 

TIB, TIR-O 0.0127 
TIB, TIG-O 0.0134 
TIP, TIR-O 0.0073

TIR-O, TIG-O 0.0007 
TIP, TIG-O 0.0079 
TIF, TIR-M 0.0227 

TIR-M, TIG-M 0.0048 
TIF, TIG-M 0.0178

 

Given the excellent isomorphous and isostructural nature among TIR and TIG 

polymorphs, we attempted mixed crystal or solid-solution formation with TIP in 

isomorphous space group P212121. Dissolution of equimolar amounts of TIP and TIR in 

CHCl3 gave single crystals that solved in the orthorhombic space group P212121. The 

s.o.f. of O atoms are O1 = 0.65, O2 = 0.47 and O3 = 0.41 which gives a 1:1 

stoichiometry of the binary solid-solution. The molecular packing in TIP+TIR-O is 

similar to TIG-O. Similarly, a 1:1 molar mixture of TIR and TIG in CHCl3 gave binary 

1:1 solid-solution crystal, TIR+TIG-O, in space group P212121 based on s.o.f. O1 = 0.76 , 

O2 = 0.92 and O3 = 0.84.  
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2.3.3 Crystal structure of solid solutions 

Both the solid solutions are isostructural with the orthorhombic forms in the 

family. They have the same kind of helix and 3D corrugated sheet structures. Inter-

halogen interactions for solid solution are summarized in Table 2.1and their crystal 

structures are described in Figure 2.8 and 2.9. 

 

 
(a) (b) 

(c) 
Figure 2.8 Crystal structures of solid-solution TIP+TIR-O. (a) Zigzag tapes mediated by 
I3···I2 (3.94 Å, 159.1°, 109.4°) type-II interaction along [010], (b) left-handed helix 
along [100] formed by I1··· I3 type-II interaction (3.96 Å, 146.3°, 82.0°), and (c) 
molecule make a corrugated sheet structure in (100) plane. 

 

 

(a) (b) 
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(c) 
Figure 2.9 Packing diagram in solid-solution TIR+TIG-O. (a) Zigzag tapes mediated by 
I3···I2 type-II interaction (3.77 Å, 164.4°, 104.9°) along [010], (b) right-handed helix 
formed by I1···I3 (3.89 Å, 146.9°, 82.1°) along [100], and (c) corrugated sheet formed 
parallel to (100) plane.  

2.4 Discussion 

To our knowledge, triiodoresorcinol and triiodophloroglucinol represent a rare 

case wherein two polymorphic crystal structures of two different molecules also make an 

isostructural pair (Figure 2.10). Secondly, the orthorhombic form is similar to the crystal 

structure of triiodobenzene (in turn TIB is similar to tribromo- and trichloro-benzene) 

whereas the monoclinic form resembles the crystal structure of trifluorotriiodobenzene 

(TIF)28 in terms of unit cell parameters and molecular arrangement in the crystal lattice. 

Thus, the dimorphic crystal structures of TIR and TIG serve as bridges between the 

monomorphic orthorhombic crystal structure of TIB and TIP and the monoclinic cell of 

TIF. TIB and TIP crystallized in orthorhombic space group P212121 (Table 2.3) and the 

molecules are ordered in both crystal structures. TIG crystallized in P212121 space group 

(TIG-O) and the structure is fully ordered. However, the middle member, TIR, 

crystallized in P21/n space group (TIR-M) but the molecules are disordered so as to 

resemble TIG. As the terminal members (TIP and TIG) crystallized in P212121 space 

group, it was expected that the middle member TIR too should be able to adopt the same 

space group. Similarly as TIR has a crystal structure in P21/n space group (TIR-M), TIG 

should also have a crystal structure in this space group. Indeed a monoclinic polymorph 

of TIG in the space group P21/n (TIG-M) was obtained from mesitylene. 
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Figure 2.10 Isostructural orthorhombic and monoclinic pairs of TIG and TIR 
polymorphs. 

Table 2.3 Crystal systems of some trihalobenzenes 
 

Compound Structure P212121 P21/n 
 
 

TIP 
 

√a -- 

 
TIR 

 

√a √a 

 
 

TIG 
 

√a √a 

 
 

TIB 
  

√b -- 

I

II
OH
I

II

OHOH

I

II

OHOH

OH
I

II
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TBB 

 

√b -- 

 
TCB 

 

√b -- 

 
TBR 

 

√b -- 

 
 

TBA 
 

√b -- 

 
 

BCA 
 

√b -- 

 
 

TIF 
 

-- √b 

a This study;  b Cambridge Structural Database 

Thus the concept of isostructurality in the series of compounds studied led to the 

discovery of new forms of TIR and TIG taking a cue from TIG-O and TIR-M 

respectively. The degree of isostructurality in the family of crystals was confirmed by the 

formation of solid-solution. A solid solution TIP+ TIR and TIR+TIG crystallized in the 

orthorhombic space group although the monoclinic setting is a possibility. The solid-

solution crystal structures resemble the structures of the pure components in P212121 

space group. A reason for dimorphism in TIR and TIG may be found in the less 

significant OH groups in this family of compounds. The OH groups are buried between 

the flanking iodine atoms and the structures do not make conventional O–H···O hydrogen 

bonds despite having one, two and three phenol groups. We note that the OH groups are 

silent in the orthorhombic crystal structure whereas they participate in tandem hydrogen 

bonding29 in the monoclinic structures (O–H···O: TIG-M 2.46 Å, 2.80 Å, 104.2°; TIR-M 

2.71 Å, 2.73 Å, 82.8°). The energy of tandem hydrogen bonds is estimated as –4.62 kcal 

Br

BrBr
Cl

ClCl
Br

BrBr

OHOH

Br

BrBr
NH2

Br

Br

NH2

Cl

I

I
F

I
F

F
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mol–1, weaker than linear (–5.19 kcal mol−1) but stronger than bifurcated H bonds (–2.87 

kcal mol–1).30 O–H···O hydrogen bonds are much longer in the orthorhombic 

polymorphs, TIG-O and TIR-O (O···O 3.20, 3.16 Å). The role of tandem H bonding in 

the monoclinic crystal structures explains why trihalobenzenes and triiodophenol adopt 

orthorhombic form only (Table 2.3) because O–H···O interactions are not possible to 

minimal in these structures. The OH disorder in TIR mimics the TIG structure via 

tandem H bonds. Incidentally, the tandem OH arrangement in TIR-M and TIG-M is 

replaced by F···F contacts in the monoclinic structure of TIF. TIF has a corrugated layer 

structure28b sustained by type-II I···I and other inter-halogen contacts (Table 2.1). The 

complete difference between the crystal structures of TIB (orthorhombic) and TIF 

(monoclinic) by H → F replacement is not surprising but now a link is established in the 

series through TIR and TIG dimorphs (Figure 2.11). A full list of closely related crystal 

structures from our results and extracted from the literature31 is given in Table 2.4. 

 
TIG (P212121)  TIG (P21/n) 

  
TIP (P212121) TIF (P21/n) 

Figure 2.11 Tandem hydrogen bonds in the monoclinic crystal structure of TIG are 
replaced by F···F interaction in TIF. There are no significant O–H···O hydrogen bonds in 
the orthorhombic structure of TIG and TIP. 

The ortho-proximal placement of OH and I groups in these structures means that 

there are several I···O contacts within the van der Waals sum. However, I···I or O–H···O 
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contacts from/to the same atoms are shorter in each case and these are taken to be the 

genuine interactions. Secondly, in no case does the electronegative O approach the 

electropositive polar region of I–C in a type-II L-geometry. Examples of polymorph and 

solid-solution crystals based on Br···O and Br···Br interactions are discussed in recent 

papers.5b, 32 

Table 2.4 Space group and unit cell parameters of some halogen and hydroxyl 
substituted benzenes. Crystal data are taken from this paper and the Cambridge 
Structural Database (ConQuest 1.12, November 2009 release, August 2010 update). 

Compound/ Space group a (Å) b (Å) c (Å) β (°) T (K) V (Å3) 
Our Result 

I

II
OH  

TIP (P212121) 

4.370 14.694 14.184 90 100 910.7 

I

II

OH OH

 
TIR-O (P212121) 

4.495 13.958 15.036 90 100 943.3 

I

II

OH OH

OH  
TIG-O (P212121) 

4.638 13.529 15.345 90 100 962.8 

I

II
OH

I

II

OH OH
+

 
TIP+TIR (P212121) 

4.442 14.368 14.573 90 100 930.1 

I

II

OH OH

I

II

OH OH

OH

+

 
TIR+TIG (P212121) 

4.561 13.648 15.349 90 100 955.4 

I

II

OH OH

 
TIR-M (P21/n) 

14.882 4.332 15.585 108.5 100 952.8 
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I

II

OH OH

OH  
TIG-M (P21/n) 

14.582 4.500 15.507 107.6 100 970.2 

Crystal data from CSD 
I

II  
TIB (P212121) 31a 

4.329 14.224 14.515 90 161 893.7 

Br

BrBr  
TBB(P212121)31b 

14.23 13.55 4.08 90 298 786.7 

ClCl

Cl

 
TCB (P212121) 31b 

13.93 13.19 3.91 90 298 718.4 

Br

BrBr

OH

OH  
TBR (P212121)31c 

4.107 12.855 15.296 90 120 807.6 

Br

BrBr
NH2  

TBA (P212121)31d
 

13.44 14.62 4.26 90 298 837.9 

Br

ClBr
NH2  

BCA (P212121)31e 

4.178 13.24 14.86 90 298 822.2 

I

II

FF

F  
TIF (P21/n)28b 

13.818 4.758 15.385 107.1 120 966.9 
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2.5 Conclusions and Future Studies 

Triiodoresorcinol and triiodophloroglucinol exhibit dimorphism in contrast to 

several other members which are monomorphic. Whereas crystal structures of 

trihalobenzenes in the orthorhombic crystal setting are traditionally well known, a 

monoclinic structure of TIF was reported recently.28 The present study shows alternative 

crystal packing arrangements for trihalobenzenes in the monoclinic family of crystal 

structures. The empty slots in Table 2.3 suggest that there is scope to discover new 

crystalline forms in these compounds. 

2.6 Experimental Section 

Synthesis: TIR and TIG were synthesized and characterized by IR and 1H NMR. NMR 

spectra (CDCl3 solution, δ scale) were recorded on Bruker Avance at 400 MHz. FT-IR 

spectra (KBr pellet, ν cm–1) were recorded on Jasco 5300 spectrophotometer. Melting 

points were recorded on Fisher-Johns apparatus. All compounds were purified and 

characterized by 1H NMR and IR, and finally, the structure was secured by single crystal 

X-ray diffraction. 

Both the compounds were synthesized by poly-iodination of the starting phenol 

(Scheme 2.2). 25 

OH

OH
+ KIO3 + KI

OH

OH

I

I

I
HCl

OH

OHOH
+ KIO3 + KI

OH

OH

I

I

I

OH

HCl

 

Scheme 2.2 Syntheses of TIR and TIG. 

TIR was synthesized by the drop-wise addition of a solution of KI (3.22 g, 20 

mmol) and KIO3 (2.14 g, 10 mmol) in 50 mL water to a solution of resorcinol (1.10 g, 10 

mmol) in 10 mL water with 5-6 drops of 50% HCl added. The solution was stirred at 

room temperature for 6 h to get the desired product as precipitate which was purified by 

crystallization from CHCl3.  



63 | Chapter 2 

 

M.p.: 152 °C (154-157 °C).25 

1H NMR: 5.89 (2H, s), 7.96 (1H, s). 

IR: 588, 627, 3430 cm–1. 

TIG was synthesized by the same procedure starting from phloroglucinol and the product 

was crystallized from CHCl3. 

M.p. (dec.) 170 °C (171-172 °C).25 

1H NMR: 5.98 (3H, s). 

IR: 534, 638, 3443 cm–1. 

X-ray diffraction: Reflections were collected on a Bruker Smart Apex CCD 

diffractometer at 100 K using Mo-Kα incident X-radiation (λ = 0.71073 Å). SAINT 

software33 was used for data reduction. Structures were solved using the direct methods 

in SHELX-97.34 Semi-empirical and multi-scan absorption corrections SADABS35 were 

applied. All non-hydrogen atoms were refined anisotropically and C–H hydrogens in 

case of TIP were fixed. O–H hydrogen atoms could not be located in difference electron 

density maps and were not included. The O atoms in TIR-M, TIR-O, TIP+TIR-O and 

TIR+TIG-O have disordered oxygen atoms with partial s.o.f. given in table 2.5. 

Table 2.5 Partial s.o.f. at the oxygen atoms for the disordered structures. 

 O1 O2 O3 
TIR-M 0.88 0.86 0.27 
TIR-O 0.62 0.70 0.68 
TIP+TIR-O 0.65 0.47 0.41 
TIR+TIG-O 0.76 0.92 0.84 
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Chapter Three 

 

Isostructurality and Polymorphism in 

Fuchsones and Sulfonylhydrazones 

 
 

 

Interrelation of Isostructurality and Polymorphism among the crystal structures of 
Fuchsones and Sulfonylhydrazones 

 
 

  
Color polymorphism in CMF 

 

Halogen­methyl   and   interhalogen   exchanged   isostructurality  among 

polymorphs   of   two  series   of   conformationally   flexible   molecules   is 

presented. 
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3.1 Introduction 

Controlling the solid-state assembly of molecules into crystalline solids is of 

considerable interest1 in order to design and synthesize functional materials.2 The 

immense applications of polymorphism (different crystal structure for the same 

molecular species) in pharmaceutical industry inspires the material chemists to carry out 

extensive studies on this particular phenomena.3 In contrast, the opposite phenomena, i. 

e. isostructurality4 (occurrence of same or very similar crystal structure for different 

molecular species) is relatively less studied in recent times. The reason may be due to its 

rare occurrences5, moreover, sets of isostructural compounds rarely include more than 

two members.6 The rare occurrence of isostructural solids may be attributed to the 

sensitivity of crystal packing to the molecular structure as slight changes can result in 

entirely different crystal packing arrangement.7 Isostructurality and polymorphism were 

discussed in the Chapter 1. 

Functional groups which have the ability to adopt the same structural role in 

crystal structures may lead to the formation of isostructural crystals. Chloro-methyl and 

halogen groups are often viewed as the structurally equivalent functional groups. 

According to Kitaigorodskii’s principle of close packing8, chlorine (Cl, 21 Å3) and 

methyl (Me, 19 Å3) substituents have similar size and shape, and so it is possible that 

Cl/Me interchanged molecules have the same crystal structure, known as chloro-methyl 

exchange rule.9 But, it was found that isostructural Cl-Me interchange occurs relatively 

infrequent, in about 26% cases (one fourth) and different crystal structures are observed 

for the majority 74% (three fourth) in a small sample of 118 structures9b which shows Cl-

Me exchange is not always predictable. The halogen exchange, especially Cl, Br and I to 

give isostructurality, is more frequent.10 Construction of an isostructural organic solid 

with conformationally flexible molecule is not straightforward as they may lead to 

different packing arrangement, i. e.  polymorph, due to flexibility associated with the 

molecules. 

The study of polymorphism in closely related molecules gives an understanding 

of molecular structure/crystal structure relationships. For example hydroquinone and 

4,4′-terphenyl diol11 make a phenylogue-extended series of polymorphs (Scheme 3.1).  
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CH3

Hydroquinone

Terphenyldiol

(a) (b)

(c)  
Scheme 3.1 (a) Phenylogue series approach to polymorph clusters illustrated for 
hydroquinone (b) From dimorphs of acetone tosylhydrazone → trimorphs of tolyl 
tosylhydrazone (c) Vinylogue extended tetramorphic diphenyl quinone give rise to 
highly polymorphic Fuchsones. 

The fascinating rhombohedral structure of β-hydroquinone was reproduced in 

another diphenolic compound through applying molecular engineering approach. To 

discover new conformational polymorphic systems, similar molecular engineering 

approach was applied to dimorphic acetone tosyl hydrazone (termed as 

Sulfonylhydrazone), to produce conformational trimorphs of 

bis(tolyl)ketonetosylhydrazone.12 4,4-Diphenyl-2,5-cyclohexadienone13 is tetramorphic 

but its 4-phenyl substituted derivatives do not exhibit polymorphism. Fuchsones may be 

viewed as a vinylogue extension of diphenyl benzoquinone and it came up as highly 

polymorphic series of compounds in our recent work.14 

 The triphenylmethane derivatives are among the oldest man made dyes.15 

Several other members of the class were discovered before their chemical constitutions 

were fully understood. Any member of this group of dyes is intensely colored having 

molecular structures based upon that of the hydrocarbon triphenylmethane. For example 

Malachite green is well known triphenylmethane dye used for materials such as silk, 

leather, and paper. Fuchsone, α,α-diphenyl-l,4-benzoquinone methides, is a class of 

quinone methides which are of particular interest because of their early application as 
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triphenylmethane dyes. The parent compound has been known for many years and 

numerous substituted Fuchsones have been described in the literature.16 Scheme 3.2 

depicts the molecular structure of some closely related dyes.  

N
+

N

Cl O

Malachite Green,
a triphenylmethane dye

NH2NH2

NH HCl

Fuchsine, Rosaniline
Hydrochloride

Fuchsone
 

Scheme 3.2 Molecular structures of three closely related molecules triphenylmethane 
dye malachite green, Fuchsine and the Fuchsones. 

A large number of pigments are known to be polymorphic.17 Quinacridones, 

Perylenes, and Phthalocyanines are well known class of pigments which exhibit 

polymorphic behavior. Utilization of pigments can be greatly influenced by the 

occurrence of polymorphs as different polymorphs of a pigment can have different 

spectroscopic properties. 

Four derivatives of Fuchsones were synthesized where Me groups were 

periodically substituted by Cl at four different positions (Section 3.2). Similarly, five 

new derivatives of Sulfonylhydrazone were synthesized with Me, F, Cl, Br and I 

substituents at the para positions of the three phenyl rings (Section 3.4). Although 

halogen-methyl exchange and halogen-halogen exchange can direct the formation of 

isostructural crystals, achieving isostructural crystals in both the series of compounds is 

challenging. This is because of the fact that the probability of Fuchsones and 

Sulfonylhydrazones to be polymorphic is high. The reasons are conformational 

flexibility in both the compounds, presence of multiple numbers of donors compared to 

one acceptor in Fuchsones and probable sulfonamide dimer/catemer synthon variance18 

in Sulfonylhydrazones. 
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3.2 Chloro-Methyl Exchange and Polymorphism in Fuchsones 

Four derivatives of Fuchsone (Scheme 3.3) were selected: Tetramethylfuchsone 

(TMF), Dichlorodimethylfuchsone (CMF), Dimethyldichlorofuchsone (MCF), and 

Tetrachlorofuchsone (TCF).  

Fuchsones16 can either be synthesized by elimination of water from 4-

hydroxytriphenylcarbinol or by the oxidation of substituted 4-hydroxytriphenylmethanes. 

The former can be obtained from the reaction of phenylmagnesium bromide with 

substituted methyl or ethyl-4-hydroxybenzoates whereas the later can be obtained by 

acid catalyzed condensation of phenol with aromatic aldehyde or benzhydrol. TMF and 

CMF were synthesized by dehydration of substituted 4-hydroxytriphenylcarbinol and 

MCF and TCF were synthesized by oxidizing substituted 4-hydroxytriphenylmethane. 

TMF can also be synthesized using the second procedure. For TCF, both the reactions 

were attempted under normal conditions but did not give the desired product. 4-

chlorobenzylmagnesium bromide is less reactive compared to the corresponding methyl 

derivative because of electron withdrawing Cl group. Again, esters are comparatively 

less reactive towards Grignard reagent compared to aldehydes. A test reaction of 4-

chlorobenzylmagnesium bromide with benzaldehyde led to the corresponding 

benzhydrol but when the reaction was carried out with methylbenzoate the corresponding 

triphenylcarbinol was not obtained. A modified procedure was successful in synthesizing 

TCF, where a homogeneous mixture of 2,6-dichlorophenol and 4,4´-dichlorobenzhydrol 

was dissolved in acetic acid and conc. H2SO4 (few drops) and reaction was carried out at 

80/90 °C instead of room temperature. Synthetic procedure for their preparation is 

detailed in the Experimental Section. 
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CH3CH3
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O
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CH3CH3

Cl Cl

Tetramethylfuchsone (TMF) Dichlorodimethylfuchsone (CMF)

Dimethyldichlorofuchsone (MCF)

O
ClCl

Cl Cl

Tetrachlorofuchsone (TCF)
 

Scheme 3.3 Fuchsones selected for studying chloro-methyl exchange and polymorphism. 

3.2.1 Crystallization and polymorphism 

The four compounds were crystallized from various solvents in search of 

polymorphs. TMF crystallized as trimorph, form I (TMF-I), form II (TMF-II) and form 

III (TMF-III), CMF crystallized as dimorph, form I (CMF-I), form II (CMF-II) along 

with two solvated crystal structures dioxane (CMF-d) and toluene (CMF-t), MCF as 

trimorphs, form I (MCF-I), form II (MCF-II) and form III (MCF-III). TCF moreover 

crystallized in one structure only. Various solvents used for crystallization are 

summarized in Table 3.1. In most of the cases concomitant crystallization of the 

polymorphs was observed. Comparison of cell parameters, space group in which they 

crystallized and preliminary crystal structure analysis revealed that TMF-I, CMF-I and 

MCF-I form an isomorphous crystal structures triplet and TMF-II and MCF-II are 

isomorphous crystal pair, whereas, TCF has an entirely different crystal structure. The 

two solvated crystal structures CMF-d and CMF-t also forms an isomorphous crystal 

pair. A comparison of cell parameters of these isomorphous crystal structures are 

presented in Table 3.2 (detail cell parameters are summarized in the Appendix). TMF-I, 

CMF-I and MCF-I crystallized in monoclinic space group P21/c and TMF-II and MCF-II 

crystallized in triclinic space group P1ത with one molecule in the asymmetric unit in each 



75 | Chapter 3 

 

case. TMF-III, CMF-II and MCF-III crystallized in monoclinic space groups P21/c, P21/c 

and C2/c with Z´=1, 1 and 0.5 respectively. Toluene and dioxane were incorporated in 

the crystal lattice of CMF when crystallization was carried out from the respective 

solvent and crystals on X-ray diffraction solved and refined in triclinic space group P1ത. 

TCF crystallized in monoclinic space group P21/n with entirely different cell parameters 

compared to rest of the crystal structures in the series. 

Table 3.1 List of solvents used for crystallizing polymorphs of Fuchsones. 

Compounds Form I Form II Form III Solvate 
TMF Hexane, EtOAc, 

MeOH, CH3NO2, 
CH3CN, DCM 
mesitylene 

Hexane, benzene, 
EtOAc, 
cyclohexane, 
diethyl ether, 
mesitylene 

MeOH and 
diethyl ether 

-------------- 

CMF Toluene, dioxane, 
hexane, benzene, 
THF, CH3CN, 
diethylether 

CH3NO2, 
mesitylene 
CH3CN, dioxane 
diethylether 

-------------- Dioxane, 
toluene 

MCF benzene, diethyl 
ether, MeOH 

DCM , CH3NO2 diethyl ether, 
diiosprpyl ether 

-------------- 

TCF Hexane, benzene, 
diethyl ether, 
mesitylene, DCM 

-------------- -------------- -------------- 

 

Table 3.2 Comparison of the unit cell parameters of the isomorphous crystal structures 
of Fuchsones. 

 TMF-I CMF-I MCF-I TMF-II MCF-II 
Crystal 
system 

Monoclinic  Monoclinic Monoclinic Triclinic Triclinic  

Space group P21/c P21/c P21/c P1ത P1ത 
T/K 100 100 100 100 100 
a/Å 7.6297(5)   7.5479(5)   7.5638(16)  7.4822(6)   7.5140(7)   
b/Å 12.5889(8) 12.4908(9) 12.612(3) 8.1328(6) 8.1314(7) 
c/Å 18.2064(11) 18.3342(13) 18.207(4) 15.3014(11) 15.2380(14) 
α/° 90 90 90 97.5620(10) 97.0260(10) 
β/°  95.4670(10) 95.9850(10) 96.092(3) 101.0460(10) 101.4830(10) 
γ/° 90 90 90 102.9920(10) 104.0540(10) 
Z´/Z 1/4 1/4 1/4 1/2 1/2 
V/Å3 1740.76(19) 1719.1(2) 1727.0(6) 875.49(11) 870.71(14) 
R1[I > 2σ(I)] 0.0498 0.0324 0.0328 0.0430 0.0365 
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CMF-d CMF-t 
Triclinic  Triclinic 
P1ത P1ത 
298 100 
7.222(2)           7.2779(7)  
12.034(4) 11.8390(11) 
12.859(4) 12.4604(11) 
102.963(5) 101.2630(10) 
102.420(5) 103.8560(10) 
92.363(5)  91.1900(10) 
1/2 1/2 
1058.9(6) 1019.73(16)
0.0540 0.0396 

 

3.2.2 Crystal structure analysis 

TMF-I: In the crystal structure C−H···O hydrogen bonded (C16−H16···O1, 2.39 Å, 

138.3˚) molecules form zig-zag chains along the c-axis which are connected to another 

antiparallel chain by C−H···O hydrogen bond (C9−H9···O1, 2.29 Å, 147.0˚) as 

centrosymmetric dimers (Figure 3.1).  

 

 
(a) (b) 

Figure 3.1 Molecular packing in TMF-I. (a) Antiparallel chains of C−H···O hydrogen 
bonded molecules are connected by another C−H···O hydrogen bond to form 2D sheets. 
(b) Close packed zig zag chains. Hydrogen atoms are deleted for clarity. 

TMF-II: Bifurcated C−H···O hydrogen bonds (C15−H15···O1, 2.26 Å, 136.3°, 

C9−H9···O1, 2.23 Å, 170.1°) form centrosymmetric dimers which stack along the a-axis. 

The structure is completed by close packing of these centrosymmetric dimers (Figure 

3.2). 
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(a)  (b)
Figure 3.2 Molecular packing in TMF-II. (a) Stacks of centrosymmetric dimers formed 
by C−H···O hydrogen bond. (b) 3D packing is completed by close packing of these 
dimers. 

TMF-III: The carbonyl oxygen is involved in trifurcated C−H···O hydrogen bonding, 

two of which make zig zag chains along the b-axis (C10−H10···O1, 2.25 Å, 158.1°, 

C22−H22B···O1, 2.55 Å, 151.5°) to form 2D layer in the ab-plane. Two such layers are 

connected by another C−H···O hydrogen bond (C23−H23C···O1, 2.46 Å, 142.0°) along 

with auxiliary C−H···π interactions (2.86 Å, 137.0°; 2.62 Å, 151.3°; 2.61Å, 144.8°) 

(Figure 3.3). 

 
(a) (b) 

Figure 3.3 Molecular packing in TMF-III. (a) C−H···O hydrogen bond forms 2D layers 
in the ab-plane (two layers are shown with different shadings). (b) C−H···π interactions 
connecting 2D layers. 

CMF-I:  In the crystal structure, similar to form I of TMF, C−H···O hydrogen bonded 

(C16−H16···O1, 2.40 Å, 140.8°) molecules form chains along the c-axis, which are in 

turn connected to another antiparallel chain by C−H···O hydrogen bond (C9−H9···O1, 

2.28 Å, 145.2°) and C−H···Cl interactions (C18−H18···Cl1, 2.80 Å, 169.0°) to form 2D 
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sheet in the bc-plane. A C−H···Cl (C3−H3···Cl2, 2.82 Å, 122.3°) interaction between the 

sheets completes the 3D packing (Figure 3.4). 

 

(a) (b) 
Figure 3.4 CMF-I. (a) Chains of C−H···O hydrogen bonded molecules are connected to 
another antiparallel chain by C−H···O hydrogen bond and C−H···Cl interactions to form 
2D sheets in the bc plane. (b) Such sheets are connected to each other by C−H···Cl 
interactions. Hydrogens are deleted for clarity. 

CMF-II: At first sight the crystal structure appears as similar to form I, but structural 

differences exist between them and is due to the significant variation in the distance of 

the quinoid ring in the centrosymmetric dimer.  In form I, centroid to centroid distance of 

the overlapping quinoid rings is 4.65 Å whereas this distance in form II is 3.99 Å. 

Therefore the centrosymmetric dimer of CMF molecules is connected to the nearest 

neighbor via two C−H···Cl interactions in form II (C3−H3···Cl1, 2.81 Å, 148.3° and 

C10−H10···Cl2, 2.79 Å, 128.1°) compared to single interaction in form I. Figure 3.5 

shows the difference in the crystal structure of CMF-I and CMF-II. 

 
Form I Form II 

Figure 3.5 Differences of form I and form II CMF. In form I the two quinoid rings are 
offset whereas they are nearly overlapping in form II. 
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The crystal structure of CMF-II is explained as shown in Figure 3.6. 
 

 
 

(a) (b) 
Figure 3.6 Intermolecular interactions and molecular packing in CMF-II. (a) Antiparallel 
C−H···O hydrogen bonded chains (C16−H16···O1, 2.50 Å, 128.2°) are connected to each 
other by C−H···O (C9−H9···O1, 2.19 Å, 169.8°) and C−H···Cl hydrogen bond 
(C21−H21C···Cl2, 2.92 Å, 143.7°). (b) C−H···Cl interactions complete the 3D packing. 

CMF-d and CMF-t: CMF crystallized as dioxane (CMF-d) and toluene (CMF-t) 

solvates on crystallization from the respective solvents. The solvates are isomorphous, 

having centrosymmetric dimers of bifurcated C−H···O hydrogen bonds which stack 

along the a-axis. A cavity accommodates solvent molecules by space filling (Figure 3.7). 

  
(a) (b) 

Figure 3.7 Solvated crystal structures of CMF, (a) dioxane solvate CMF-d where 
C−H···O hydrogen bonded (C9−H9···O1, 2.37 Å, 133.0°; C15−H15···O1, 2.39 Å, 152.6°) 
dimers extends in 3D forming cavity where solvent molecules are sitting.  (b) Toluene 



80 | Chapter 3 

 

solvate CMF-t has a similar crystal structure as CMF-d (C9−H9···O1, 2.47 Å, 127.9°; 
C15−H15···O1, 2.49 Å, 150.9°).  

MCF-I: The crystal structure is similar to form I of TMF and CMF. Zig-zag chains of 

C−H···O hydrogen bonded molecules (C18−H18···O1, 2.35 Å, 139.9°) are connected to 

an oppositely running chain by C−H···O (C9−H9···O1, 2.24 Å, 143.9°) and C−H···Cl 

(C13−H13···Cl2, 2.66 Å, 140.1°) interactions forming 2D sheet in the bc plane (Figure 

3.8). 

 

 
 

(a) (b) 
Figure 3.8 Intermolecular interactions and molecular packing in MCF-I. (a) C−H···O 
hydrogen bonded chains connected by C−H···O and C−H···Cl interactions. (b) Close 
pack of these zig zag chains to complete the structure. Hydrogens are deleted for clarity. 

MCF-II: Centrosymmetric dimers formed by bifurcated C−H···O hydrogen bond 

(C9−H9···O1, 2.20 Å, 173.3° and C19−H19···O1, 2.27 Å, 133.0°) stack along the a-axis 

which are connected to nearest dimers by C−H···Cl interactions (C10−H10···Cl1, 2.64 Å, 

141.3° and C15−H15···Cl2, 2.74 Å, 153.4°) in the crystal lattice (Figure 3.9).   

 

 
(a) (b) 

Figure 3.9 C−H···O hydrogen bonded dimers are connected by C−H···Cl interactions in 
MCF-II. 
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MCF-III: Centrosymmetric dimers formed by C−H···π interactions (C11−H11···π, 2.63 

Å, 154.5˚) stack along the c-axis. They are connected to the neighboring dimers through 

bifurcated C−H···O hydrogen bonds (C12−H12B···O1, 2.69 Å, 150.4˚) (Figure 3.10). 

 

Figure 3.10 C−H···π dimers connected to neighboring dimers through weak C−H···O 
hydrogen bonding in MCF-III. 

TCF: No polymorphs were obtained for TCF even after several crystallization attempts. 

It has an entirely different crystal structure compared to other Fuchsones in the series.  

C−H···O (C10−H10···O1, 2.27 Å, 133.9°) and Cl···Cl type 2 interactions (Cl3···Cl4, 3.48 

Å, 154.8°, 102.1°) connect the molecules in a 2D sheet which expands in 3D through 

C−H···Cl (C13−H13···Cl4,2.76 Å, 127.3°)  and C=O···π interactions (3.15Å, not shown 

in figure) (Figure 3.11). 

 

Figure 3.11 2D sheets formed by C−H···O, C−H···Cl and Cl···Cl type II interactions in 
TCF. 
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 C−H···O hydrogen bond metrics for all the crystal structures are listed in Table 
3.3.  

Table 3.3 Neutron normalized C−H···O hydrogen bond parameters. 

Interaction H···A/ Å D···A/ Å ∠D–H···A/º Symmetry code 
TMF-I 

C(9)−H(9)···O(1)   2.29 3.256(2)     147.0 1-x,1-y,2-z                 
C(16)−H(16)··· O(1)   2.39    3.280(2) 138.3 x,3/2-y,-1/2+z 

TMF-II 
C(9)−H(9)···O(1) 2.23 3.304(1)     170.1                  -x,2-y,1-z                   
C(15)−H(15)···O(1)   2.26 3.137(2) 136.3                  1-x,2-y,1-z                 

TMF-III 
C(10)−H(10)···O(1)   2.25   3.283(4)     158.1                  1-x,1/2+y,1/2-z          
C(23)−H(23C)···O(1) 2.46    3.371(3)     141.0                  1+x,y,z                      
C(22)−H(22B)···O1 2.55 3.545(3) 151.5 1-x, 1/2+y, 1/2+z 

CMF-I 
C(9)−H(9)···O(1)   2.28 3.229(2)     145.2                  1-x,-y,1-z                   
C(16)−H(16)···O(1)   2.40 3.308(2)     140.8                  x,-1/2-y,1/2+z 

CMF-II 
C(9)−H(9)···O(1)   2.19 3.264(2) 169.8                  1-x,1-y,1-z                 
C(16)−H(16)···O(1)   2.50 3.284(2)     128.2                  1-x,-1/2+y,3/2-z        

CMF-d 
C(9)−H(9)···O(1)   2.37    3.206(4)     133.0                  2-x,1-y,1-z 
C(15)−H(15)···O(1) 2.39    3.393(3) 152.6 1-x,1-y,1-z 

CMF-t 
C(9)−H(9)···O(1)   2.47  3.149(2) 127.9                  1-x,-y,-z 
C(15)−H(15)···O(1)   2.49    3.349(2)     150.9                  -x,-y,-z 

MCF-I 
C(9)−H(9)···O(1)   2.24 3.182(2)     143.9                  1-x,2-y,1-z                 
C(18)−H(18)···O(1)   2.35    3.255(2)     139.9 x,3/2-y,-1/2+z 

MCF-II 
C(9)−H(9)···O(1)   2.20 3.282(2) 173.3                  2-x,-y,1-z                   
C(19)−H(19)···O(1) 2.27    3.106(2) 133.0                  1-x,-y,1-z                   

TCF 
C(10) −H(10) ···O(1)   2.277   3.128(4) 134.0 1/2+x,1/2-y,-1/2+z 

TMF+CMFa 
C(10)−H(10)···O(1)   2.407 3.299(2) 138.7 x,5/2-y,1/2+z 
C(15)−H(15)···O(1) 2.290 3.254(2) 147.2 1-x,2-y,1-z 

CMF+MCFa 
C(10)−H(10)···O(1)   2.383    3.288(2) 140.2 x,1/2-y,-1/2+z 
C(15)−H(15)···O(1)   2.257 3.202(2) 144.6 1-x,1-y,1-z 

TMF+MCF-1a 
C(9)−H(9)···O(1)   2.27 3.225(2) 145.5 2-x,1-y,-z 
C(16)−H(16)···O(1) 2.37 3.267(2) 139.3 x,3/2-y,1/2+z 

TMF+MCF-2a 
C(9) −H(9)···O(1)   2.22 3.293(2) 171.5 2-x,1-y,1-z 
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C(15)−H(15)···O(1) 2.27 3.133(2) 135.3 1-x,1-y,1-z 
TMF+MCF-4a 

C(9)−H(9)···O(1)   2.26  3.205(2) 144.7 2-x,-y,-z 
C(16)−H(16)···O(1)   2.35 3.256(2) 139.8 x,-1/2-y,1/2+z 

a = Solid solution 

3.2.3 Chloro-methyl exchange and isostructurality 

Crystal structure analysis of TMF-I, CMF-I and MCF-I shows that C−H···CH3 

contacts in TMF (C18−H18···C20, 2.83 Å, 169.8°, C3−H3···C21, 3.04 Å, 125.4° and 

C13−H13···C23, 2.76 Å, 141.6°) are exchanged by C−H···Cl interactions in CMF 

(C18−H18···Cl1, 2.79 Å, 169.0° and C3−H3···Cl2, 2.82 Å, 122.3°) and also in MCF 

(C13−H13···Cl2, 2.66 Å, 140.1°) to give isomorphous crystal structures. Again 

C−H···CH3 contact in CMF (C13−H13···C21, 2.75 Å, 146.6°) is exchanged by C−H···Cl 

interaction in MCF (C13−H13···Cl2) and conversely, C−H···CH3 contact in MCF 

(C16−H16···C20, 2.80 Å, 171.7°) is replaced by C−H···Cl interaction in CMF 

(C18−H18···Cl1). TMF-II and MCF-II are another isomorphous crystal pair in the 

Fuchsones and crystal structure revealed that C−H···CH3 interactions in TMF 

(C19−H19···C22, 2.84 Å, 151.4°, C10−H10···C23, 2.74 Å, 141.4°) are exchanged by 

C−H···Cl interactions in MCF (C15−H15···Cl2, 2.74 Å, 153.4°, C10−H10···Cl1, 2.64 Å, 

141.3°). TCF, wherein all the methyl groups are replaced by chlorine, has one crystal 

structure and its unit cell parameters and crystal structure are entirely different from all 

other structures in this series. Distances less than 3.5 Å for Cl···Cl interactions (less than 

the summation of van der Walls radii) may be considered as close contacts. Table 3.4 

lists the Cl···Cl interactions which shows that TCF possess shortest Cl···Cl interaction 

(3.48 Å) whereas in the other crystal structures the Cl···Cl distances are comparatively 

longer. Therefore, in the crystal structures of the Fuchsones except TCF, Cl···Cl 

interactions are probably a result of close packing and have minimal structure directing 

role. The similarity of crystal structures of form I of TMF, CMF and MCF (TMF-I, 

CMF-I, MCF-I) and form II of TMF and MCF (TMF-II, MCF-II) is because the Cl 

atoms have less structure directing role as the crystal structure is mainly governed by 

C−H···O interactions. A different crystal structure of TCF is due to the presence of four 

Cl atoms which influence the crystal packing more than that in other compounds of this 

series. Therefore, chloro-methyl exchange is observed for the first three compounds 
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where Cl···Cl interactions are longer and in the last member in the series chloro-methyl 

exchange is not observed as close Cl···Cl interactions modifies the crystal packing. 

Table 3.4 Cl···Cl interactions present in the crystal structures. 

Compound Interaction D (Cl···Cl) C−Cl···I−Cl 
θ1 θ2 

CMF-I Cl1···Cl2 3.936 131.2 81.4 
CMF-II Cl1···Cl1 3.677 136.7  

Cl1···Cl2 3.546 155.9 98.1 
MCF-I Cl2···Cl2 3.571 86.7  
MCF-II Cl2···Cl2 3.877 107.7
MCF-III Cl1···Cl1 3.684 78.6  
TCF Cl4···Cl4 3.845 107.5  
 Cl4···Cl3 3.476 154.8 102.1 
 

3.2.4 Solid solutions of TMF, CMF and MCF 

Solid solutions19 are solid state mixtures of one or more solutes in a crystalline 

environment. A necessary and sufficient condition for formation of solid solution is that 

the structure of the components must be isomorphous. Sometimes two structurally 

similar compounds possessing different crystal structures form solid solution due to 

conformational mimicry,9f,g,20 where the minor component is forced to adopt the 

conformation of the major component in the solid solution. Noting the isomorphous 

nature of TMF, CMF and MCF, solid solutions were attempted. TMF and MCF were 

crystallized in three different molar ratios to obtain isomorphous continuous series of 

solid solutions. The ratios of the starting materials in the solid solutions were inferred 

from the partial s. o. f. of the Cl and methyl groups in the crystal structure. When TMF 

and MCF were crystallized in 1: 1 molar ratio, a solid solution with TMF and MCF 

percentage ratio 55:45 was crystallized (TMF+MCF-1) in monoclinic space group P21/c 

which is isomorphous with TMF-I, CMF-I and MCF-I. When 3:1 molar ratio of TMF 

and MCF was crystallized, solid solution with percentage ratio 75:25 of starting 

compounds was crystallized (TMF+MCF-2) in triclinic space group P 1ത  and is 

isomorphous with TMF-II and MCF-II. When TMF and MCF were crystallized in 1:3 

molar ratio, two similar ratio solid solutions were concomitantly crystallized in different 



85 | Chapter 3 

 

space groups, one in monoclinic space group C2/c (TMF+MCF-3) in percentage ratio 

29:71 isomorphous with TMF-III and another in monoclinic space group P21/c 

(TMF+MCF-4) isomorphous with TMF-I, CMF-I and MCF-I in the percentage ratio 

30:70.  

Crystallization of TMF and CMF in 1:1 molar ratio resulted a solid solution in 

monoclinic space group P21/c isomorphous with TMF-I, CMF-I and MCF-I, where 

percentage ratio of TMF and CMF is 55:45. Similarly, crystallization of CMF and MCF 

in 1:1 molar ratio resulted solid solution in monoclinic space group P21/c isomorphous 

with TMF-I, CMF-I and MCF-I with percentage ratio 44:56 of CMF and MCF. Attempts 

to crystallize solid solution of TCF with TMF, CMF and MCF did not result any 

crystalline product. All crystallizations were carried out in EtOAc solvent. Ratio of 

components in solid solutions is based on the partial site occupancy factors of Cl and 

CH3
 listed in Table 3.5.  

Table 3.5 Percentage ratios of the components in solid solutions (SS) obtained and the 
molar ratios of starting materials (SM) used for crystallization. 

Solid solution  Space group S. o. f. Me/Cl SM molar 
ratio 

% ratio 
in SS 

TMF+MCF-1 P21/c 0.554(2)/0.446(2) 1:1 55:45 
TMF+MCF-2 P1ത 0.752(2)/0.248(2) 3:1 75:25 
TMF+MCF-3 C2/c 0.287(6)/0.713(6) 1:3 29:71 
TMF+MCF-4 P21/c 0.301(3)/0.699(3) 1:3 30:70 
TMF+CMF P21/c 0.549(2)/ 0.451(2) 1:1 55:45 
CMF+MCF P21/c 0.5612(18)/ 0.4388(18) and 

0.4388(18)/0.5612(18) 
1:1 44:56 

 

Formation of the solid solutions in various ratios and space groups indicates that infinite 

numbers of solid solutions are possible with varying ratios and in different space groups. 

TMF+MCF-3 crystallized in C2/c space group in percentage ratio 29:71. TMF does not 

have a crystal structure in this space group C2/c but forced to adopt the solid state 

arrangement of the major component MCF. Calculation of unit cell similarity index (П)4 

show the closeness of the unit cell parameters of the solid solutions and the polymorphs 

(Table 3.6). П value close to zero indicates a good similarity in the cell parameters. П 

can be expressed by the following equation  



86 | Chapter 3 

 

1−
′+′+′

++
=∏

cba
cba

 

where a, b, c and a', b', c' are the orthogonalized lattice parameters of related crystals. 

Table 3.6 Unit cell similarity index (П) of the isomorphous crystal structures. 

Crystal Pair П 
TMF-I and CMF-I 0.0015 
TMF-I and MCF-I 0.0013
CMF-I and MCF-I 0.0002 

TMF-II and MCF-II 0.0017 
TMF+MCF-1 and TMF-I 0.0002 
TMF+MCF-1 and CMF-I 0.0013 
TMF+MCF-1 and MCF-I 0.0010
TMF+MCF-2 and TMF-II 0.0006 
TMF+MCF-2 and MCF-II 0.0011 
TMF+MCF-3 and MCF-III 0.0017 

TMF+MCF-1 and TMF+MCF-4  0.0012 
TMF+MCF-4 and TMF-I 0.0014 
TMF+MCF-4 and MCF-I 0.0002 

TMF+MCF-4 and CMF+MCF 0.0002 
TMF+MCF-4 and TMF+CMF 0.0010 

 

3.3 Color Polymorphism in CMF 

Apart from various physico-chemical properties polymorphs can have different 

spectroscopic properties too. Relatively few examples are available where the 

polymorphism of an organic substance is associated with crystalline forms of different 

color.21 Hantzsch reported the first examples nearly 100 years ago in 1907.22 This 

phenomenon was originally called chromoisomerism, and  later the term 

crystallochromy was coined by Klebe et al.23 The well known example of color 

polymorphism is the “ROY” polymorphs with their characteristic red, orange and yellow 

colors. The color differences in “ROY” is due to the conformational differences 

associated with each polymorph.24 All Fuchsones are colorful. Among the Fuchsones 

synthesized in this series, CMF polymorphs depict a special case of color polymorphism. 

CMF-I is orange colored whereas CMF-II is purple in color (Figure 3.12). The different 

colored polymorphs crystallized concomitantly from most of the solvents used for 

crystallization along with the solvated crystal structures. The orange colored polymorph 
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(CMF-I) was obtained concomitantly with CMF-t from toluene solvent but free from 

CMF-II, whereas, mesitylene solvent gave exclusively purple colored polymorph (CMF-

II). Solid state UV-Vis spectra shows red shift of the absorption bands for CMF-II 

compared to CMF-I by 7 nm (π→π*) and 16 nm (n→π*). The absorption band due to 

π→π* transition appeared at λmax= 274 nm for CMF-I (orange) and 281 nm for CMF-II 

(purple), whereas absorption band due to n→π* transition appears at λmax= 345 nm for 

CMF-I and 361 nm for CMF-II (Figure 3.13). 

 
CMF-I CMF-II 

Figure 3.12 Color differences of the two polymorphs of CMF, orange and purple for 
CMF-I and CMF-II respectively. 

 
Figure 3.13 Solid state UV-Vis spectra of CMF-I and CMF-II. 
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 As explained earlier crystal structure of CMF-I and CMF-II are very similar. The 

differences arises only in the extent of overlap of the quinoid rings of C−H···O hydrogen 

bonded dimer, the overlap is more in CMF-II compared to that in CMF-I. There is 

difference of torsion angle of about 9° between the two polymorphs, as shown in Figure 

3.14, which may be a reason for color difference but further studies are required to 

determine the main cause behind it. 

Cl Cl
O

7 8
9

4

14

15

 
 

Figure 3.14 Overlay of the two conformers of CMF-I (orange) and CMF-II (purple). 
C4−C7−C8−C9 and C4−C7−C14−C15 torsion angles (in °) are 47.4(2), 43.2(2) for 
CMF-I and 38.4(2), 38.1(2) for CMF-II.  

3.4 Polymorphism and Isostructurality in Sulfonylhydrazones  

Five new derivatives of the trimorphic Bis(p-tolyl) ketone p-tosylhydrazone 

(TMSH, trimethylsulfonylhydrazone) were synthesized (detailed in Experimental 

section)  with varying halogen substituents. As chloro-methyl or halogen-halogen 

exchange result isostructural crystal structures12, therefore the three p-methyl groups in 

TMSH were replaced with halogens (F, Cl, Br and I) in varying ratios in order to achieve 

isostructural crystals. The molecules under study are shown in Scheme 3.4. 
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Scheme 3.4 Nangia et al. reported trimorphs of TMSH.12 Halogen derivatives of TMSH 
synthesized are CMSH (chlorodimethylsulfonylhydrazone), TCSH 
(trichlorosulfonylhydrazone), TBSH (tribromosulfonylhydrazone), FMSH 
(fluorodimethylsulfonylhydrazone) and MISH (methyldiiodosulfonylhydrazone).  

The compounds were crystallized from various solvents. CMSH crystallized as 

dimorphs (form I, CMSH-I and form II, CMSH-II) whereas TCSH, TBSH, FMSH and 

MISH have only one crystal structure each. Unit cell dimensions and crystal structure 

analysis demonstrated that CMSH-I, TCSH and TBSH have similar unit cell parameters, 

space group C2/c and possess the same crystal structure. Unit cell parameters and space 

group of FMSH are identical (orthorhombic space group Pbca) with CMSH-II. MISH 

has different unit cell parameters and crystal structure is different compared to other 

members in the series. Details of unit cell parameters are included in the Appendix. 

3.4.1 Crystal structure analysis, isostructurality and polymorphism  

CMSH crystallized in two polymorphic forms. Crystallization from nitromethane 

resulted single crystals which on X-ray data collection solved and refined in monoclinic 

space group C2/c with one molecule in the asymmetric unit, termed CMSH-I. Single 

crystals of Form II (CMSH-II) obtained from ethanol crystallized in orthorhombic space 
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group Pbca with one molecule in the asymmetric unit. The structural differences 

between the two polymorphs are illustrated in Figure 3.15.  

CMSH-I 
 

 
Sulfonamide dimers form 1D tape Inversion related sulfonamide dimers 

CMSH-II 
 

 

Sulfonamide dimers form 1D tape Glide related Sulfonamide dimers  

Figure 3.15 Both the polymorphs of CMSH contain the same sulfonamide N−H···O 
dimer synthon (N1−H1A···O2, CMSH-I, 2.05 Å, 153.6°, CMSH-II, 2.00 Å, 159.3°) of R 
2
2(8) graph set and the dimers are connected by C−H···O hydrogen bonds (CMSH-I, 
C13−H13···O1, 2.52 Å, 125.3°; C16−H16···O1, 2.51 Å, 172.8° and CMSH-II, C12− 
H12···O2, 2.49 Å, 173.7°; C15−H15···O2, 2.50 Å, 135.1°) to form 1D tape. These tapes 
extend in 2D via C−H···O hydrogen bond to give similar 2D structural unit for both the 
forms. The crystal structures are different in their 3D packing arrangement. C−H···Cl 
interactions (C5−H5···Cl1, 2.80 Å, 127.7°) between two sulfonamide dimers complete 
the 3D packing in CMSH-II, whereas, in CMSH-I they are close packed. In CMSH-I two 
close packed dimers are inversion related whereas in CMSH-II the two connected dimers 
are glide related. 

 The six crystal structures are 2D isostructural due to the same 2D structural unit, 

in which tapes of sulfonamide dimers expand via C−H···O hydrogen bonds (Figure 3.16).  
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Figure 3.16 2D structural unit of CMSH-I formed by sulfonamide dimer tapes connected 
by C−H···O hydrogen bonds. This 2D structural unit is present in all the crystal 
structures. 

In the crystal structures of TCSH, sulfonamide dimers are connected by 

C−H···Cl and type I Cl···Cl interactions to complete the 3D pack. C−H···Me 

(C3−H3···C20, 3.02 Å, 132.9°) and Me···Me (C20···C20, 3.84 Å, 146.3°) contacts in 

CMSH-I are exchanged by C−H···Cl (C3−H3···Cl2, 2.83Å, 124.9°) and type I Cl···Cl 

interactions (3.47 Å, 143.1°). The crystal structure of TBSH is similar to TCSH. In this 

crystal structure, C−H···Cl and type I Cl···Cl interactions of TCSH are exchanged by 

C−H···Br (C5−H5···Br3, 2.95 Å, 122.4°) and type I Br···Br interactions (3.59 Å, 142.3°). 

Therefore, CMSH-I, TCSH and TBSH are isomorphous with identical cell parameters, 

space group and crystal structures. Isostructurality in these cases is due to the Cl-Me, Br-

Me and Cl-Br functional group exchange. In the crystal structure of FMSH two 

sulfonamide dimers related by glide plane are connected by C−H···F contacts as in 

CMSH form II where two glide related sulfonamide dimers are connected by C−H···Cl 

interaction. Therefore isostructurality in this case is due to Cl-F exchange. The 3D 

packing of MISH is different compared to other crystal structures due to relative offset of 

subsequent layers of molecules as shown in Figure 3.17. Hydrogen bond metrics are 

listed in Table 3.7. 
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93 | Chapter 3 

 

MISH 
 
 

 

(a) (b) 
Figure 3.17 Crystal structures comparison of TCSH, TBSH, FMSH and MISH. TCSH 
and TBSH are isomorphous with CMSH-I in C2/c space group, whereas, FMSH and 
CMSH-II are isomorphous crystal pairs in Pbca space group. All these crystal structures 
are 2D isostructural and crystal structure of MISH has different 3D packing. 

Table 3.7 Hydrogen bond metrics for Sulfonylhydrazones. 

Interaction H···A/ Å D···A/ Å ∠D–H···A/º Symmetry code 
CMSH-I 

N(1)−H(1A)···O(2)   2.05    2.985(2) 153.6 1/2–x,1/2–y, –z 
C(13)−H(13)···O(1) 2.52 3.272(2) 125.3 1/2–x, 1/2+y, 1/2–z 
C(16)−H(16)···O(1) 2.51 3.589(3) 172.8 x, –y, 1/2+z 
C(3)−H(3) ···O(1)   2.48 2.888(3) 101.1 Intramolecular 

CMSH-II 
N(1)−H(1A)···O(1 2.00 2.965(3) 159.3 1–x, –y,1–z 
C(3)− H(3)···O(1)   2.44 3.451(3) 154.5 1–x, –y,1–z 
C(12)− H(12)···O(2)   2.49 3.577(3) 173.7 1/2–x, –1/2+y, z   
C(15)−H(15)···O(2)   2.50 3.364(3) 135.1 1/2+x, 1/2–y, 1–z 
C(5)−H(5)···O(2)   2.46    2.880(3) 101.8 Intramolecular 

TCSH 
N(1)−H(1A)···O(2)   2.03    2.984(3) 157.7 1/2–x,1/2–y, –z 
C(13)−H(13)···O(1)   2.47 3.266(4) 129.5 1/2–x,1/2+y,1/2–z 
C(16)−H(16)···O(1)   2.51 3.590(3) 174.0 x, –y, 1/2+z 
C(5)−H(5)···O(2)   2.63 3.617(3) 151.1 1/2–x, 1/2–y, –z 
C(3)−H(3)···O(1)   2.49    2.896(4) 101.0   Intramolecular  

TBSH 
N(1)−H(1A)···O(1)   2.03 2.986(4) 158.0 1/2–x,1/2–y,1–z 
C(5)−H(5)···O(2) 2.48 2.893(5) 101.1 Intramolecular  
C(13)−H(13)···O(1) 2.47 3.266(4) 129.3 1/2–x, –1/2+y, 1/2–z 
C(16)−H(16)···O(1) 2.51 3.590(4) 174.0 x, –y, 1/2–z 

FMSH 
N(1)−H(1A)···O(1)   1.99 2.955(2) 158.5 1–x,-y,1–z   
C(9)−H(9)···O(2)   2.42 3.245(2) 131.5 –1/2+x,1/2–y,1–z 
C(5)−H(5)···O(2)   2.47 2.888(3) 101.4   Intramolecular 
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C(3)−H(3)···O(1)   2.56 3.568(2) 153.1 1–x, –y,1–z   
MISH 

N(1)−H(1A)···O(2)   2.00   2.977(4) 162.6 2–x,1–y,1–z   
C(3)− H(3)···O(1) 2.50 2.906(6) 101.0 Intramolecular 
C(13)− H(13)···O(1) 2.51 3.322(4) 130.2 2–x, –1/2+y, 1/2–z 
C(5)− H(5)···O(2) 2.59 3.611(4) 155.7 2–x, 1–y, 1–z 

 

3.5 Comparison of Crystal Structures Using XPac Analysis 

The XPac is a computer program, written by Dr. T. Gelbrich and Prof. Michael 

Hursthouse at the University of Southampton, UK  to compare similarities and 

differences in crystal structures.25 The XPac method allows the identification of similar 

packing arrangements in two given crystal structures and produces parameters which 

characterize their degree of similarity. In the XPac approach, each crystal structure is 

represented by a cluster of molecules, with a central core molecule and a shell of 

contacting molecules. The two clusters are then compared by computing the mean 

differences between the comprehensive (i.e. all possible combinations) sets of angles (δa) 

and interplanar angles (δp) respectively, between a chosen group of atoms in the core 

molecule and the corresponding atoms in one shell molecule (a double subunit) or two 

shell molecules (a triple subunit). The obtained δ parameters can be considered as 

reverse indicators of structural similarity. The focal point of the XPac procedure is that, 

subcomponents of two different crystal structures, i. e. ‘supramolecular construct’ are 

similar if they consist of molecules of the same type assembled in the same way. Any 

recurring periodic or discrete arrangement of molecules with its spatial characteristics 

may be called a supramolecular construct (SC). The concept of supramolecular construct 

differs from supramolecular synthon2g; supramolecular construct implies only 

geometrical closeness, whereas supramolecular synthon implies an associated bonding 

involvement. 

Each crystal structure can be explained as a cluster of molecules which consists 

of a central molecule (kernel) and all molecules surrounding it completing the 

coordination sphere. If two crystal structures contain a common fragment (i.e. a SC), 

then their clusters must also contain a common fragment which corresponds to this SC. 

Hence, the common SCs (if present) of two crystal structures can be identified by 
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comparing their representative clusters. A ‘‘corresponding ordered set of points’’ 

(COSP), i.e. a selection of atoms in the molecule is chosen to best represent its shape. 

The supramolecular construct of two structures can be discrete (0D, identical isolated 

units such as a hydrogen bonded dimer), extended 1D (identical chains), 2D (identical 

sheets) or 3D (similar arrangement of entire molecules). 

In the XPac plots of δp against δa, for a cluster of 15 molecules with one kernel 

(central molecule) and n=14 shell molecules (neighbour molecules), there are n[1+ 

(n−1)/2)]=105 data points and the position of each point characterizes the degree of 

similarity in a particular subunit of the cluster. Closer the (δa, δp) points to the origin of 

the coordinate system the better structural match of the two compounds. Thus, the 

quantitative dissimilarity index (X) computed as, 

 

Where X is the mean distance (in °) of all M data points from the origin and δa,i and δp,i 

are the coordinates of the i-th data point. 

3.5.1 XPac analysis of Fuchsones 

The principal molecular shape of the base molecule (Fuchsone core) is 

maintained throughout the whole series of crystal structures. The shape of each 

independent molecule in each crystal structure was parameterized with an ordered set of 

points (OSP) consisting of twenty atomic positions, indicated with blue circles in 

Scheme 3.5. TMF-III, MCF-III and TCF were not considered as their crystal structures 

are entirely different and possess only 0D or 1D SCs. Crystal structures of the solid 

solutions are also not considered here to avoid large number of isomorphous crystal 

structures. 



Sch
ana

Fro

the 

I/M

isom

des

(iii)

CM

MC

TM

I/C

t/M

0D 

3.2

heme 3.5 Com
alysis 

om XPac anal

Fuchsone se

MCF-I, (iii) T

morphous cry

scribed below

) TMF-I/MC

MF-I/CMF-II, 

CF-I/MCF-II 

MF-I/CMF-d, 

CMF-d, (vi) C

MCF-I and (x)

SCs are foun

1).  

mmon set of p

lysis, 0D, 1D

ries. The isom

TMF-I/MCF-I

ystal structure

w (Figure 3.18

F-II, (iv)TMF

(viii) CMF-I

2D only one

(ii) TMF-I/C

CMF-I/CMF-

) CMF-t/MCF

nd in the crys

A 

points of Fuch

, 2D and 3D

morphous cry

I, (iv) TMF-

es three diffe

8). For crysta

F-II/CMF-I, 

I/MCF-II, (ix

e 2D SC (B)

CMF-t, (iii) T

-t, (vii) CMF

F-II, consist o

stal pairs (i) C

hsone (indica

SCs were ide

ystal structure

-II/MCF-II an

erent 3D SCs 

al pairs (i) TM

(v) TMF-II/C

x) CMF-II/MC

was observe

TMF-II/CMF-

F-d/MCF-I, (

of two differen

CMF-d/CMF-

 

ated by blue c

entified in the

es are (i) TMF

nd (v) CMF

were identifi

MF-I/TMF-II

CMF-II, (vi)T

CF-I, (x) CM

ed (Figure 3.

-d, (iv) TMF-

(viii) CMF-d

nt 1D SCs C 

-II and (ii) CM

A'

96 | C

ircles) used fo

e crystal struc

F-I/CMF-I, (i

F-d/CMF-t. F

ied (A, A' an

I, (ii) TMF-I/

TMF-II/MCF

MF-II/MCF-II 

19). Crystal 

-II/CMF-t, (v

d/MCF-II, (ix

and C' (Figu

MF-t/CMF-II

' 

Chapter 3 

 

for XPac 

ctures of 

ii) CMF-

or these 

d A'') as 

/CMF-II, 

-II, (vii) 

and (xi) 

pairs (i) 

v) CMF-

x) CMF-

re 3.20). 

I (Figure 

 



97 | Chapter 3 

 

A'' 
Figure 3.18 3D SCs found in the crystal structures indicate the three dimensional 
similarity of the respective crystal structures. Crystal pairs TMF-I/CMF-I, CMF-I/MCF-I 
and TMF-I/MCF-I contain the SC A. SC A' was identified in the crystal pair TMF-
II/MCF-II whereas SC A'' was found in the crystal pair CMF-d/CMF-t. 

 

Figure 3.19 2D supramolecular construct (B) observed in the large number of crystal 
pairs of Fuchsones. The antiparallel molecules here are related by inversion symmetry. 

C C' 

Figure 3.20 Crystal pairs CMF-d/CMF-I, CMF-d/TMF-I, CMF-t/CMF-I, CMF-t/MCF-I, 
CMF-t/TMF-I, CMF-d/MCF-I contain the 1D SC C whereas the crystal pairs CMF-
d/MCF-2, CMF-d/TMF-II, CMF-t/MCF-II and CMF-t/TMF-II contain 1D SC C'. 
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D D' 

Figure 3.21 0D SC D and D' were observed for crystal pairs CMF-d/CMF-II and CMF-
t/CMF-II respectively and in both the case molecules are inversion related. 

Values of dissimilarity index X are listed below for 0D, 1D, 2D, 3D SCs present in the 

respective crystal structures. Color codes are dark red=3D, dark green=2D, blue=1D and 

orange=0D. A lower value of X indicates better match. 

 TMF-I 

TMF-II 6.8 TMF-II 

CMF-I 1.8 6.6 CMF-I 

CMF-II 13.0 11.4 12.4 CMF-II 

CMF-d 7.4  9.4 17.2 10.5 CMF-d 

CMF-t 8.0  7.6 6.1 10.4 2.7 CMF-t 

MCF-I 1.5  8.7 2.6 15.7 7.3 8.6 MCF-I 

MCF-II 8.2 0.8 8.0 12.8 3.3 7.7 8.8 

 

XPac plots of δp against δa
 shows the closeness of the XPac points. Few selected XPac 

plots are shown in Figure 3.22 
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3D SCs were identified for the crystal pairs CMSH-I/TCSH, CMSH-I/TBSH, 

TCSH/TBSH, and CMSH-II/FMSH, whereas 2D SCs were identified for all other 

possible crystal pairs.  Dissimilarity index X values are listed below for 2D and 3D SCs 

present in the respective crystal structures. Color codes are dark red=3D and dark 

green=2D. A lower value of X indicates better match.  

 CMSH-I 
CMSH-II 4.5 CMSH-II
TCSH 2.7 2.4 TCSH 
TBSH 3.5 2.0 1.1 TBSH 
MISH 5.0 2.9 2.6 2.0 MISH 
FMSH 0.8 3.7 2.1 2.8 4.4 

 

XPac plots of δp against δa shows the closeness of the XPac points and are shown in 

Figure 3.23. 

   

   

Figure 3.23 Selected XPac plots of δp against δa (in °), illustrating the degree of 
similarity exhibited by the different crystal structures Sulfonylhydrazones. Upper right 
corner of each plot indicates the value of X. 
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3.6 Discussion 

Isostructurality is observed in the two series of conformationally flexible 

molecules, Fuchsones, in which crystal structure is mainly governed by weak C−H···O 

interactions and in Sulfonylhydrazones, where crystal structures is mainly governed by 

strong N−H···O hydrogen bond and weak C−H···O interactions. Isostructurality is due to 

functional group exchangeability of halogen and methyl groups in both series of 

compounds. In CMF and MCF Cl-Me exchange is observed and structural role of Cl in 

these two compounds is mainly space filling like the methyl groups. But in the crystal 

packing of TCF, Cl group behaved differently playing crucial structural directing role 

resulting in an entirely different crystal structure. Cocrystallization of TMF, CMF and 

MCF resulted in continuous series of solid solutions and mostly they tend to crystallize 

like form I of the parent molecules. TMF+CMF, CMF+MCF, TMF+MCF-1, 

TMF+MCF-4 are isomorphous with TMF-I, CMF-I and MCF-I. Therefore the series of 

isostructural crystals obtained in Fuchsones are  

Series 1: TMF-I↔CMF-I↔MCF-I↔TMF+CMF↔CMF+MCF↔TMF+MCF-

1↔TMF+MCF-4 

Series 2: TMF-II↔MCF-II↔TMF+MCF-2 

Isomorphous pairs are CMF-d↔CMF-t and MCF-III↔TMF+MCF-3. 

These isomorphous crystal structures are interrelated as shown in Scheme 3.7. 
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Scheme 3.7 Interrelation of isostructurality and polymorphism among the crystal 
structures of Fuchsones. Isomorphous crystals resulting from two different starting 
materials (indicated by single headed arrows) are included in the different colored boxes. 
Crystal structures inside red boxes are isomorphous to each other (indicated by double 
headed arrows). 

 In Sulfonylhydrazones, conformational flexibility did not result in different 

packing arrangement instead the robust sulfonamide dimer synthon of graph set R 22(8) 

governs the crystal packing resulting in 2D isostructurality for all six crystal structures.  

Cl-methyl, Br-methyl, Cl-Br and Cl-F functional groups proved to be structurally 

equivalent resulting in isomorphous crystals. Although examples are available for Cl-I or 

Br-I exchange, 3D packing of MISH is different compared to other members in the series 

indicating the effect of iodo group in the crystal packing. Polymorphism is found only in 

case of CMSH where form I is isomorphous with TCSH and TBSH and form II is 

isomorphous with FMSH. Therefore polymorphs of CMSH show a structural link in 

Sulfonylhydrazones. Scheme 3.8 depicts the isostructural relationship among 

Sulfonylhydrazones.   



103 | Chapter 3 

 

 

Scheme 3.8 Dimorphs of CMSH show a structural link among the crystal structures of 
Sulfonylhydrazones. Double head arrows are used here to indicate isomorphous nature. 

 Interestingly, despite being conformationally flexible the polymorphism in 

Sulfonylhydrazones is not conformational. They have similar torsion angles of the 

flexible parts in all the crystal structures. In Fuchsones, flexible torsions of the 

isostructural crystals scatter within a range of 1-5°. TMF-III and MCF-III have unique 

crystal structures and has quite different torsion angles compared to other crystal 

structures. Although TCF possess similar torsions as the isomorphous crystal structures, 

it has entirely different crystal packing because of the structural role of Cl group. Torsion 

angles of the flexible parts in case of the solid solutions are in between that of the 

individual components. Figure 3.24 shows overlay of the conformers observed in the 

crystal structures of Fuchsones and Sulfonylhydrazones. The corresponding torsion 

angles are included in Appendix. There is a variation of about 20° in torsion angles in the 

crystal structure of Fuchsones and for Sulfonylhydrazones conformers are almost 

identical. 
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Fuchsones Sulfonylhydrazones 

 Figure 3.24 In Fuchsones, total 17 conformers were obtained for 4 molecules. These 
conformers are overlaid by keeping the quinoid ring fixed. Color codes are as follows 
TMF-I=dark grey, TMF-II=red, TMF-III=green, CMF-I=pink, CMF-II=dark red, CMF-
t=light blue, CMF-d=light brown, MCF-I=orange, MCF-II=purple, MCF-III=black, 
TCF=chocolate, TMF+CMF=dark blue, CMF+MCF=light green, TMF+MCF-1=blue, 
TMF+MCF-2=yellow, TMF+MCF-3=magenta and TMF+MCF-4=brown. 

In Sulfonylhydrazones, a total of 6 similar conformers were obtained from five 
molecules under study. These conformers are overlaid by fixing Sulfonylhydrazone 
function group (S−N−N−C). Color codes are CMSH-I=red, CMSH-II=green, 
TCSH=brown, TBSH=magenta, FMSH=blue and MISH=yellow 

3.7 Conclusion 

 In summary, Cl-Me, Br-Me, Cl-Br and Cl-F exchanged isostructurality is 

observed in the two series of conformationally flexible polymorphic molecules. A total 

of seven isomorphous crystals in space group P21/c, three in space group P1ത and two in 

space group C2/c were obtained for Fuchsones. Whereas in Sulfonylhydrazones three 

isomorphous crystal structures were obtained in space group C2/c and two isomorphous 

crystals are in Pbca. Because of the isomorphous nature of the parent crystals infinite 

number of continuous series of isomorphous solid solutions is possible as evident from 

the formation of six solid solutions. Therefore in Fuchsones number of isomorphous 

crystals can be increased to infinity. The structure directing role of Cl is observed as TCF 

resulted in a different crystal structure. XPac is a useful tool to elucidate the similarity 

and differences and also to find common structure motif among several crystal 
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structures. 2D isostructurality in Sulfonylhydrazones is due to the presence of strong 

hydrogen bonding synthon sulfonamide dimer. Whereas various 0D, 1D and 2D 

supramolecular constructs were identified in the crystal structures of Fuchsones 

governed by weak C−H···O hydrogen bonds. The analysis demonstrated that common 

packing patterns occur frequently among polymorphs. Therefore the intriguing problem 

of finding and controlling the formation of isostructural crystals in conformationally 

flexible polymorphic molecules was successful to a great extent by invoking the idea of 

halogen-methyl and halogen-halogen functional group exchange.  

3.8 Experimental Section 

Synthesis: The four Fuchsones were synthesized using two different procedures, purified 

by column chromatography and characterized by FT-IR and 1H NMR. Melting points 

were determined in Fischer Jones apparatus and DSC. DSC s were included in Appendix. 

TMF and CMF were synthesized16f using Grignard reaction as shown in Scheme 3.9. 

OH
RR

COOH

EtOH 

H2SO4conc.
, reflux

OH
RR

COOEt

Br Me

Mg,dry THF, Iodine

OH
RR

OH

Me Me

O

Me Me

RR

120 degree C

R=Me and Cl

Scheme 3.9 Synthetic procedure of TMF and CMF. 

TMF: A solution of 3, 5-dimethyl-4-hydroxybenzoic acid in absolute ethanol in presence 

of few drops of conc. H2SO4 was refluxed for 6 hours. The reaction mixture was poured 

in ice water to afford the corresponding ester as solid precipitate. The resulting material 

is purified by column chromatography. Mg turnings (50 mmol, 1.2 g) and dry THF (15 

mL) were taken in a round bottomed flask under constant nitrogen atmosphere. A 

solution of 4-bromo toluene (50 mmol, 6 mL) in dry THF (10 mL) under nitrogen 

atmosphere was taken and 1 mL of it was added to RB flask containing Mg and dry THF 

under nitrogen followed by a tiny crystal of iodine. The remaining portion of 4-bromo 

toluene (60mmol) solution was added slowly over a period of 45 minutes. After the 

completion of the reaction a solution of ester (10 mmol, 1.83 g) in THF (20 mL) was 

added. The mixture was refluxed for 1 hour and the product was poured into a mixture of 
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crushed ice (~40 g) and conc. H2SO4 (1 mL) with stirring. The organic layer was 

separated and washed with water (10 mL), saturated sodium sulphate solution (10 mL) 

and again with water (10 mL) and dried to obtain a yellow colored oil which was 

purified using column chromatography to obtain the corresponding alcohol. The 

compound was heated at 120 °C for 2/3 hours to furnish colored Fuchsone product.  

1H NMR (400 MHz, CDCl3, δ ppm): 2.02 (6H, s), 2.4 (6H, s), 7.1 (4H, d, J 8), 7.1 (2H, 

s), 7.23 (4H, d, J 8). 

FT-IR (KBr, cm−1): 2909, 1632, 1611, 1493. 

M. p.: 210-212 °C. 

CMF: This molecule was synthesized using 3, 5-dichloro-4-hydroxybenzoic acid as the 

starting material and the above reaction procedure was used. 

1H NMR (400 MHz, CDCl3, δ ppm): 2.46 (6H, s), 7.12 (4H, d, J 8), 7.25 (4H, d, J 8), 7.5 

(2H, s). 

FT-IR (KBr, cm−1): 2932, 2839,1630,1590,1506. 

M. p.: 206-209 °C. 

MCF:  MCF was synthesized using the following procedure16f (Scheme 3.10). 

O

Cl Cl

NaBH4

MeOH
Cl Cl

OH
R R

OH

H2SO4conc.
Acetic acid

R R
OH

Cl Cl

O
RR

Cl Cl

MnO2

benzene

R= Me and Cl

Scheme 3.10 Reaction scheme used to synthesize MCF and TCF.  

4,4´-dichlorobenzophenone was reduced to the corresponding benzhydrol using NaBH4 

in methanol. Conc. H2SO4 (1 mL) was added to the stirred solution of 2,6-

dimethylphenol (10 mmol, 1.20 g) and 4,4´-dichlorobenzhydrol (10 mmol, 2.53 g ) in 

acetic acid (20 mL). The reaction mixture was stirred for 24 hours and poured in ice 

water to obtain the 4-hydroxyphenyldiphenylmethane as precipitate which was filtered 
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washed with water, dried and oxidized with MnO2 in benzene to afford the Fuchsone 

product. The final product was purified by column chromatography. 

1H NMR (400 MHz, CDCl3, δ ppm): 1.94 (6H,s), 7.15-7.17 (2H,s) , 7.28 (4H, d, J 8 Hz), 

7.43-7.41 (4H,d, J 8 Hz) 

FT-IR (KBr, cm−1): 2985, 2943, 2912, 1627, 1602, 1503  

M. p.: 206-208 °C. 

TCF: This compound was synthesized by using a modified technique of the above 

mentioned procedure. A homogeneous mixture of 2,6-dichlorophenol and 4,4´-

dichlorobenzhydrol, produced by grinding both the materials, are dissolved in acetic acid 

and conc. H2SO4 (few drops) at 80/90 °C and rest of the procedure is same as was used 

for MCF. 

1H NMR (400 MHz, CDCl3, δ ppm): 7.19 (4H, d, J 8), 7.49 ( 6H, m) 

FT-IR (KBr, cm−1): 2923, 2852, 1624, 1092. 

M. p.: 227-230 °C. 

Sulfonylhydrazones were synthesized26 using the following procedure (Scheme 

3.11) and purified by recrystallization from ethanol. Melting points were determined in 

Fischer-Jones apparatus. 

S OO
NH

N

R

R1R1

S OO

R

Cl

NH2NH2.H2O

aq. THF

S OO

R

NH
NH2

O

R1 R1

EtOH, reflux, 2 h

R= Me, Cl, Br, F
R1= Me, Cl, Br, I

Scheme 3.11 Reaction procedure used to synthesize Sulfonylhydrazones. 
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CMSH: To a stirred solution of p-chlorosulfonyl chloride (5.0 g, 23 mmol) in 25 mL 

THF was added hydrazine hydrate (2.5 g, 49 mmol) drop wise at 0°C. The reaction was 

continued for 30 min and the product extracted with ether to give p-chlorosulfonyl 

hydrazine. To a well stirred solution of p-chlorosulfonyl hydrazine (500 mg, 2.42 mmol) 

in 10 mL ethanol was added equimolar amount of 4,4′-dimethyl benzophenone (508.87 

mg, 2.42 mmol) and was refluxed for 2 h. Cooling the reaction mixture afforded 

crystalline bis(p-tolyl)ketone p-Chlorosulphonylhydrazone as precipitate which was then 

filtered, washed with cold ethanol and recrystallized from hot ethanol.  

1H NMR (500 MHz, DMSO-D6, δ ppm): 2.28 (3H, s), 2.39 (3H, s), 7.10 (2H, d, J 10), 

7.32 (2H, d, J 10), 7.71 (2H, d, J 10), 7.91 (2H, d, J 10), 10.46 (1H, s). 

FT-IR (KBr, cm−1): 3188, 1585, 1346, 1167. 

M. p.: 161-162 °C. 

TCSH, TBSH, FMSH and MISH were synthesized using the above procedure. 

TCSH:  

1H NMR (400 MHz, CDCl3, δ ppm): 7.39 (2H, d, J 8), 7.52 (2H, d, J 8), 7.71 (2H, d, J 8), 

7.90 (2H, d, J  8). 

FT-IR (KBr, cm−1):  3194, 1587, 1352, 1168. 

M. p.: 203-205 °C. 

TBSH: 

1H NMR (500 MHz, DMSO-D6, δ ppm): 7.2 (2H, d, J 10), 7.55 (2H, d, J 10),  7.73 (2H, 

d, J 10), 7.8 (2H, d, J 10), 10.8 (1H, s). 

FT-IR (KBr, cm−1): 3192, 1589, 1346, 1170. 

M. p.: 236-239 °C. 

FMSH: 
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1H NMR (400 MHz, CDCl3, δ ppm): 2.30 (3H, s), 6.98 (2H, d, J 8), 7.21 (2H, d, J 8), 

7.41 (2H, d, J 8), 7.63 (2H, d, J 8). 

FT-IR (KBr, cm−1): 3184, 1585, 1317, 1176. 

M. p.: 139-143 °C. 

MISH  

1H NMR (500 MHz, DMSO-D6, δ ppm): 2.39 (1H, s), 7.41 (2H, d, J 10), 7.71 (2H, d, J 

10), 7.77 (2H, d, J 10), 7.88 (2H, d, J10), 10.66 (1H, s). 

FT-IR (KBr, cm−1): 3186, 1595, 1346, 1167. 

M. p.: 249 253 °C. 

X-ray crystallography: X-Ray reflections for the Fuchsones (except CMF-d which is 

collected at 298 K) were collected at 100 K and Sulfonylhydrazones were collected at 

298 K on Bruker SMART APEX CCD equipped with a graphite monochromator and Mo 

Kα fine-focus sealed tube (λ=0.71073 Å). Data integration was done using SAINT.27 

Intensities for absorption was corrected using SADABS.28 Structure solution and 

refinement was carried out using Bruker SHELXTL.29 The hydrogen atoms were refined 

isotropically and the heavy atoms were refined anisotropically. N−H hydrogens were 

located from the electron density map and C−H hydrogens were fixed using HFIX 

command in SHELXTL. The experimental composition in solid solution crystal 

structures was determined by the variable site occupancy of C and Cl atoms in structure 

solution least-squares refinement cycles by using FVAR, EXYZ and EADP commands 

in SHELX-TL.  

Solid state UV-Vis: Solid state UV-Vis spectra were recorded by Thermo Scientific 

Evolution 300 UV-Vis spectrophotometer. Experiments were carried out by mounting 

very thin homogeneous KBr discs with the help of quartz plates. Concentrations of the 

samples are ~0.8% (w/w). 

DSC: DSC was performed for TMF-I, II, III, CMF-I, II, MCF-I, II and TCF on a Mettler 

Toledo DSC 822e module. Samples were placed in crimped but vented aluminum sample 
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pans with sample size is 4-6 mg. DSCs were performed  at 5 °C min−1 from 30 °C-250 

°C. Samples were purged by a stream of dry nitrogen flowing at 150 mL min−1. The 

DSCs are included in the Appendix. 
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4.1 Introduction 

The essential molecules of life exist in homochiral form. Living organisms 

consists of only right handed forms of sugars such as deoxyribose and ribose in DNA 

and RNA and left handed forms of amino acids that form the proteins.1 The term 

chirality was first coined by Lord Kelvin in 1893,2 which is used to describe an object 

that is non-superposable on its mirror image. A chiral molecule is a type of molecule that 

lacks an internal plane of symmetry and has a non-superposable mirror image. Molecular 

chirality is of interest because of its application to stereochemistry in inorganic 

chemistry, organic chemistry, physical chemistry, biochemistry, and supramolecular 

chemistry.3 Source of dissymmetry in organic molecules may be asymmetric carbon, 

silicon, nitrogen, sulfur and phosphorous, a chiral axis or a chiral plane. 

Chiral molecules from an enantiomerically pure solution must crystallize in one 

of the 65 Sohncke space groups, i. e. space groups without mirror and inversion 

symmetry. Many organic compounds lacking stereogenic centres, planes of chirality, or 

atropoisomerism can also crystallize in Sohncke space groups. Recent CSD surveys 

showed that only 8-10% of achiral compounds crystallize in Sohncke space groups4 

forming chiral crystals.  Although Kitaigorodsky’s model of close packing5 shows that 

molecules prefer to crystallize with a centre of inversion but still due to several reasons 

molecules lacking chiral centre, plane or axis can crystallize in Sohncke space groups.  

4.1.1 The spontaneous generation of chirality in achiral molecules 

Generation of chirality in an achiral molecule4 can be due to three main reasons. 

Firstly, chirality is generated in a conformationally flexible molecule due to rotation of 

bonds, i.e. due to conformational chirality.6 Conformational flexible molecules which 

require high steric energy for the conversion of the structure to the mirror image is 

effectively chiral as it is conformationally locked and cannot convert to its mirror image. 

These molecules in liquid state or in solution can exist in a dynamic equilibrium of 

interconverting chiral conformations. An important class of molecules showing 

conformational chirality is benzophenone (Scheme 4.1). A CSD search reveled that out 

of 290 benzophenone molecules reported in CSD (version 1.12, Aug 2010 update)7, 32 

(11%) of them crystallized in chiral space groups.  
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O O

(+) Conformation (-) Conformation  

Scheme 4.1 Chiral conformations of benzophenone. 

Total number of hits for the following substructure (Scheme 4.2) with only 

organics and 3D coordinate determined is 1488. Eliminating duplicates, salt, cocrystal, 

solvates, hydrates and benzene rings substituted by other rings, the number of hits were 

290. Out of these 290 structures, 32 benzophenones crystallized in chiral space groups. 

 

Scheme 4.2 Substructure used for CSD search 

AMBZPH BEHYAP BEHYET BERDOS BERDUY 
BIKCOO BPHENO01 BROHBZ CINYEE COPKIB 
FEVMUO FINCEK HESLAS HIWNEH HOBREV 
HOBRIZ HUZXOP JACFUO JIPXIQ NELQOL 
OBEXOI OBEXUO OBEYAV RAYXIY SATQUZ 
TANSEG TELRIL TOWBIQ UGECUE VOFVAN 
WADBEI XUMVOQ    
 

Secondly, helical arrangement of molecules8 leads to chiral crystallization. The 

helix is one of the most attractive and evocative expressions of chirality. One 

dimensional metallohelical chains are proved to be more efficient chiral precursors than 

oligohelicates. Numerous examples are available where achiral molecules including 

simple metal salts which crystallize in chiral space groups.9  

Finally, the head-to-head stacking of molecules forming a columnar arrangement 

always plays an essential role in the chirality generation by either bond rotation or helical 
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arrangement. This kind of arrangement of molecules can be observed in chiral crystals of 

benzophenones and in phenanthridine. 

4.1.2 Spontaneous resolution or spontaneous symmetry breaking 

Mixtures of mirror-image configurations or conformations of a compound or a 

racemate may condense in three different ways (Figure 4.1) 

(i) Both enantiomers are present in the same condensate called a racemic mixture or 

racemate. 

(ii) The condensates comprise of only one enantiomer but the sample as a whole is 

neutral because it contains equal amounts of enantiomorphic condensates, called 

conglomerate. Separation of enantiomers forming conglomerate is called 

spontaneous resolution or spontaneous symmetry breaking.10 

(iii) The condensates may contain the two enantiomers in a non-ordered arrangement 

called pseudoracemate.  
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Figure 4.1 Model explaining conglomerate, racemic compound and pseudoracemate. 
This scheme is culled from Ref. 10a. 

Louis Pasteur was the first to conduct spontaneous resolution when he 

discovered the concept of optical activity in the first place by the manual separation of 

left-handed and right-handed tartaric acid crystals in 1848.11 

Chiral crystals with non-centrosymmetric packing of molecules are important in 

many aspects such as electro-optic and nonlinear optical materials12, asymmetric 

synthesis.13 An essential condition for molecules to show electro-optic modulation and 

second harmonic generation require noncentrosymmetric lattices having polar order. 

Furthermore, chiral crystallization is relevant to the origin of chiral compounds in 

nature.1,14 

Racemic compound Pseudoracemate 

Conglomerate 
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Polymorphism is the existence of the same chemical substance in more than one 

crystalline modification.15 When the rate of interconversion of enantiomers in liquid state 

is fast it gives rise to racemic and chiral crystals which can be termed as polymorphs. 

When the rate of interconversion is slow they are referred as different compounds viz. 

racemate and enantiomers (+ and –).16 There is no exact time frame defined for how fast 

or how slow interconversion must happen, so borderline cases are possible. Temperature 

is another factor which can change the interconversion rate. 

When polymorphs crystallize simultaneously in the same flask under identical 

crystal growth conditions from the same solvent, they are termed as concomitant 

polymorphs.17 This phenomenon occurs when there are many metastable forms with 

almost similar energies which crystallize together. 

4.2 Results and Discussion 

Polymorphism in fuchsone family was reported from our group.18 Chiral 

crystallization was observed in two series of compounds (Scheme 4.3) viz. 1Me and 1t-

Bu, along with their achiral polymorphs. Chirality arising in the solid state of fuchsones 

is due to its ability to exist in chiral conformations.6 Series 2 fuchsones (Scheme 4.3) 

were synthesized and crystallized as a continuation of series 1 by exchanging phenyl by 

p-tolyl group in order to tune chiral crystallization in different homologous series.  

Crystallization of the 2t-Bu molecule resulted in a polymorph in non-

centrosymmetric chiral space group with three other polymorphs in centrosymmetric 

space groups, whereas the other two derivatives in the series 2Me and 2i-Pr crystallize in 

centrosymmetric space groups.  The role of t-Bu group over less bulky substituent on 

chiral crystallization is rationalized in the two series of fuchsone derivatives.  
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O
RR

O
RR

Series 1 Series 2

R= Me, 1Me
R= i-Propyl, 1i-Pr
R= t-Butyl, 1t-Bu

R= Me, 2Me
R= i-Propyl, 2i-Pr
R= t-Butyl, 2t-Bu  

Scheme 4.3 Two series of fuchsones studied, Series 2 is obtained by exchanging phenyl 
groups of Series 1 by p-tolyl groups.  

Series 2 fuchsones were synthesized, purified, characterized (detailed in 

experimental section) and crystallized from various organic solvents to obtain 

polymorphs. 2t-Bu shows chiral crystallization along with its racemic crystals whereas 

other members did not show chirality in solid state. 2Me crystallized as trimorphs in 

P21/c and P1ത space groups from various solvents (detailed in chapter 3). Crystallization 

of 2i-Pr from different solvents, melting and sublimation techniques did not result a 

second polymorph. It crystallized in P21/n space group with one molecule in the 

asymmetric unit. 

4.2.1 The case of 2, 6-di-t-butylditolylfuchsone (2t-Bu)  

2t-Bu was crystallized from various organic solvents. One specific 

crystallization batch of 2t-Bu afforded four polymorphs concomitantly named as form I, 

form II, form III and form IV according to the order they were characterized by single 

crystal X-ray diffraction. Form I crystallized in chiral P21 space group whereas form II, 

form III and form IV crystallized in centrosymmetric P21/n, Pbca and C2/c space groups 

respectively. The asymmetric unit of forms I-III contains one molecule whereas form IV 

contains half molecule. 2t-Bu molecule in form IV lies about the C2 rotational axis to 

give half molecule in the asymmetric unit. A comparison of unit cell parameters of all 

the polymorphs is listed in Table 4.1. Crystallization of 2t-Bu from various solvents 

yielded only form I. The crystallization condition to obtain a concomitant mixture of four 



pol

bot

eva

to d

plat

2t-B

I) a

Fig
con

Tab

 
Cr
Sp
T/
a/
b/
c/Å
α/
β/
γ/°
Z 
V/
R1

 

lymorphs is a

ttomed flask w

aporation of th

dissolve the r

tes (Form II, 

Bu-IV). After

appeared on th

gure 4.2 The
ncomitantly. 

ble 4.1 Comp

rystal system 
pace group 
/K 
/Å 
/Å 
/Å 
/° 
/°  
/° 

/Å3 
1[I > 2σ(I)] 

as follows: 2-

was evaporate

he solvent, 5 

residue. After

2t-Bu-II), thi

r complete ev

he bottom of 

e crystallizat

parison of the

Form I 
Monocli
P21 
100 
6.0525(8
19.535(3
10.3567(
90 
103.489(
90 
2 
1190.7(3
0.0322 

3% EtOAc +

ed in a rotary

mL hexane w

r 7-10 hours 

ick plates (Fo

vaporation of 

the flask (Fig

tion batch sh

 unit cell para

Form 
nic Monoc

P21/n
100 

8)  9.0435
3)  16.202
(14) 17.100

90 
(2) 95.993

90 
4 

3) 2492.1
0.0586

+ Hexane solu

y evaporator a

was added qui

crystals start

orm III, 2t-Bu

the solvent, b

gure 4.2). 

howing all th

ameters of the

II 
clinic 

5(8)  
29(15)  
08(16) 

3(2) 

1(4) 
6 

ution (20 mL

at 75-80° C. A

ickly and pou

ted appearing

u-III) and sma

block type cry

he four poly

e four polymo

Form III 
Orthorhombi
Pbca 
100 
15.8153(14)
17.4890(15) 
17.9924(16)
90 
90 
90 
8 
4976.6(8) 
0.0509 

121 | C

) of 2t-Bu in 

After partial/c

ured in a coni

g on the walls

all needles (F

ystals (Form I

 

ymorphs crys

orphs of 2t-Bu

Form IV
ic Monocli

C2/c 
100 
12.5468(

      23.813(3
9.2568(1
90 
121.033(
90 
4 
2369.8(4
0.0550 

Chapter 4 

 

a round 

complete 

cal flask 

s as thin 

Form IV, 

I, 2t-Bu-

stallizing 

u. 

V 
inic 

(14)      
3)  
10)  

(2)  

4) 



4.2

a fl

ove

rap

stat

ena

in 

imp

Fig
equ
are 
Fuc

.2 Conforma

Fuchson

flat conforma

ercrowding, in

pidly in liquid

te either separ

antiomers are 

2t-Bu arises

posable on its

P heli

gure 4.3 Fla
uilibrium betw

named as P
chsone. 

ational chiral

nes can adopt 

tion, but in r

n an asymme

d state or in s

rately to give

present just 

 due to spa

s mirror imag

O

(a)

icity in helice

at conformat
ween the two 
P (plus) and 

lity of 2t-Bu 

chiral confor

reality the tw

etric fashion t

solution, The

e crystals of op

like that in d

atial arrangem

e.  

M

ene 

tion of 2t-Bu
enantiomers 
M (minus). 

 

rmations. The

wo phenyl rin

to give two en

ese chiral con

pposite chiral

dimethylfuchs

ment of p-to

O

(c)

P

(d) 
u (a) which
in solution o
(d) Compari

e molecule is 

ngs are twist

nantiomers w

nformations c

lity or racemi

sone.18, 19 Con

olyl groups m

(b)

P helicity in

h in practice
or in melt (b).
son of chiral

122 | C

achiral if it re

ed, because o

which can inte

an be frozen 

ic crystals wh

nformational 

making it no

O

n Fuchsone 

e exists as d
. (c) The enan
lity of helice

Chapter 4 

 

esides in 

of steric 

erconvert 

in solid 

here both 

chirality 

on-super 

 

 

dynamic 
ntiomers 
ene with 



Chi

ben

the 

(Fig

in t

betw

hel

Fig
han

 

irality in this

nzoquinone ri

plane giving

gure 4.3).   

Due to t

the structure 

ween the mo

ices (right an

gure 4.4 Form
nded helices (

s molecule ca

ing lying in a 

g rise to either

the presence o

formed via C

olecules aroun

nd left handed

Form I 

Form III
m I contains o
(shown in diff

an be compar

plane in whi

r right hande

of only one en

C─H···O hyd

nd 21 screw 

d) are present 

I 
only one hand
ferent colors)

red with that 

ch case the p

d (plus=P) or

nantiomer in 

drogen bond 

axis unlike i

(Figure 4.4). 

ded helix whe
 formed by b

in helicenes2

-tolyl groups 

r left handed 

form I, single

(C29─H29C·

n form II-IV

 

ereas form II-
oth the enanti

123 | C

20 by conside

resides eithe

(minus=M) h

e handed helic

···O1, 2.41Å,

V where two 

Form II 

Form IV 
-IV contains 
iomers. 

Chapter 4 

 

ering the 

er side of 

helicities 

ces exist 

 154.8°)  

opposite 

 

opposite 



124 | Chapter 4 

 

4.2.3 Crystal structure analysis 

In the crystal structure of form I oxygen atom is involved in bifurcated C─H···O 

hydrogen bonds (C29─H29C···O1, 2.41Å, 154.8° and C28─H29C···O1, 2.56 Å, 176.8°) 

connecting two neighboring parallel helices. These helices are stacked one above the 

other via C─H···π interaction (2.56Å, 163.2°) completing the overall polar structure 

(Figure 4.5).  

 
(a) (b) 

Figure 4.5 In form I, bifurcated C─H···O hydrogen bond connects two helices (a), 
C─H··· π interaction between the molecules forms stacks of similar helices (b). 

C─H···O hydrogen bonded (C16─H16···O1, 2.22 Å, 158.4°) helices are 

connected to each other via various C─H···π interactions (C13─H13···π, 2.65 Å, 147.0°; 

C19─H19···π, 2.77 Å, 124.6° and C9─H9···π, 2.70 Å, 167.1°) between inversion related 

molecules forming a cavity in the crystal structure of form II (Figure 4.6).  
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(a) (b) 
Figure 4.6 In form II, two antiparallel C─H···O hydrogen bonded helices are connected 
by C─H···π interactions between inversion related molecules (a). Bulky t-Butyl groups 
come closer to form a cavity (b). 

Form III shows similar kind of interaction between two antiparallel C─H···O 

hydrogen bonded (C16─H16···O1, 2.18 Å, 166.5°) helices as form II. Here also two 

opposite helices are connected by C─H··· π interactions (C13─H13··· π, 2.71 Å, 137.3°) 

between the inversion related molecules forming a cavity. But the overall structure 

differs when another pair of antiparallel helices covers the cavity by close packing to 

complete the structure (Figure 4.7).  

 

 
(a) (b) 

Figure 4.7 In form III, two opposite C─H···O hydrogen bonded helices are connected by 
C─H··· π interaction between inversion related molecules forming cavity (a). Another 
pair of opposite helices covers the cavity (shown in different colors) (b).  
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The main structure governing interaction in the crystal structure of form IV is 

C─H···π (C11─H11···π 2.76 Å, 176.6°) between two inversion related molecules which 

are stacked one above the other. Such stacks are connected to each other via weak 

C─H···O interaction (C16─H16A···O1, 2.98 Å, 137.0°) to complete the packing (Figure 

4.8). 

 
(a) (b) 

Figure 4.8 C─H··· π dimers of form IV (a), connected by weak C─H··· O interaction (b). 

 In the crystal structure of 2i-Pr, the molecules form bifurcated C─H···O 

hydrogen bond (C10─H10···O1, 2.29 Å, 152.1° and C27─H27C···O1, 2.56 Å, 140.9°) 

with two inversion related molecules which are connected to each other via C─H···π 

interactions (C13─H13···π, 2.73 Å, 141.9°) forming stacks (Figure 4.9). 

 
Figure 4.9 In 2i-Pr bifurcated C─H···O hydrogen bonds connect inversion related 
molecules. The inversion related molecules are connected to each other via C─H···π 
interaction forming stacks. 
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Hydrogen bond parameters for 2t-Bu polymorphs and 2i-Pr are listed in Table 

4.2. 

Table 4.2 Neutron normalized hydrogen bond distances, angles and symmetry codes for 
2t-Bu polymorphs and 2i-Pr. 

Interaction H···A/ Å D···A/ Å ∠D–H···A/º Symmetry code 
2-tBu 

Form I 
C(29)─H(29C)···O(1)   2.41   3.421(2)   154.8             1-x,-1/2+y,2-z             
C(28)─H(29C)···O(1)   2.561 3.643(2) 176.0 1-x, 1/2+y, 1-z 
C(21)─H(21A)···O(1) 2.33 3.027(2) 120.3   Intramolecular 
C(22)─H(22B)···O(1) 2.26 2.959(2)   120.5             Intramolecular 
C(25)─H(25C)···O(1) 2.32 3.010(2)   119.8             Intramolecular 
C(26)─H(26A)···O(1)  2.32    3.009(2)   119.5             Intramolecular 

Form II
C(16) ─H(16)···O(1)  2.22    3.249(2)   158.4             1/2-x,-1/2+y,3/2-z       
C(21)─H(21C)··· O(1) 2.33  3.014(2)   119.6             Intramolecular 
C(22)─H(22A)···O(1) 2.31   2.985(2)   119.1             Intramolecular 
C(25)─H(25B)···O(1) 2.36   3.036(2)   119.3             Intramolecular 
C(26)─H(26B)···O(1) 2.27  2.964(2)   120.2 Intramolecular 

Form III 
C(16)─H(16)···O(1)  2.18    3.242(2)   166.5             -x,-1/2+y,1/2-z 
C(21)─H(21B)···O(1)    2.34   3.018(2)   119.4             Intramolecular 
C(22)─H(22B)···O(1)   2.29    2.984(2)   120.4             Intramolecular 
C(25)─H(25A)···O(1)   2.31  2.990(2)   119.4             Intramolecular 
C(26)─H(26C)···O(1)  2.30  2.991(2)   119.9 Intramolecular 

Form IV 
C(16)─H(16)···O(1) 2.98 3.847(2) 137.0 1/2-x, -1/2+y, 1/2-Z 

2i-Pr 
C(10)─H(10)···O(1) 2.29 3.287(2) 152.1 1/2-x,-1/2+y,1/2-z   
C(27)─H(27C)···O(1) 2.56 3.467(2) 140.9 -1/2+x, 3/2-y, -1/2+z 

 

When methyl group was exchanged with i-propyl group, i.e. 1i-Pr, two 

polymorphs, both in centrosymmetric space groups P21/c and Pbca, were obtained. But 

with increase in the steric crowding around the carbonyl group by introducing t-butyl 

group in place of i-propyl group, i.e. 1t-Bu, the molecule crystallized in chiral space 

group P21 along with two centrosymmetric polymorphs (both in P21/c space group). In 

the series 2 molecules, crystal structures of 2Me trimorphs (in space groups P1ത  and 

P21/c), and 2i-Pr (in space group P21/n) are centrosymmetric. Interestingly, once again 

the t-butyl derivative, 2t-Bu, crystallized in chiral space group P21 along with three 
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centrosymmetric structures. Therefore, it can be concluded that on increasing the steric 

crowd around the carbonyl group, fuchsones tend to crystallize in non-centrosymmetric 

chiral space group. 

4.2.4 Why t-butyl group? 

A conformational flexible molecule lacking a chiral centre or axis can crystallize 

in chiral space group when there are high steric energy barriers to the conversion of the 

structure to its mirror image. In this case the molecule is conformationally locked and 

cannot convert to its mirror image making it effectively chiral. Conformational energy 

map for model compounds A and B (Figure 4.10) containing i-propyl and t-butyl group 

showed that higher energy is required for i-propyl group to convert from one conformer 

to another compared to t-butyl group by 1.5 kcal mol−1.  

OH
1

23

4

 
 

O
1

23

4

 
 
 

Figure 4.10 Conformer energies are plotted for every 10° change in i-Propyl and t-Butyl 
torsion angle τ1 between 0 and 180°. The energy profile is symmetric about τ1=180°. 
Conformer energies were calculated in Gaussian 03 (B3LYP/6-31G (d,p)). 
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This indicates molecules containing i-propyl group should have higher 

probability to crystallize in chiral space group. A CSD search (version 1.12, Aug 2010 

update)7 on achiral molecules containing i-propyl and t-butyl groups shows that there are 

13.5% achiral molecules containing i-propyl group having chiral/achiral polymorphic 

clusters whereas for t-butyl group the percentage is 7.5% which indicate that an achiral 

molecule containing i-propyl group has higher probability of chiral crystallization 

compared to molecules containing t-butyl group. Rotation of the phenyl or p-tolyl group 

around C−C single bond will experience about the same torsional barrier in all the 

molecules under study. But in the two series of fuchsones chiral crystallization is 

observed in t-butyl derivatives but not in i-propyl derivatives. Therefore no fair argument 

for the effects of substituents on chiral crystallization on t-butyl derivatives was 

immediately found.  

4.2.5 Resolution of the enantiomers 

Single crystal X-ray diffraction along with CD spectroscopy is useful in 

determining the absolute configuration of chiral crystals.21 Solid state CD spectroscopy is 

useful for compounds where enantiomers can interconvert rapidly in liquid state. 

Determination of flack parameter22 using single crystal XRD with Cu Kα radiation on 

three single crystals from a batch of form I crystals (20% EtOAc +hexane mixture) show 

a value of 0.0(2) (Crystallographic data is in Appendix). The three crystal structures 

show the absolute configuration is M (minus). E. s. d. values of Flack’s parameter are 

high because of the absence of heavy atom in the molecule. Solid state CD spectra 

(Figure 4.11) recorded on bulk sample of four different crystallization batches reveals the 

presence of only one enantiomer indicating significant enantiomeric excess. CD spectra 

of the opposite enantiomer could not be obtained which is not uncommon for compounds 

exhibiting conformational chirality.23 
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Figure 4.11 Solid state CD spectra of four different batches of crystallization showing 
optical activity for only one enantiomer. Sample 1= Form I obtained from Hexane, 
Sample 2= Form I obtained from CHCl3 solvent, Sample 3= Form I obtained from 
EtOAc+hexane (10:90 mixture), Sample 4= Form I obtained from CH3CN solvent. 

4.3 Phase Transition Study 

Polymorphs of 2t-Bu show phase transition upon heating. Hot stage microscopy, 

DSC and single crystal X-ray diffraction studies show that form II converts first to form 

III and finally to form I and form III converts to form I. 

4.3.1 Hot stage microscopy (HSM) and single crystal XRD unit cell determination 

HSM images of form II show change in the crystals at 130 °C which continued 

upto 140 °C. A second change was observed in the crystals at 160 °C which continued 

upto 176 °C and ultimately melted at 189 °C (Figure 4.12). 
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30 °C 130 °C 140 °C 

  
160 °C 176 °C 189 °C 

Figure 4.12 Hot stage microscopy images of form II, which show changes in the crystals 
at different temperatures.  

Similarly, for form III, changes in crystals were observed at 146 °C in hot stage 

microscopy and at 189 °C crystals melted (Figure 4.13). 

  
30 °C 146 °C 155 °C 189 °C 

Figure 4.13 Hot stage microscopy images of form III, which show phase transition to 
form I from 146 °C. 

In order to support this observation single crystal XRD experiments were carried 

out on form II and form III crystals. Few crystals of form II, which can be identified 

easily from their distinct morphology, and from unit cell determination were isolated and 

heated to 130 °C in controlled temperature hot air oven. After 6 hours crystals were 

taken out, allowed to cool down to room temperature and unit cell parameters 

determined on single crystal X-ray diffractometer which matched with form III. Again 

the same batch of crystals was heated to 165 °C for 6 hours and similarly the unit cell 

parameters were determined. It was found that crystals have now converted to form I. 

Therefore, the first change corresponds to the phase change form II→ form III and the 

2nd change corresponds to form III→ form I phase transition. 
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Similarly, few crystals of form III were picked up and heated at 160 °C for 6 

hours in a controlled temperature hot air oven and the cell values in X-ray diffractometer 

were determined. Unit cell parameters of these crystals indicated form III→ form I phase 

transition which is consistent with observation in the hot stage microscopy. 

Hot stage microscopy experiment showed in form I some new crystals appear 

around 180 °C due to sublimation. Cell parameter determination reveled that sublimed 

crystals were form I and there were no phase transition (Figure 4.14).  

 
30 °C 180 °C 189 °C 190 °C 

Figure 4.14 Hot stage microscopy images of form I, which show appearance of some 
crystals near the melting point which is due to sublimation.  

 Hot stage microscopy on crystals of form IV showed no phase transition and 

they melted at 185 °C (Figure 4.15). 

  
30°C 118°C 185°C 

Figure 4.15 Hot stage microscopy images of form IV crystals. 

4.3.2 Differential scanning calorimetry (DSC) 

No phase transition is observed for form I in DSC thermo gram. In case of form 

II there are two weak endotherms, 1st one starts at 147.6 °C and 2nd one at 165 °C, which 

corresponds to the phase transitions that were observed in HSM and single crystal XRD 

experiments i.e. 1st endotherm corresponds to form II→ form III phase change and the 

2nd endotherm corresponds to form III→ form I phase change. DSC thermogram of form 

III shows a weak endotherm which starts at 154.3 °C, corresponds to form III→ form I 
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phase change as is evident from similar experiments. Figure 4.16 shows DSC thermo 

grams of form I, form II and form III. DSC on form IV crystals could not be performed 

because of less yield and difficulty in isolating this polymorph from other three. DSC of 

form I and form III were performed at 2 °C min−1 from 30-210 °C, whereas DSC of form 

II was recorded at 0.5 °C min−1 from 100-200 °C. 

  

(a) (b) 

 

(c) 

Figure 4.16 DSC thermo grams of form I (a), form II (b) and form III (c). 

4.4 Stability of Four Polymorphs and Validity of Wallach’s rule 

Ostwald24 stated that a system moves to equilibrium from an initial high-energy 

state through minimal changes in free energy. Therefore the polymorph that crystallizes 

first is one which possesses the lowest energy barrier (highest energy, metastable). This 

form would then transform to the next lower energy polymorph until a 

thermodynamically stable state is reached, the so-called Ostwald’s Law of Stages. It was 

observed during crystallization of the four polymorphs that form II, III and IV 

crystallized first on the walls of the vessel and after complete evaporation of the solvent 
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form I appeared. Therefore according to Ostwald’s law of stages form I is the 

thermodynamically stable polymorph and form II, III and IV are kinetically metastable. 

Table 4.3 shows values of packing fraction and density for the four polymorphs. Form I 

and IV have almost similar packing fraction and density and is greater than form II and 

III.  

Table 4.3 Packing fraction and density of four polymorphs. 

Form Packing fraction Density 
Form I  65.8 1.112  
Form II  62.7  1.062  
Form III  62.8  1.064  
Form IV  65.7 1.117  

 

 According to Wallach’s rule25 racemic crystals are more stable than the chiral 

counterparts. Brook and Dunitz26 in 1991 did a CSD search to validate Wallach’s rule 

and found that for chiral compounds (resolvable enantiomers), racemic crystals has 

greater average density compared to corresponding enantiomers and for achiral 

compounds forming chiral crystals (enantiomers interconvert rapidly in solution) 

difference of average density of chiral crystals to racemic crystals is not significant. In 

our case we have found that chiral crystal has more density and is more stable than the 

racemic crystals, which is against the Wallach’s rule. 

 In 2t-Bu, greater density in case of chiral crystal is due to better molecular 

packing in crystal lattice compared to the racemic ones. In the crystal structure of form I 

hydrogen atom of p-methyl groups of tolyl ring is involved in bifurcated C─H···O 

hydrogen bonding (C29─H29C···O1 and C28─H28A···O1) which leads to a better 

packing arrangement of the molecules in crystal lattice. Whereas in case of form II and 

form III hydrogen atom ortho position to p-methyl groups of tolyl ring are involved in 

C─H···O hydrogen bonding (C16─H16···O1) because of which two bulky t-butyl groups 

comes close to give an open structure. But in form IV weak C─H···O hydrogen bond is 

present which involves hydrogen atoms of p-methyl group like in form I 

(C16─H16A···O1) (Figure 4.17). Because of this reason form IV has similar density and 

packing fraction as form I and form II and form III are less dense polymorphs. 



135 | Chapter 4 

 

 

Form I Form II 

 

 
Form III Form IV 

Figure 4.17 C─H···O hydrogen bonding in form I and form IV involves para methyl 
groups of tolyl ring whereas, in form II and form III hydrogen ortho to the methyl group 
of tolyl ring is involved. 

4.5 CSD Search on Tetramorphic and Higher Polymorph Clusters 

A  CSD search (CCDC version1.12, August 2010 update)7 using the search 

terms polymorph, form, phase or modification with 3D coordinate determined resulted in 

14460 hits. Out of which there are 27 tetramorphic, 10 pentamorphic, 2 hexamorphic and 

1 heptamorphic systems. The CSD ref codes for these polymorphic systems are as 

follows: 

No of tetramorphs 27 

ADULEQ CBMZPN PYRZIN CERYAA 
CILHIO RUWYIR WUWTOX MOTNUF 
BENZIE HEYHUO  STARAC TUWGEY 
BIXGIY KAXHAS SLFNMB ACRDIN 
KELGEO VISKAJ MABZNA WAMFAS 
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CDMSOR POPGUX TPEPHO LCYSTN 
XOFQOZ QAHVIE TOKSAO  

No of pentamorphs 10 

GLYCIN IFULUQ SUTHAZ ZZZVXQ 
BISMEV DHANQU KAXXAI BEWKUJ 
MELFIT VIPKIO   

No of hexamorphs 2 

HMHOCN BEDMIG   

No of heptamorphs 1 

QAXMEH 

Concomitant crystallization of four polymorphs is observed for molecules with refcodes 

RUWYIR27 and HEYHUO28 whereas there is only one concomitant pentamorphic 

system present that is trinitrobromobenzene (ZZZVXQ).29 

4.6 Conformational Differences 

Conformational differences are observed among four polymorphs of 2t-Bu. 

Figure 4.18 shows the overlay of all the four conformations and Table 4.4 shows the 

torsion angles. 

O
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τ1= Lower value of C4−C7−C14−C15 
and C4−C7−C14−C19 
τ2= Lower value of C4−C7−C8−C9 
and C4−C7−C8−C13  

 

Figure 4.18 Overlay diagram showing four conformers form I (blue), form II (brown), 
form III (green) and form IV (red). 
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Table 4.4 Torsion angles for all the polymorphs of 2t-Bu 

Polymorph Torsion angles 
Form I C4−C7−C14−C15 = 38.6(2) and C4−C7−C8−C9 = 63.2(2)   
Form II C4−C7−C14−C15 = 35.6(3) and C4−C7−C8−C9 = 47.0(3) 
Form III  C4−C7−C14−C15 = 42.3(2) and C4−C7−C8−C9 = 47.2(2) 
Form IV C4−C5−C6−C7 = 42.8(2) 

 

4.7 Conclusion  

Four concomitant polymorphs of 2t-Bu where one form is chiral and other three 

are racemic are discussed in this chapter. The ability of the t-butyl derivatives of 

fuchsones to crystallize in non-centrosymmetric chiral space groups is demonstrated. 

Occurrence of chiral crystallization of the achiral molecule is because of its ability to 

exist in chiral conformations. Crystallization of conformationally flexible fuchsone 

molecules in chiral space group are particularly important since there are no obvious 

barriers for their crystallization in space group with centre of inversion rather than in 

space group containing screw axis. Although the subtle factors behind the effect of 

substituents in chiral crystallization of fuchsones is not clear, however, increasing the 

steric influence of the substituents around the carbonyl group appears to be an important 

determinant. Overall, a controlled chiral crystallization is achieved due to the presence of 

t-butyl group in both the series of fuchsones.  Thus, the molecular packing offered by the 

Sohncke space groups in 1t-Bu and 2t-Bu must be preferable to the more commonly 

observed centrosymmetric space groups. 

4.8 Experimental Section  

Synthesis: Scheme 4.4 shows the synthetic route of the fuchsones under study. 30 
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Scheme 4.4 Synthetic route of 2t-Bu. 

4, 4΄-dimethylbenzhydrol is synthesized from corresponding benzophenone 

(1.05 g, 5 mmol) by reaction with sodium borohydride (0.189 g, 5 mmol) in methanol. 

Conc. H2SO4 (5-6 drops) was added to a stirred solution of 2,6-ditertiarybutyllphenol 

(1.03 g, 5 mmol) and 4, 4΄-dimethylbenzhydrol (1.06 g, 5 mmol) in acetic acid (15 mL). 

The precipitate obtained was filtered and dried to get 3,5-ditertiarybutyl-4-

hydroxyphenylditolylmethane. A suspension of active MnO2 (0.870 g, 10 mmol) and 

3,5-ditertiarybutyl-4-hydroxyphenylditolylmethane (1.88 g, 5 mmol) in benzene (20 mL) 

was stirred for 12 h and filtered. The solvent was evaporated and dried to obtain 2t-Bu, 

which was purified by column chromatography in 1% EtOAc : hexane mixture. 

1H NMR (ppm): 7.21 (10H, m), 2.43 (6H, s), 1.26 (18H, s). 

IR (cm−1): 2956, 1629, 1602, 1515. 

M. p.: 187 °C. 

2i-Pr was synthesized using the above procedure with suitable starting materials. 
1H NMR (ppm): 7.25 (4H, d, J 8), 7.15 (6H, m), 3.25 (2H, m), 2.45 (6H, s), 1.09 (12H, d, 

J 8).  

IR (cm−1): 2957, 1628, 1595. 

M. p.: 178 °C. 
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X-ray crystallography: Bruker SMART CCD diffractometer Mo-Kα (λ=0.71073 A °) 

radiation was used to collect X-ray reflections on four polymorphs. Data reduction was 

performed using Bruker SAINT software.31 Intensities for absorption were corrected 

using SADABS.32 Structures were solved and refined using SHELXL-97.33 Flack 

parameter was determined by collecting X-ray data on Oxford Diffraction Ltd., (Version 

1.171.33.55) using Cu Kα, (λ= 1.5418Å) radiation at 100 K. Data reduction was 

performed using CrysAlisPro, Oxford Diffraction Ltd., Version 1.171.33.55. OLEX2-

1.034 and SHELXTL 97 were used to solve and refine the data. All non-hydrogen atoms 

were refined anisotropically, and C−H hydrogens were fixed. X-Seed35 was used to 

prepare figures and packing diagrams.  

Thermal analysis: DSC was performed on a Mettler Toledo DSC 822e module. 

Samples were placed in crimped but vented aluminum sample pans with sample size is 

4-6 mg. DSC of form I and form III were performed at 2 °C min−1 from 30 °C-210 °C, 

whereas DSC of form II was recorded at 0.5 °C min−1 from 100 °C-200 °C. Samples 

were purged by a stream of dry nitrogen flowing at 150 mL min−1. HSM was performed 

on a PolythermA Hot Stage and Heiztisch microscope supplied by Wagner & Munz. A 

Moticam 1000 (1.3 MP) camera supported by software Motic ImagePlus 2.0 ML is used 

to record images. 

Solid state CD spectra: Solid state CD spectra were collected on JASCO 8.0 

spectrometer. CD experiments were carried out by mounting KBr pellets of form I whose 

concentration ranges from 0.8% to 1%. 
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Chapter Five 

 

Neutral and Zwitterionic Polymorphs of 

2­(p­Tolylamino) Nicotinic Acid (TNA) 

 
 

 
 

   
TNA-I TNA-II TNA-III 

2D   fingerprint  plots   for  Hirshfeld   surface   show   clear  differences  of  N∙∙∙H 
interactions   of   neutral   polymorphs   TNA­I,   TNA­II   and  zwitterionic   form  
TNA­III.    
 

 

Characterization  of  Neutral  and  Zwitterionic  polymorphic  cluster  of  2­(p­

tolylamino) nicotinic  acid  (TNA)  is  presented. 
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5.1 Introduction 

Polymorphism has been defined by many authors in literature1, nevertheless, 

McCrone’s definition is widely accepted i.e. “a solid crystalline phase of a given 

compound resulting from the possibility of at least two different crystalline arrangements 

of the molecules of that compound in the solid state”.2 The essence of all definitions is 

polymorphs involve different arrangements of the same molecule in the crystalline 

forms. For rigid molecules and with unambiguous crystal structures the meaning of the 

term polymorphism is not complicated. With the great number of crystal structures added 

to the ‘Cambridge Structural Database’ in recent years, the complexity of crystal 

structures has also increased side by side. Examples of few complications are, systems in 

which the dynamic isomers or tautomers are different molecules if the rate of 

interconversion is slow but are regarded as polymorphs if they interconvert rapidly in 

solution or in melt.1,3 Similarly, a racemate and a conglomerate would be considered as 

polymorphs if the rate of interconversion is fast and they are different compounds when 

the rate of interconversion is slow in liquid state.1, 3 A case of racemic and chiral 

polymorphs was discussed in Chapter 4. But in borderline cases the distinction between 

polymorph and different compounds is still fuzzy. Two recent examples of tautomeric 

polymorphism are omeprazole4 and 2-thiobarbituric acid (Scheme 5.1).5  
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Scheme 5.1 (a) Two tautomers of omeprazole present in its tautomeric polymorphs. (b) 
These two tautomers are distributed among the five polymorphs of 2-thiobarbituric acid. 

Nomenclature issue may arise due to intramolecular transfer of proton, i.e., 

neutral and zwitterionic nature of the molecules in the two polymorphs. Zwitterions 

contain both positive and negative formal charges on different atoms within the molecule 
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and are electrically neutral through a net cancellation of the formal positive and negative 

charges.6 In solution both the neutral and the zwitterionic form may exist and one form 

may predominate depending on the pH of the environment and the type of substituent 

present in the compound. These ambiguities occurring in order to qualify crystal 

structures as polymorphs are not only a matter of linguistics but may also have scientific 

and economic importance as well as patenting implications.4,7 

 Ampholytes are amphoteric compounds contain both acidic and basic groups 

and exist as zwitterions in certain pH ranges. Amino acids are the classic example of 

zwitterions. In addition to amino acids, some other common types of zwitterions are 

buffers, detergents, dyes and drugs. Amphoteric compounds are frequently encountered 

in medicinal chemistry as drugs or drug metabolites and in biochemistry.8 Amphoteric 

drug molecules predominantly exist as charged species in physiological pH conditions 

and therefore these drugs can be used for specific targets.9 Because of the variable pH 

conditions in the digestive tract (varies from 1.2 to 6.8), an amphoteric drug can exist in 

zwitterionic as well as ionic states. This variable structure of the drug molecule results in 

differential physico-chemical behavior with respect to solubility, permeability and 

consequently bioavailability.  

There are very few examples of molecules exhibiting both neutral and 

zwitterionic crystal structures. The Cambridge Structural Database (CSD ver 5.32, 

November 2010, May 2011 update) search showed that there are only four molecules 

(Scheme 5.2) which exhibit neutral and zwitterionic polymorphic clusters (solved X-ray 

crystal structure for single component organic systems). Clonixin10 form II (BIXGIY04) 

is zwitterionic whereas the other polymorphs of this tetramorphic compound are neutral 

(BIXGIY01, BIXGIY02, BIXGIY03). The monoclinic polymorph of Norfloxacin11 is 

zwitterionic (VETVOG01) whereas the triclinic polymorph is neutral (VETVOG). 

Anthranilic acid12 is trimorphic: neutral monoclinic (AMBACO08), neutral orthorhombic 

(AMBACO05) and zwitterionic orthorhombic (AMBACO07). Torasemide13 has one 

crystal structure that has one zwitterion and another neutral molecule (TORSEM02) 

while the second polymorph is fully zwitterionic (TORSEM04).  
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Scheme 5.2 Clonixin and Norfloxacin exhibit exclusive zwitterionic and neutral 
polymorphic cluster whereas anthranilic acid and torasemide exhibit partial zwitterionic 
polymorphs (both neutral and zwitterionic molecules are present in the same crystal 
structure). 

Clonixin, a nonsteroidal anti-inflammatory drug, is tetramorphic and its form II 

is zwitterionic whereas other three forms are neutral (Figure 5.1).10 

  
Form I Form II 

 
Form III Form IV 

Figure 5.1 Clonixin form II is zwitterionic and contains ionic carboxylate-pyridinium 
synthon whereas the other three polymorphs are neutral. 

Norfloxacin is a broad spectrum antibacterial drug and in the CSD two 

anhydrous crystal structures are reported, one in triclinic space group P1ത and another in 

monoclinic space group P21/c, both are named as form A. The monoclinic polymorph is 

zwitterionic whereas the triclinic polymorph is neutral.11,14  
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Anthranilic acid form I contains one neutral and one zwitterionic molecule in the 

asymmetric unit. Form I contains R46 (12) hydrogen bonding motif whereas form II and 

form III contain carboxylic acid dimer as major synthon. (Figure 5.2).12,15 

  
(a) (b) (c) 

Figure 5.2 (a) R46(12) hydrogen bonding motif present in form I of Anthranilic acid 
whereas carboxylic acid is the main synthon in form II and form III.  

 A similar example is Torasemide, a diuretic, which has three polymorphs in the 

CSD, named as form i, form ii and nonsolvated form T-N. The crystal structure of form i 

contains two molecules in the asymmetric unit, one is zwitterionic, proton being 

transferred from urea N to pyridine N, and other molecule is neutral. Form ii and form T-

N contain two symmetry independent molecules each and are in zwitterionic form.13, 16 

Many diarylamines exhibit anti-inflammatory drug17 properties, eg., Niflumic 

acid, Clonixin, Mefenamic acid, Tolfenamic acid, Flufenamic acid Meclofenamic acid, 

Diclofenac etc. Most of these molecules exhibit polymorphic behavior.10,18 However, 

except clonixin, none of these compounds, including the recently reported pentamorphs 

of tolfenamic acid18e illustrate an example of zwitterionic and neutral structures among 

the polymorphs. Tonglei Li et al19 have been working on the polymorphism of diaryl 

amine series. Scheme 5.3 shows the molecular structures of the compounds they have 

studied so far.  
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Scheme 5.3 The 11 Diaryl amines reported by Tonglei Li et al. 

The synthon competition and cooperation among a series of carboxylic acids and 

amino pyridines in presence of different functional groups was studied by our group 

where proton transfer was found in all cases.20 If both acid and pyridine functionalities 

are present in the same molecule, three possibilities may arise such as acid-acid 

homosynthon, acid-pyridine hetero-synthon which are most probable and intramolecular 

proton transfer to give carboxylate-pyridinum ionic synthon resulting a zwitterionic 

structure. All these possibilities may combine to give different polymorphic structures 

too. With this background, the nicotinic acid derivative 2-(p-tolylamino) nicotinic acid 

(TNA) was synthesized which falls in the category of diaryl amine (Scheme 5.4) and is 

an ampholyte. Extensive polymorph screening on TNA was performed using different 

crystallization techniques and was cocrystallized with carboxylic acid and pyridine 

derivatives.  
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Scheme 5.4 Molecular structure of 2-(p-tolylamino) nicotinic acid (TNA). 

Even though the molecules studied by Tonglei Li et al. (Scheme 5.3) are 

structurally very close to TNA (particularly compounds a and b), the authors did not 
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disclose any example of neutral and zwitterionic polymorph sets in their series. Both 2-

(phenylamino)nicotinic acid and 2-[methyl(phenyl)amino]nicotinic acid were found to 

be tetrmorphic in their polymorph hunt. 

5.2 Results and Discussion 

 TNA was synthesized (detailed in experimental section) and crystallized by 

various techniques such as slow evaporation, melting, sublimation, slow cooling, flash 

cooling and crystallization in presence of coformers to obtain three polymorphic 

modifications viz. form I (TNA-I) and form II (TNA-II) which are neutral and form III 

(TNA-III) which exist as zwitterion. TNA-I and TNA-II mostly crystallized 

concomitantly from acetone, methanol, ethanol, ethyl acetate, acetonitrile, chloroform 

and THF. TNA-II was obtained exclusively by melt crystallization. Zwitterionic form 

TNA-III was obtained when TNA was cocrystallized with 2-bromo-3-hydroxy pyridine, 

2-amino pyridine, isonicotinic acid and nicotinic acid in CH3CN solvent. The method 

could not be fully optimized since occasionally along with TNA-I or TNA-II or a 

molecular salt with 2-aminopyridine were also characterized. TNA-III could not be 

crystallized from solution crystallization in absence of pyridine type coformers. Solution 

crystallization of TNA and 2-aminopyridine from CH3CN resulted in the corresponding 

molecular salt along with TNA-I or TNA-II and TNA-III. Other cocrystal formers such 

as dicarboxylic acids, 3-nitro benzoic acid etc. did not induce any zwitterion formation, 

instead cocrystal and molecular salt were obtained for these combinations. 

Cocrystallization of TNA with 3-nitrobenzoic acid in 1: 1 molar ratio resulted a cocrystal 

in 1:2 ratio where TNA is in zwitterionic form whereas 2-aminopyridine gave a 1:1 

molecular salt. Crystallographic parameters of the three polymorphs are compared in 

Table 5.1. Detailed crystallographic parameters of all the crystal structures are listed in 

Appendix. 

Table 5.1 Comparison of cell parameters of the three polymorphs to highlight the 
differences. 

TNA TNA-I TNA-II TNA-III (LT) TNA-III (RT) 
Crystal system Monoclinic  Orthorhombic Orthorhombic Orthorhombic 
Space group P21/n Pbca Pbca Pbca 
T (K) 100 100 100 298 
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a/Å 11.038(10) 14.2565(16) 9.0787(11) 9.250(4) 
b/Å 9.067(8) 10.7542(15) 14.2261(17) 14.207(4) 
c/Å 11.392(10) 14.769(3) 17.154(2) 17.509(10) 
α/° 90 90 90 90 
β/° 101.860(14) 90 90 90 
γ/° 90 90 90 90 
V/Å3 1115.8(17) 2264.3(6) 2215.6(5) 2301.1(17) 
Dcalcd (g cm–3) 1.359 1.339 1.369 1.318 
Z/Z' 4/1 8/1 8/1 8/1 
R1 [I > 2 σ(I)] 0.0598 0.0497 0.0521 0.0646 

 

5.2.1 Crystal structure analysis 

TNA-I: Block morphology crystals of TNA-I obtained from acetone solvent were solved 

and refined in the monoclinic space group P21/n with one molecule in the asymmetric 

unit (Z'=1). Chains of molecules linked by acid-pyridine two point synthon 

(O1−H1···N1, 1.59Å, 175.6° and C5−H5···O2, 2.55Å, 133.1°) are connected by C−H···π 

interaction (C4−H4···C12, 2.88 Å, 145.8°) to make a planar sheet like structure. Such 

sheets are interlinked on either side by C−H···π interaction (C9−H9···C3, 2.84 Å, 162.1°) 

and by C−H···O hydrogen bond (C12−H12···O1, 2.58 Å, 174.7°) (Figure 5.3). 

(a) (b) 
Figure 5.3 TNA-I. (a) C−H···π interactions connect chains of molecules formed by acid-
pyridine synthon to result in 2D sheets. (b) These 2D sheets in turn complete the overall 
packing via formation of C−H···π and C−H···O interactions on either side. 

TNA-II: Block morphology crystals of TNA-II obtained from methanol solvent were 

solved and refined in the orthorhombic space group Pbca (Z'=1). In the crystal structure, 

acid-pyridine synthon (O1−H1···N1, 1.68 Å, 174.7° and C5−H5···O2, 2.49 Å, 136.1°) 

connects the molecules to form chains, which are interlinked by C−H···O 
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(C13−H13A···O2, 2.59 Å, 150.4°) hydrogen bond in 2D zigzag sheets. The 3D packing 

is completed by off-set π···π stack (3.39 Å) between pyridine rings (Figure 5.4).  

  
(a) (b) 

Figure 5.4 TNA-II. (a) 2D zigzag sheets formed by acid-pyridine synthon connected 
molecules. (b) These zigzag sheets are connected by π··· π stack. 

TNA-III: Block morphology crystals of TNA-III represent an interesting case where 

intramolecular proton transfer is observed. The proton migration is partial at room 

temperature and complete at 100 K as evident from room temperature (298 K) and low 

temperature (100 K) single crystal XRD data. Crystals of TNA-III were solved and 

refined in orthorhombic space group Pbca with one molecule in the asymmetric unit 

(Z'=1). The crystal structures at 298 K and 100 K datasets did not show any 

conformational and structural difference. 

In the 100 K crystal structure of TNA-III, chains of molecules, formed by ionic 

carboxylate-pyridinium heterosynthon involving N+−H···O− (N1+−H1···O1−, 1.59 Å, 

170.9°) and auxiliary C−H···O hydrogen bond (C5−H5···O2, 2.55 Å, 137.0°), are 

interlinked by C−H···O hydrogen bond (C13−H13A···O2, 2.71Å, 136.9°) and C−H···π 

interaction (C4−H4···C12, 2.85Å, 146.4°) result in 2D sheets. The structure is completed 

by C−H···O hydrogen bond (C9−H9···O2, 2.46Å, 164.0° and C12−H12···O1, 2.52Å, 

172.4°) on either side of such 2D sheets (Figure 5.5). 
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(a) (b) 
Figure 5.5 TNA-III. 2D sheets formed by chains connected by carboxylate-pyridinium 
heterosynthon. (b) 3D structure is completed by formation of C−H···O hydrogen bond on 
either side of such 2D sheets. 

Cocrystal of TNA and 3-nitrobenzoic acid (NH+-TNA-COO−•2NBA): In the cocrystal 

of TNA with 3-nitrobenzoic acid intramolecular proton transfer has occurred in the TNA 

molecule but the expected carboxylate-pyridinium ionic synthon is replaced by 

pyridinium-nitro synthon (N1+−H1···O6, 2.17 Å, 152.5° and C5−H5···O5, 2.53 Å, 

138.8°).  Carboxylate group of TNA is involved in O−H···O hydrogen bonding 

(O3−H3A···O1, 1.66 Å, 170.1° and O8−H8A···O2, 1.63 Å, 170.4°) with carboxylic acid 

group of 3-nitrobenzoic acid molecule as shown in Figure 5.6. 

 

Figure 5.6 Hydrogen bond synthons in TNA•3-nitrobenzoic acid cocrystal where 
zwitterionic structure of TNA is present. 

Molecular salt of TNA and 2-aminopyridine (AP-NH+•TNA-COO−): In this crystal 

structure proton transfer occurred from TNA to the 2-aminopyridine via a 

carboxylate···pyridinium synthon involving ionic N+−H···O− (N4+−H4A···O2−, 1.74Å, 
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177.3°) and N−H···O− (N3−H3B···O1−, 1.95Å, 176.1°) hydrogen bonds whereas TNA 

pyN is free (Figure 5.7). 

 

Figure 5.7 Synthons involved in the molecular salt of TNA and 2-aminopyridine. 

Intramolecular N−H···O hydrogen bond is present in all the crystal structures 

(N2−H2···O2, 1.90, 147.3 TNA-I, 1.94, 141.7 for TNA-II, 1.84, 154.3 for TNA-III and in 

cocrystal 1.90, 139.1). Hydrogen bond parameters are listed in Table 5.2. 

Table 5.2 Hydrogen bond distances, angles and symmetry codes of the crystal structures. 

Interactions H···A/ Å D···A/ Å ∠D–H···A/º Symmetry code 
TNA-I 

N2−H2···O2  1.90    2.591(4)      147.3 Intramolecular 
O1−H1···N1  1.59 2.591(4)      175.6              1/2+x,1/2-y,1/2+z 
C3−H3···O1    2.34    2.672(5) 99.8 Intramolecular 
C5 −H5···O2    2.55    3.272(5)        133.1 -1/2+x,1/2-y,-1/2+z 
C12−H12···O1       2.58    3.526(5) 174.7 3/2-x,-1/2+y,1/2-z 

TNA-II 
O1−H1···N1 1.68 2.663(1)     174.7 -1/2+x,1/2-y,1-z 
N2−H2···O2    1.94 2.669(1)   141.7 Intramolecular  
C3−H3···O1            2.38 2.704(2)        100.2 Intramolecular 
C5−H5···O2    2.49 3.222(2)        136.1 1/2+x,1/2-y,1-z 
C13−H13A···O2    2.58    3.452(2)        150.4 1/2+x,y,1/2-z 

TNA-III at 100 K 
N1−H1···O1   1.76    2.631(2)     141.6 3/2-x,1/2+y,z 
N2−H2···O2    1.84   2.630(2)      154.3  Intramolecular 
C3−H3···O1    2.39    2.722(3)        100.0 Intramolecular 
C5−H5···O2    2.55    3.312(3)        137.0 3/2-x,1/2+y,z 
C9−H9···O2    2.46    3.379(3)        164.0 1-x,1/2+y,1/2-z 
C12−H12···O1    2.52    3.463(3)        172.4 -1/2+x,1/2-y,-z 

TNA-III at 298 K 
N1−H1···O1 1.28 2.571(4)      164.2 3/2-x,-1/2+y,z 
N2−H2···O2    1.91  2.644(4)      137.4 Intramolecular  
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C3−H3···O1 2.38    2.716(4)        101.0 Intramolecular 
C5−H5···O2 2.52    3.273(4)        137.7 3/2-x,-1/2+y,z 
C9−H9···O2 2.57    3.485(6)        166.5 1-x,-1/2+y,1/2-z 

NH+-TNA-COO−•2 NBA 
N1−H1···O6 2.17 2.962(2) 152.5 x, y, z 
N2−H2···O2    1.91 2.621(2) 139.1 Intramolecular 
N2−H2···O7    2.49 3.176(2) 137.2 2-x,-y,1-z 
O3−H3A···O1 1.66 2.568(2) 170.1 -1+x,y,-1+z 
O3−H3···O2 2.58 3.056(2) 112.7 -1+x,y,-1+z 
O8−H8A···O2 1.63 2.600(2) 170.4 2-x,-y,1-z 
C3−H3···O1 2.44 2.763(2) 100.3 Intramolecular 
C5−H5···O5 2.53 3.286(2) 138.8 x, y, z 
C5−H5···O10 2.33 3.041(2) 132.5 1-x,1-y,-z 
C8−H8···O1  2.40 3.316(2) 168.2 2-x,1-y,1-z 
C12−H12···O9 2.53 3.447(2) 167.5 x,y,1+z 
C19−H19···O9 2.51 3.354(3) 151.9 1-x,-y,-z 
C25−H25···O5 2.50    3.431(2)        177.0 1-x,1-y,-z 
C26−H26···O4 2.53    3.457(2)        174.0 1-x,1-y,-z 

AP-NH+•TNA-COO− 
N2−H2···O2  1.85    2.626(2) 146.2              Intramolecular  

N3−H3A··· O1   1.92    2.806(2)   169.5              1/2+x,3/2-y,2-z                
N3−H3B···O1   1.94    2.843(2)      176.2              1+x,y,z 
N4−H4A···O2   1.74    2.657(2)      177.2              1+x,y,z 
C8− H8···N1   2.3217    2.919(2) 121.7              Intramolecular 

 

The proton transfer was verified from the crystal structures by the analysis of 

C−O bond distances, O−C−O bond angles of carboxylic acid/ carboxylate group and 

C−N−C bond angles of the pyridine ring (Table 5.3). The length of the two C−O bond 

distances (C−O and C=O) in TNA-I (1.30 Å and 1.23 Å) and TNA-II (1.32 Å and 1.22 

Å) indicate a neutral COOH group whereas the C−O bond distances being near equal 

(1.26 Å and 1.25 Å) in TNA-III imply a COO− residue. Similarly, O−C−O and C−N−C 

bond angles argue in favor of a zwitterionic structure in TNA-III but neutral structures in 

TNA-I and TNA-II. There is a slight difference in the proton state between the crystal 

structures of TNA-III determined at 100 K and 298 K (referred to as LT and RT). The 

proton is fully located on the pyridine N and the carboxylate group is ionic in the LT 

crystal structure. The transfer of proton from COOH to pyridine N is slightly less so at 

RT. There is a partial proton occupancy near O and partial near N, though the values are 

almost impossible to assign from X-ray data. This slight drift of the proton towards the 
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neutral state is reflected more accurately by the bond distances and angles listed in Table 

5.3. The difference between the C−O values increases slightly and the C−N−C angle 

shrinks by a degree. 

Table 5.3 Comparison of C−O bond distances, O−C−O and C−N−C angles of the three 
polymorphs. 

Polymorph Bond distances(Å)                Angles (°) 

 C1−O1, C1−O2   O1−C1−O2  C5−N1−C6 

TNA-I 1.303(4), 1.217(3) 123.9(3) 119.1(3) 
TNA-II 1.316(2), 1.223(2) 123.3(1) 118.8(1) 
TNA-III  LT 1.261(3), 1.249(3) 125.9(2) 122.7(2) 
TNA-III RT 1.269(5), 1.242(5) 125.7(3) 121.0(3) 
NH+-TNA-COO−•2 NBA 1.245(2), 1.236(2) 125.6(1) 123.8(1) 
AP-NH+•TNA-COO− 1.252(2), 1.266(2) 118.2(2)        118.2(2) 

 

5.2.2 Similarities and differences in the crystal structures of TNA-I and TNA-III 

TNA-I and TNA-III possesses 2D isostructural sheets although they contain 

different synthons (TNA-I, acid-pyridine synthon whereas TNA-III contains carboxylate-

pyridinium synthon), have different cell parameters and space groups but similar 

conformations. The calculated XRD lines of the two polymorphs show close peak 

positions (Figure 5.8a). TNA-II crystal structure is entirely different and its calculated 

XRD lines show clear differences from TNA-I and TNA-III (Figure 5.8b and c). The 

main structural difference between the structures of polymorph I and III is in the 

direction of the molecular layers in the identical 2D sheets. If the direction of TNA 

molecules connected by carboxylic acid−pyridine (in TNA-I) or carboxylate−pyridinium 

(in TNA-III) running in one direction (right to left) is designated as X and the opposite 

direction as Y, then the adjacent layers contain the motif XYXYXYXY in TNA-I where 

the sequence is XXYYXXYY in TNA-III (Figure 5.9). Thus the difference is more than 

just a shift of the proton, it is the tessellation of molecules in 3D that is different between 

TNA-I and III. A similar packing difference between the polymorphs of anti-

inflammatory drug nimesulide was noted by our group recently.21 
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room temperature, which is consistent with the single crystal X-ray structure analysis at 

298 K. 

 

Figure 5.12 FT-IR comparison of TNA-I, TNA-II and TNA-III. 

Table 5.4 FT-IR (KBr pellet) spectral bands of TNA polymorphs. 

Polymorphs O−H stretching 
(br) (cm−1) 

N−H stretching 
(br) (cm−1) 

C=O stretching 
(cm−1) 

 Pyridine  
Ring 
stretching(cm−1) 

TNA-I 3467.3 3263.1 1663.3 1602, 1579.4, 
1518, 1459  

TNA-II 3464.9 3249.1 1658.7 1602, 1578, 
1518, 1459 

TNA-III 3428.0 3259.4 1635.0 1604, 1564, 
1514  

 

FT-Raman spectra of the three polymorphs have clear differences in the Raman shift 

values for carbonyl groups. A comparison of FT-Raman spectra is shown in Figure 5.13 

and the Raman shifts values are summarized in Table 5.5 
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Figure 5.13 Comparison of Raman spectra of the three polymorphs of TNA. 

Table 5.5 FT-Raman (neat solid) spectral bands of TNA polymorphs. 

Polymorphs Aromatic C−H 
stretching  

(cm−1) 

Aliphatic C−H 
stretching 

(cm−1) 

C=O stretching 
(cm−1) 

N−H bending 
(cm−1) 

TNA-I 3061.0 2921.1 1667.7 1583.7 
TNA-II 3061.2 2920.3 1665.0 1583.6 
TNA-III 3061.2 2920.5 1660.7 1579.9 

 

13C and 15N ss-NMR: Solid state NMR is a useful technique to differentiate polymorphs. 
15N and 13C SSNMR was performed on the three polymorphs of TNA. There is an up 

field shift ~1 ppm in 15N ss-NMR for pyridine N in TNA-III (−146.8 ppm) compared to 

TNA-I (−147.5 ppm), whereas for TNA-II the chemical shift is −143.0 ppm. Figure 

5.14a shows the comparison of the 15N ss-NMR spectra of the polymorphs and the 

chemical shift values are listed in Table 5.6. Normally a large upfield chemical shift is 

expected as the free pyridine N becomes protonated (about 80-100 ppm). The reason for 

the same 15N chemical shift of TNA-I and III may be understood from the RT crystal 

structure. The RT structure represents an in-between situation of the neutral and ionic 

states. The LT structure is clearly zwitterionic. Since the ss-NMR was recorded at room 
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temperature, the chemical environment of the pyridine N is more neutral-like than ionic. 

Figure 5.14b shows the comparison of the 13C ss-NMR spectra of the polymorphs and 

the chemical shift values are listed in Table 5.7. 

  
(a) (b) 

Figure 5.14 (a) 15N ss-NMR and (b) 13C ss-NMR for TNA-I, II and III. 

Table 5.6 15N ss-NMR chemical shifts (in ppm) of the three polymorphs 

Polymorph  Pyridine N 2° amine N 
TNA-I -147.6 -280.5 
TNA-II -143.0 -280.0 
TNA-III -146.8 -280.3 

 

Table 5.7 13C ss-NMR chemical shifts (in ppm) of the three polymorphs 

 TNA-I TNA-II TNA-III 
C13 18.6 18.7 18.7 
C2 108.2 108.0 108.3 
C4 112.0 111.1 112.1 
C8, C12 128.1  

 Merged (C8, C12) 
124.9 128.2  

Merged (C8, C12)  C10 127.1 
C9, C11 134.3 129.3 134.3 
C3 136.2 134.2 136.4 
C7 143.5 142.0 143.6 
C5 150.4 151.6 150.6 
C6 157.1 156.2 157.2 
C1 167.5 167.6 167.6 
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5.2.5 Conformational difference 

 TNA is flexible molecule and different torsions were observed in the crystal 

structures presented. TNA-I and TNA-III have similar torsions (packing polymorphs) 

around the p-tolyl group whereas p-tolyl torsion of TNA-II is significantly different 

compared to TNA-I and TNA-III (conformational polymorph). A nearly flat conformer 

is obtained in case of the molecular salt of AP-NH+•TNA-COO−. Torsion angle for p-

tolyl group (C6−N2−C7−C8) of all the conformers obtained is listed in Table 5.8. The 

overlay diagram of the all the conformations is shown in Figure 5.15. For a flat 

conformation of TNA, as in AP-NH+•TNA-COO− crystal structure, it is observed that the 

pyN atom remains inactive towards hydrogen bonding because of steric reason. 

Therefore, acid-acid dimer is also possible apart from the observed acid-pyridine synthon 

in the crystal structures of TNA. 

Table 5.8 Torsion angles for all the conformations of TNA in its crystal structures. 

Form Torsion angle (°) (C6−N2−C7−C8) 
TNA-I 68.0(4) 
TNA-II 55.2(2)

TNA-III LT 66.5(3) 
TNA-III RT 66.8(6) 

NH+-TNA-COO−•2 NBA 55.0(2) 
AP-NH+•TNA-COO− 11.1(3) 

 

 

Figure 5.15 Overlay of all the conformations present in TNA crystal structures. Color 
codes are TNA-I= Red, TNA-II= Magenta, TNA-III LT = Blue, TNA-III RT = Green, 
NH+-TNA-COO−•2 NBA = Orange and AP-NH+•TNA-COO−= Brown. 
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5.2.6 CSD search 

A search of the CSD (version 5.31, November 2010;  May 2011 update)23 was 

performed using the following functional groups as search criteria (Table 5.9), for all 

organic compounds with the word "form", "polymorph", “modification” and “phase” in 

the qualifier, excluding the entries for which 3D coordinates are not available. These 

searches resulted in only four zwitterionic and neutral polymorphic clusters for single 

component organic systems with solved X-ray crystal structures.  

Table 5.9 Functional groups used to search the CSD and the number of hits retrieved. 

Substructure  No. of hits Substructures  No. of hits 
N and COOH 411 NH+ and COO− 407 
N and SO3H 10 NH+ and SO3

− 118 
N and PO4H 31 NH+ and PO4

− 31 
N and OH 1276 NH+ and O− 807 
N and NC(=O)N 166 NH+ and (NH−)C(=O)N 3  

 

5.2.7 Hirshfeld 2D fingerprint plot 

2D Hirshfeld fingerprint plots24 for the three polymorphs highlight the 

differences in intermolecular contacts (Figure 5.16). The sharp spikes for O···H 

interactions for TNA-III near de=di≈1.0 indicates short O···H contact in this crystal 

structure (strong N−H+···O− hydrogen bond), whereas these protrusions are absent for 

TNA-I and TNA-II. The complementary situation in the polymorphs TNA-I and II of 

short N···H contacts (strong O−H···N hydrogen bond) is represented as sharp spikes near 

de=di≈1.0 whereas they are absent for TNA-III. The C−H···O hydrogen bonds occur at 

longer distance of de=di≈1.4. These plots are yet another manifestation of neutral 

O−H···N hydrogen bond in polymorphs I and II and ionic N−H+···O− hydrogen bond in 

TNA-III. The π-stacking of linear hydrogen-bonded tapes in TNA-I and III structures is 

of the overlap region around de=di≈2.5 for inter-aromatic interactions, which less dense 

in TNA-II. 
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 All N···H O···H 

TNA-I 

   
TNA-II 

   
TNA-III 

   
Figure 5.16 2D Hirshfeld fingerprint plots for three polymorphs. 

The relative contribution of each interaction to the Hirshfeld surface is depicted 

in Figure 5.17. Contribution from N···H interaction to the Hirshfeld surface for TNA-I 

(7.4%) and TNA-II (8.6%) is higher compared to TNA-III (2.3%) whereas contribution 

from O···H interaction in TNA-III (20.6%) is more compared to TNA-I (14.4%) and 

TNA-II (14.6%). For the three polymorphs contribution due to C···C contacts negligible 

indicating the absence of π···π interaction in the polymorphs. 
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structure,27 therefore, although Niflumic acid has only one crystal structure (acid dimer), 

a zwitterionic structure is possible because pKa of niflumic acid COOH group and maleic 

acid are close.  

N
H

N

COOH

CF3 N
H

N

COOHCH3

Cl

Niflumic acid Clonixin

N
H

N

COOH

CH3

TNA  
Scheme 5.5 Molecular structure of Niflumic acid, Clonixin and TNA. 

Proton transfer is affected not only by the pKa of the acid-base counterparts but 

also by the crystalline environment. Crystal structures of recently reported molecular 

salts of antidepressant drug Mirtazapine28 revealed that proton transfer is not only 

because of pKa difference more than 4 but also because of the hydrogen bonding motif 

present. In case of Mirtazapinium hemiadipate salt, although the pKa difference lies in 

the middle region of salt and cocrystal, proton transfer occurred and was attributed due to 

the presence of stronger ionic two point synthon in the crystal structure rather than ionic 

one-point or neutral two point synthon (Scheme 5.6). 

O O

N
+

N

HH

O O

N
N

HH

Ionic, two-point Neutral, two-point

* *

__OO

N
+

N

HH

Ionic, one-point

*

__

 

Scheme 5.6 Neutral and ionic two point synthons possible in Mirtazapine molecular 
salts. 

Cocrystallization of TNA with NBA (pKa = 3.45) resulted a cocrystal (NH+-

TNA-COO−•2NBA) where zwitterionic structure was stabilized in the crystal structure. 

Here again the pKa difference of NBA and TNA pyridine lies in the transition region of 

pKa and the result was unexpected. On cocrystallization of TNA with 2-aminopyridine 

(pKa=6.86) a molecular salt has resulted and the obvious reason is pKa difference is more 

than 4.  
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5.3.2 What is the role of pyridine coformers to give a zwitterionic structure of 

TNA? 

There are several examples in the literature wherein a new polymorph was 

discovered during attempted co-crystallization.32 Although crystallization of TNA-III in 

presence of pyridine type coformer does not represent an isolated case, yet, this is the 

first instance of a zwitterionic polymorph being crystallized in the presence of a 

coformer additive. Despite the frequent occurrence of such reports, a general explanation 

for this phenomenon is still elusive. The crystallization of a salt structure with 2-

aminopyridine wherein the TNA molecule exists as a carboxylate anion and the AP is a 

pyridinium cation could offer an explanation, at least in this instance. Since the pKa of 

pyridine base would be similar, whether the moiety is present in TNA or AP, suggests 

that there could be a dynamic equilibrium between several species in solution (Scheme 

5.7), a few neutral ones and others ionic. Depending on the solvent of co-crystallization, 

temperature, coformer additive, supersaturation, etc, the concentration of the neutral 

adduct, salt and zwitterion will vary depending on the solubility of that species as part of 

the equilibrium in the crystallization medium. Since the species that is most 

supersaturated in a given solvent will precipitate first, the product of such a co-

crystallization experiment will strongly depend upon the supersaturation conditions, and 

consequently on the crystallization parameters such as solvent, temperature, 

concentration, rate of cooling, etc. Since the selection of solvents for co-crystallization is 

usually a trial-and-error process, by testing the solubility of the components, the outcome 

often is a serendipitous result when a new polymorph of one of the components is 

discovered. Could a general recipe to obtain the zwitterionic polymorph of acid−base 

compounds be to use coformers whose acidic/basic functional groups are of similar pKa 

to the molecule? Those solvents in which the ionic form is likely to supersaturate will be 

preferred. The crystallization of zwitterionic polymorphs for acid−base drugs will have 

an immediate application for solubility improvement. Experiments are currently under 

way to establish a general protocol along these lines. These experimental design 

parameters will best operate in the grey zone of pKa between 0 and 3. When ∆pKa <0 or 

>3, the outcome is predictable.    
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Scheme 5.7 Equilibrium between soluble and supersaturated components, TNA and AP, 
in CH3CN Solvent. This kind of equilibrium situation will most probably be present in 
solution when 0< ∆pKa <3.  

5.4 Conclusion 

TNA stands as the 3rd example of a polymorphic system with zwitterionic and 

neutral polymorphs existing together after Clonixin and Norfloxacin. Anthranilic acid 

and torasemide are in a different category in that both neutral and zwitterionic molecules 

are present in the same crystal structure. Crystallization of the zwitterionic polymorph 

was observed in TNA only in the presence of coformers having pyridine moieties. 

Interestingly, with acidic coformers zwitterionic structure is cocrystallized. Therefore, in 

presence of pyridine coformers the zwitterionic polymorph is separating, whereas in 

presence of acidic 3-nitrobenzoic acid the zwitterionic molecule is separated out along 

with the coformer as a cocrystal. These preliminary observations suggest a role for the 

coformer in directing the crystallization towards a polymorph, a cocrystal, or a salt. 

Although solid state zwitterionic forms of organic molecules is common for compounds 

having both acidic and basic functionalities but occurrences of both neutral and 

zwitterionic forms for the same compound is not studied as much as other polymorphic 

systems. Crystal structure determination of the interesting zwitterionic form III of TNA 

in presence of specific coformers could provide a better understanding of crystal 

nucleation, the role of hydrogen bonding in crystallization. 
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5.5 Experimental Section 

All solvents, reagents and coformers were purchased from commercial sources 

and used without further purification. 

Synthesis: TNA was synthesized33 by refluxing 2-chloronicotinic acid (315.3 mg, 2 

mmol), p-toluidine (214.3 mg, 2 mmol), p-toluenesulfonic acid (95.0 mg, 0.5 mmol), and 

few drops of pyridine in water and acetone solution (1:4, 10 mL) at 70 °C overnight 

(about 8 h) (Scheme 5.8). The product obtained as precipitate was filtered and then 

purified by recrystallization from acetone to obtain pure 2(p-tolylamino)nicotinic acid 

(TNA) which was characterized by 1H NMR, 13C NMR, and IR. 

N
H

N

COOH

N

Cl
COOH NH2

+ Acetone+ Water , 70 oC

p-Toluenesulfonic acid,Py

 

Scheme 5.8 Synthesis of 2(p-Tolylamino)nicotinic acid (TNA). 

1H NMR (CDCl3, 400MHz): δ 9.99 (s, 1H), 8.39 (dd, 1H), 8.29 (dd, 1H), 7.52 (d, 2H), 

7.19 (d, 2H), 6.72 (m, 1H), 2.33 (s, 3H). 

IR (cm−1): 3441.2, 3254.2, 3068.4, 1669.3, 1602.2, 1579.4, 1517.6, 1459.3, 1412.6, 

1248.9, 1143.3, 795.5 

M.p.: 205-207 °C. 

X-ray crystallography: X-ray reflections for TNA-I, TNA-III LT and AP-NH+•TNA-

COO− were collected on Bruker SMART APEX CCD equipped with a graphite 

monochromator and Mo-Kα fine-focus sealed tube (λ = 0.71073 Å). Data integration was 

done using SAINT.34 Intensities for absorption were corrected using SADABS.35 

Structure solution and refinement were carried out using Bruker SHELXTL.36 X-ray 

reflection for TNA-II, TNA-III RT and NH+-TNA-COO−•2NBA were collected on 

Oxford Diffraction Ltd., (Gemini, Version 1.171.33.55) using Mo Kα, radiation. Data 

reduction was performed using CrysAlisPro, Oxford Diffraction Ltd., Version 
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1.171.33.55. OLEX2-1.037 and SHELXTL 97 were used to solve and refine the data. All 

non-hydrogen atoms were refined anisotropically. N–H and O–H hydrogens were located 

from difference electron density maps and C–H hydrogens were fixed. Packing diagrams 

were prepared in X-Seed.38 

Vibrational spectroscopy: Nicolet 6700 FT-IR spectrometer with an NXR FT-Raman 

module was used to record IR and Raman spectra. IR spectra were recorded on samples 

dispersed in KBr pellets. Raman spectra were recorded on solid samples contained in 

standard NMR diameter tubes or on compressed samples contained in a gold-coated 

sample holder.  

ss-NMR: Solid state NMR spectra were recorded on a Bruker Avance spectrometer at 

400 MHz. SSNMR experiments were carried out on Bruker 4mm double resonance 

CPMAS probe in zirconia rotors at 5.0 kHz with a cross-polarization contact time of 2.5 

ms and a recycle delay of 8 s. 13C-CPMAS spectra recorded at 100 MHz were referenced 

to methylene carbon of glycine and then the chemical shifts were recalculated to the 

TMS scale (δglycine = 43.3 ppm). Likewise, 15N-CPMAS spectra recorded at 40 MHz were 

referenced to glycine and then the chemical shifts were recalculated to nitromethane 

(δglycine = –347.6 ppm).  

Thermal analysis: DSC was performed on Mettler Toledo DSC 822e module. Samples 

were placed in crimped but vented aluminum sample pans. The typical sample size was 

3-4 mg, and the temperature range was 30-250°C at heating rate of 5 °C min–1. Samples 

were purged by a stream of dry nitrogen flowing at 150 mL min–1.  
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6.1 Introduction 

There has been substantial research activity in the field of polymorphism driven 

by both fundamental scientific discovery and its importance in industries like 

agrochemicals, dyes, foodstuffs and especially in the pharmaceutical industry.1 

Discovery and characterization of polymorphs are crucial in the early stages of drug 

development, as unanticipated appearance or disappearance of a polymorph can impact 

the marketability of a drug, as in the case of ritonavir,2 it can result in withdrawal of a 

commercial pharmaceutical product. Therefore, crystallization of a drug in various 

process conditions under a variety of crystallization methods has been particularly 

important. Despite its potential implications, the phenomenon of polymorphism is not 

always well understood, and even after many decades of research there is no proper clue 

what type of molecules exhibit polymorphism. Some molecules are highly polymorphic 

but some molecules like Benzoic acid do not show signs of polymorphism even after 

extensive research. Various approaches have been employed to control or to induce 

crystallization of novel polymorph which include altering the solvent of crystallization,3 

templating with surface,4 polymer heteronuclei,5 tailor-made additives,6 crystallization 

from gel medium7 etc. Cocrystal formers that can potentially hydrogen bond with the 

drug are believed to play a role in producing a new crystal form. In 2006 a new 

polymorph of Maleic acid,8 124 years after the first crystal form studied, was discovered 

during attempted cocrystallization with Caffeine. Two new polymorphs of curcumin9, a 

natural product with diverse pharmacological effects, was discovered during attempted 

cocrystallization with 4-hydroxy pyridine and 4,6-dihydroxypyrimidine. These 

experiments show that additives can induce the appearance of novel polymorphic forms. 

By now, there have been many reports of accidental generation of novel polymorphs of 

drug substances occurring during attempted cocrystallization in presence of coformers.10 

Four polymorphs of benzidine10a were isolated during cocrystallization. A new second 

polymorph of aspirin10b was obtained in presence of amide coformers and now in 

presence of aspirin anhydride.10c Novel polymorphs of other important compounds 

obtained serendipitously in presence of coformer are two new oxalic acid sesquihydrate 

polymorphs10d crystallized in presence of asparagine or glutamine, form VI and VII of 
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acridine10f was obtained in presence of terephthalic and cis,trans-muconic acid, and so 

on.  

Most of the marketed pharmaceuticals are preferred in their stable crystalline 

forms. The arrangement of the molecules in a crystal determines its physical and 

chemical properties. In most cases, the crystallization of polymorphs often obeys 

Ostwald’s Law of Stages11 where the kinetically metastable form initially appears 

followed by its transformation to the more stable polymorph. Understanding the different 

factors12 (e.g., solvent, temperature, agitation rate etc.) that affect the conversion between 

the forms is essential as these variables can facilitate or impede the transformation rate. 

A disadvantage of the thermodynamically stable form is that it is usually the least soluble 

and consequently has the lowest bioavailability. The differences in the solubility of 

various polymorphs are typically lower than a factor of two.13 In some cases a metastable 

crystalline phase may be purposely developed14 for the drug development when there is a 

significant increase in solubility and dissolution rate of metastable form (5 to 10 times) 

and thereby improving the absorption and/or bioavailability over the stable polymorph, 

for example, metastable form I is preferred than the stable form II of Ritonavir.2 But it 

must be stabilised by special techniques such as addition of structurally related additives, 

substrates etc. 

At the supramolecular level, further variation in the crystalline forms of a solid 

compound is possible. They may either exist as single molecular entities or multi-

component species. Multi-component crystals include salts, hydrates, solvates and 

cocrystals of the drug molecule where a second component (counter-ion, water, solvent 

or a coformer respectively) is incorporated into the crystal lattice. Multi-component 

crystals can also exhibit polymorphism like single component systems. Polymorphism in 

multi-component systems15 is very recent and there are only few cocrystal polymorphs 

compared to single component polymorphic systems.  

6.1.1 Modulated structure 

According to Steed16 some high Z´ crystal structures are actually disorder 

averages of more symmetrical structures having superspace modulation. These 

modulations originate because conventional space group operations cannot accommodate 



179 | Chapter 6 

 

intermolecular interactions. The 1:2 complex of α-D-glucose and p-tolylboronic acid 

crystallized17 in glucofuranose form at room temperature in orthorhombic space group 

P212121 with one molecule in the asymmetric unit (Z' = 1), however a modulated 

structure in monoclinic space group P21 was crystallized at 100 K with Z' = 2. A series 

of structurally related compounds, M(H2O)2(15-Crown-5)](NO3)2, where M = Cu, Mg, 

Zn and Co are the remarkable examples18 of modulated structures having Z' > 1.   

6.2 Tolbutamide 

Sulfonylurea functional group (Scheme 6.1), as the name indicates, contains both 

sulfonylamide and urea groups fused together.  Sulfonylureas are a class of oral 

hypoglycemic agents (pills and capsules to lower the level of blood glucose) taken by 

people with type 2 diabetes.19 The sulfonylureas increase the secretion of insulin by the 

pancreas. The first-generation sulfonylureas include acetohexamide, chlorpropamide, 

tolazamide and Tolbutamide. The second-generation sulfonylureas include glipizide and 

glimepiride. 

Tolbutamide (TB) (Scheme 6.1) is a first generation potassium channel blocker, 

sulfonylurea oral hypoglycemic drug sold under the brand name Orinase.  

N N

O

H

S

H

OO

Tolbutamide

N N

O

H

S

H

OO

Sulfonylurea  

Scheme 6.1 Sulfonylurea functional group and molecular structure of Tolbutamide. 

The first study on polymorphism of TB was reported in 1969 by Kuhnert-

Brandstätter and Wunsch using hot-stage microscopy.20 The existence of three 

polymorphic forms with melting points of 127, 117, and 106 °C were reported. 

Subsequently, the system was studied by Simmons et al.21, later by Burger who prepared 

four polymorphic forms (Forms I–IV).22 Hasegawa et al. analyzed the thermal behavior 

of Form I and showed that this form undergoes a reversible structural transformation to a 

new crystal form upon heating beyond 38 °C23 named as Form IH and the phase below 38 
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°C as Form IL. Overall, there are five polymorphs of Tolbutamide reported in literature 

viz. form IL, form IH, form II, form III, and form IV.  Recently, the crystal structures of 

all the four polymorphs were revisited24 and the single crystal X-ray structure of three 

forms were determined and the crystal structure of the fourth polymorph was solved by 

powder X-ray diffraction.  

There has been a report on the selective crystallization of a metastable form IV 

of TB in the presence of 2, 6-di-O-methyl-β-cyclodextrin.25 Single crystal X-ray 

structure was determined for Tolbutamide β-cyclodextrine inclusion complex.26 In 

addition there are also reports of the synthesis and characterization of Cd2+, Ag+, and 

Hg2+ complexes with deprotonated Tolbutamide.27 

6.2.1 Modulated high Z' structure of Tolbutamide   

So far there is no cocrystal reported for TB in literature. With the idea that 

cocrystals can improve the physico-chemical properties of drugs,28 novel cocrystals of 

TB were attempted. A synthon approach suggested p-nitrophenol, p-nitrobenzoic acid, 

and p-phenylenediboronic acid as potential coformers via the urea···nitro29 and 

urea···boronate30 heterosynthons (Scheme 6.2)  
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Scheme 6.2 The structure of Tolbutamide, urea···nitro and urea···B(OH)2 synthons.  

  When TB was cocrystallized with p-nitrophenol and p-phenylenediboronic acid 

(p-NP and p-PDBA hereafter) in absolute EtOH solvent, single crystals, which on X-ray 

diffraction at 100 K solved as a new crystal structure of TB with 3 molecules in the 

asymmetric unit of P21/n space group, were obtained. When reflections were collected 

on the same crystal at 298 K, the structure solved with Z' = 1 but now the terminal 

carbon atoms of the butyl chain were disordered (Figure 6.1).  
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(a) (b) 

Figure 6.1 (a) The three symmetry independent molecules of TB differ in butyl chain 
conformations but the rest of the molecule overlays nicely. The middle molecule has 
gauche conformation whereas the two side molecules have anti conformation. (b) Room 
temperature structure (Z'=1) shows disorder at the terminal butyl chain. 

The room temperature structure matches with that of form III in a recent X-ray 

diffraction study.24 The unique b-axis is tripled in the 100 K data set compared to the 298 

K measurement, 27.189(4) and 9.043(4) Å respectively. A close view of the reciprocal 

lattice in the RLATT program showed reflections for the triple size unit cell (Figure 6.2). 

A similar unit cell compared to the room temperature data can be visualized in the 100 K 

reflections by removing two rows of reflections, but this small unit cell structure did not 

refine properly (R1= 0.1125 and GoF=1.114). On the other hand, the correctly solved and 

refined crystal structures have lower R-factor and better GoF (0.0652, 0.963 at 100 K; 

0.0714, 1.099 at 298 K). ORTEP diagrams of form III at 100 K and at 298 K are shown 

in Figure 6.3. The thermal ellipsoids are elongated for the crystal structure which is 

solved using 1/3 of the b-axis (b=9.04) indicating that the electron density is not 

accounted for completely in the crystal structure solution. Both the low temperature and 

room temperature structures have essentially the same packing arrangements of 

molecules except the small difference in the orientation of the butyl chain terminal 

carbon atoms in one of the three symmetry independent molecules. 
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(a) (b) 

 
(c) 

Figure 6.2 (a) Reflections of 100 K data viewed in RLATT software, (b) if only the 
reflections that are lying on the vertical lines are considered, cell dimensions with b axis 
= 9.0488(16) Å can be obtained, but this solution results in a comparatively bad 
structure. (c) Reflections at room temperature data viewed in RLATT software, from 
where it is not possible to obtain a cell with b axis of ~27 Å. 

(a) (b) (c) 

Figure 6.3 ORTEP diagrams at 35% probability of electron density in the ellipsoids. (a) 
Three symmetry independent molecules at 100 K of form III. (b) One molecule of form 
III with disorder in the butyl chain at 298 K. (c) 100 K data set solved using ⅓ the b axis 
= 9.04 Å. The thermal ellipsoids are elongated indicating that the electron density is not 
accounted for correctly in the crystal structure solution.  
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The main synthon in both structures is the urea tape motif further stabilized by 

N–H···O=S hydrogen bond (Figure 6.4) (the metrics are listed in Table 6.1). There are 

possibilities that p-NP and p-PDBA may play a role in producing the high Z' modulated 

structure16,17,18 of TB form III because the known form I crystallized when the additive 

was absent. Figure 6.5 shows a putative scheme depicting the role of coformer in 

producing high Z' form III. The main lines of the calculated X-ray powder diffraction 

(XRPD) patterns of the Z' = 1 and the Z' = 3 structures overlay peak-to-peak (Figure 6.6) 

and hence they are called as modulated structures. The similarity of urea···boronate30 

hydrogen bonding to that of urea···nitro synthon29 (Scheme 6.2) is a possible reason for 

these two molecules to give the same polymorphic result. However, even a trace of 

cocrystal formation was not detected in IR, NIR and Raman spectra and XRPD patterns 

of the solids.   

 
(a) (b) 

Figure 6.4 (a) Crystal structure of TB at 100 K. The three symmetry independent 
molecules form a urea tape like 1D chain structure along the b-axis. The terminal atoms 
of the butyl chain in two molecules is in anti conformation (green, blue) and one is in 
gauche conformation (red). (b) Urea tape motif in the room temperature structure. The 
butyl chain terminal atoms are disordered over two positions.   

 
Figure 6.5 A putative scheme to show a hydrogen-bonded complex between TB and p-
PDBA in solution (a) which gives way to the high Z' structure of form III (b). TB 
molecules in the same orientation are hydrogen bonded on both side of p-PDBA (placed 
in an inversion symmetry orientation) and a third TB molecule replaces the central linker 
molecule, but now with its sulfonyl group on the opposite side to give three symmetry 
independent molecules in the unit cell of TB form III (Z' = 3). 
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Figure 6.6 Overlay of calculated XRPD pattern of form III at room temperature (blue) 
and at 100 K (red). 

Further efforts in this direction focused on cocrystallization of TB with p-

nitrobenzoic acid, because the latter molecule has stronger hydrogen bonding COOH 

group compared to p-NP and p-PDBA, but the result was the known TB form IV.  

6.2.2 Novel form V of Tolbutamide 

There have been reports31 of sulfonylurea functional group interacting with 

nitrate ion via nitro···urea synthon as shown in Figure 6.7. 

 
BAGPII BESCAD VOBNIJ SLFURE 

 Figure 6.7 Urea···nitro synthon displayed by sulfonylurea and nitrate ion in four 
complexes. Ref. codes are BAGPII31b, BESCAD31c, VOBNIJ31d, and SLFURE.31a 

Assuming this, when a nitrate anion was used as the complexing agent in the 

place of the nitro group to hydrogen bond with the urea functionality a serendipitous 

result was obtained. Crystallization of TB in methanol by adding a trace of conc. HNO3 

and allowing slow evaporation gave single crystals after 2 days that solved and refined in 
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Pbcn space group. As this is a new space group compared to the reported crystal 

structures of TB (form I Pna21, form II Pc, form III P21/n, and form IV P21/c), an 

indication that a new polymorph was crystallized, and hereafter called as form V.32 

Crystals of form V were very unstable and converted to form I within a few hours. X-ray 

reflections were collected at room temperature because the crystal picked up moisture far 

more rapidly at 100 K and immediately transformed to form I. Attempts with 

intermediate temperature data collection also gave the same problem. The main synthon 

in this crystal structure is again the urea tape synthon (N−H···O=C: 1.84 Å, 157.7°; 2.29 

Å, 141.2°) along the b-axis. The S=O group also engages in N−H···O hydrogen bond 

(2.22 Å, 138.7°) to stabilize the linear tape. A C−H···O=S hydrogen bond (2.76 Å, 

132.0°) connects two such tapes and the overall structure is stabilized by close packing 

(Figure 6.8). Unlike the other three polymorphs (I, II and III), the tolyl group and the 

butyl chain are on the same side of the urea tape in this structure, similar to that in form 

IV. Hydrogen bond metrics are listed in Table 6.1. 

  
(a) (b) 

Figure 6.8 (a) Urea tape structure sustained by N−H···O hydrogen bonds in new form V 
of Tolbutamide. (b) The tolyl groups and butyl chains reside on the same side of the urea 
tape motif.    
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Table 6.1 Neutron normalized hydrogen bond parameters. 

D─H···A H···A (Å) D···A (Å) < D─H···A (°) Symmetry code 
Form III (100 K data) 

N−H1···O9     1.80   2.773(3)     161.6                  1+x, y, z 
N2−H2···O8      2.13    2.907(3)     132.4                  1+x, y, z 
N2−H2···O9     2.19   3.075(3)     145.7    1+x, y, z  
N3−H3A···O3 1.77 2.764(4)     169.7                  ½+x,½–y,–½+z         
N4−H4A···O2  2.06   2.893(4)     138.6                  ½+x,½–y,–½+z         
N4−H4A···O3 2.41    3.263(4)     141.9      ½+x,½–y,–½+z         
N5−H5A···O6  1.78   2.781(4)     168.9                  1–x,–y,1–z                 
N6−H6A···O5  2.05    2.871(3)     137.5                  1–x,–y,1–z                 
N6−H6A···O6     2.35    3.209(4)     141.9    1–x,–y,1–z                 

Form III (298 K data) 
N1−H1···O3 1.79   2.770(4)     163.8                  3/2–x,–½+y,½–z       
N2−H2···O1 2.14  2.946(4)     135.3                  3/2–x,–½+y,½–z       
N2−H2···O3 2.22   3.094(4)     143.4      3/2–x,–½+y,½–z       

Form V (298 K data) 
N2−H1···O1  2.22    3.047(6)     138.7                  ½–x,½+y,z 
N2−H1···O3  2.29    3.145(6)     141.2   ½–x,½+y,z 
N1−H2···O3 1.84 2.797(6)     157.7                  ½–x,½+y,z 

 

The XRPD patterns of form IV and V calculated from the crystal structures were 

compared (Figure 6.9). The similarity of 1D urea tape motif and closeness of diffraction 

lines suggested a degree of similarity in these two structures. The molecular overlay in 

Mercury33 showed good superposition, but only for 6 out of 15 molecules at the default 

settings of angle and distance tolerance of 20% between the structures being compared. 

However, when these tolerances were relaxed to 40% (to include more molecules in the 

overlay) the number of molecules being superposed increased to 10/15 and the 

differences between form IV and V structures showed up clearly (Figure 6.10). A good 

overlay of 15 nearest neighbor molecules (based on the close packing principle that any 

molecule is surrounded by 12 near neighbor molecules) is generally taken as an indicator 

of similarity between crystal structures. The main structural difference between form IV 

and V is in the direction of the two consecutive urea tapes. The two structures are 1D 

isostructural (same urea tape of molecules in similar conformations) but the difference 

lies in the direction of the urea tape in the two polymorphs (as detailed in the caption of 

Figure 6.11). 
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Figure 6.9 There are visible differences in the XRPDs of recently reported form IV 
(structure determined by powder data) and new form V. 

 
(a) (b) 

Figure 6.10 (a) Overlay of 6/15 near neighbor molecules at the default setting of 20% 
variance in bond angles and distances. The 6 molecule superposition is identical. (b) 
However, when the threshold is increased to 40% the number of molecules in overlay 
increases to 10/15 but the differences in molecular superposition show up clearly. Form 
V = blue, Form IV = red. 
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Figure 6.12 Comparison of FT-IR spectra of Tolbutamide new form V and reported 
polymorphs I-IV. 

6.2.4 Phase transformation of form V 

The metastable form V converted to the stable form I at room temperature upon 

storage under ambient conditions of temperature and humidity. Phase change was 

monitored by IR spectroscopy and optical microscopy.  

     

(a) (b) (c) 

Figure 6.13 (a) TB form V crystal at room temperature, (b) the same crystal after two 
hours, and (c) transformation to form I after 24 hours.  

Microscopy images of form V crystals showed the transformation to form I at room 

temperature within 2 h (Figure 6.13). The transformation of form V to form I was 

monitored by the diagnostic IR peaks (Figure 6.14). 
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O

O

 

Scheme 6.3 Molecular structure of Methyl paraben (MP).  

Polymorphism in MP was first indicated by Fischer and Stauder in 193038 

following which Kofler and Kofler investigated the phenomenon and discovered its two 

modifications.39 Later in 1939 Lindpainter described six modifications of MP.40 Methyl 

paraben was called p-oxybenzoic acid methyl ester in the older literature. 

The X-ray structures for two modifications of β-cyclodextrin–methylparaben 

inclusion structures are reported.41 Cocrystal polymorphs of lamotrigine with methyl 

paraben were recently published.42 Methyl paraben also acts as a “molecular hook” for 

the selective separation of quinidine from its stereoisomer quinine based on its molecular 

specificity.43 MP is known to interact with sugar and sugar alcohols.44 

6.3.1 Results and discussion 

Three crystal structures of MP are archived in the Cambridge Structural 

Database45 (ver. 1.12, August 2010 update; CSD Refcodes: CEBGOF,46 CEBGOF01,47 

and CEBGOF02).48 A new polymorph of MP was claimed by Vujovuc and Nassimbeni47 

in 2006 but this was proved to be the same crystal structure by Threlfall and Gelbrich.49 

The latter authors commented that the shifts in the X-ray powder diffraction (XRPD) 

lines were due to lattice parameter changes with temperature. Another polymorph of MP 

with different c-axis and β-angle from that for Form I was claimed48 in 2008, but the 

crystal structure, space group and Z values are the same. There is only one unique crystal 

structure of methyl paraben in the literature as of early 2011 based on the comparison of 

unit cell parameters, space group (Table 6.2), calculated XRD lines (Figure 6.16) and 

molecular packing (Figures 6.17). These single crystals were obtained by solution 

crystallization from alcoholic solvents (MeOH, EtOH) at room temperature.  

A second polymorph of methyl paraben was successfully crystallized; hereafter 

Form II, and its X-ray crystal structure and molecular packing, thermal behavior, and 

Hirshfeld surface plots were compared with Form I.50 A survey of the CSD suggested 
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that the other parabens, such as ethyl, propyl, allyl, n-hexyl, and benzyl, have only one 

crystal structure report each. 

 
Figure 6.16 Overlay of calculated XRPD patterns from the crystal structure Refcode 
CEBGOF (red), CEBGOF01 (blue) and CEBGOF02 (green). Blue and green peaks are 
overlapping completely depicting the exact similarity in their crystal structures. These 
crystal structures were determined at different temperatures, and hence the overlay will 
not be perfect due to lattice expansion/ contraction. 

 

Figure 6.17 Overlay of 15 nearest neighbor molecules in the two crystal structures of 
Refcode CEBGOF01 (red) and CEBGOF02 (blue) at the default setting of 20% angle 
and distance tolerance in Mercury 2.3, a crystal structure visualization program 
distributed with the CSD. It shows complete overlap of all 15 molecules which proves 
crystal structures corresponding to the ref codes CEBGOF01 and CEBGOF02 are same. 

Commercial methyl paraben was confirmed to be Form I by XRPD. Different 

techniques were used for polymorph screening such as crystallization from various 
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solvents at room temperature and low temperature, flash cooling, melting and 

sublimation. A second polymorph of methyl paraben was obtained in sublimation 

experiments as thin plate type crystals concomitantly with Form I (block crystals) when 

condensation was allowed to happen slowly over 2 days, as described in Experimental 

section. All other techniques and experiments gave Form I.  

There are clear differences in the cell parameters of Form II and the reported 

crystal structure (Table 6.3) of different Z' value (Form I, Z' = 3; Form II, Z' = 1, ORTEP 

is shown in Figure 6.18). Among the three different structure reports for Form I, the 

crystal data of Vujovuc and Nassimbeni47 (CEBGOF01) is considered for discussion 

because it has the lowest R-factor (0.033) and was determined at about the same 

temperature as the reflections data collected for form II (113 K, 100 K).  

Table 6.3 Comparison of cell parameters of the best reported crystal structures of methyl 
paraben Form I with Form II. 
 
Compound Form II CEBGOF CEBGOF01 CEBGOF02 

Reference This work Ref. 46 Ref. 47 Ref. 48 
Crystal system Monoclinic  Monoclinic  Monoclinic Monoclinic 
Space group P21/c Cc Cc Cc 
T/K 100 283-303 113 100 
a/Å 4.8186(13)  13.568(5) 13.006(3) 12.9708(4) 
b/Å 14.630(4)  16.959(7) 17.261(4) 17.2485(7) 
c/Å 10.239(3) 12.458(6) 12.209(2) 10.8428(3) 
β/°  99.810(5) 130.10(3) 129.12(3) 119.260(1) 
Z´/Z 1/4 3/12 3/12 3/12 
V/Å3 711.3(3) 2192.710 2126.445 2116.316 
Dcalc/g cm–3 1.421 1.382 1.426 1.433 
R1[I > 2σ(I)] 0.0801 0.054 0.033 0.0425 
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dimer of Form II, they are nearly orthogonal in Form I (Figure 6.20, a and b). The main 

synthon in both structures is the O−H···O hydrogen bond from the hydroxyl O−H to the 

carbonyl oxygen. The sheet structure of Form II is sustained by O−H···O hydrogen bond 

(1.71 Å, 174.2º) and auxiliary C−H···O interactions (2.35 Å, 167.6º; 2.63 Å, 124.9 º). 

Adjacent layers are stacked at 3.23 Å distance. There are thus clear differences between 

the crystal structures of Form I (zigzag chain of molecules, 3D packing) and Form II 

(linear chain, lamellar packing), apart from the fact that their space groups, unit cell 

parameters and Z' values are different. The calculated XRD lines from the crystal 

structure show clear differences in peak positions for Form I and II (Figure 6.21). 

Form II Form I 

 
(a) (d) 

 

(b) (e) 
 
 

 
(c) (f) 

Figure 6.20 Hydrogen bonding and molecular packing in the crystal structures of MP. 
Form I (right panel) and Form II (left panel). 
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Figure 6.21 Calculated XRPD pattern of Form I (red) and Form II (blue).  

IR stretching frequencies of O−H (Form I = 3314 cm−1, Form II = 3416 cm−1), 

C=O (Form I = 1681 cm−1, Form II = 1686 cm−1), and C−O (Form I = 1163 cm−1 and 

Form II = 1170 cm−1) are different for the two polymorphs as shown in Figure 6.22.  

 

Figure 6.22 IR spectrum (KBr) of Form I and Form II show diagnostic peaks at different 
frequencies. 
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 The crystal structure of Form II is similar to the crystal structure of ethyl 

paraben and propyl paraben51 (Figure 6.23), which has planar sheets with the ester ethyl 

and propyl groups projecting out of the layer, albeit more so than in the methyl analog. 

This leads to the thought:52 could ethyl and propyl paraben have a polymorphic structure 

similar to the 3D packing in Form I of methyl paraben? 

 
 

(a) (b) 

Figure 6.23 Layered crystal structure of ethyl paraben (hydrogens were generated in 
Mercury 2.3 software) (a) and propyl paraben (b). 

The thermal events were visualized under a hot stage microscopy for both 

polymorphs. Form II crystals showed changes during heating which started at 68 °C and 

ultimately melted at 124 °C (Figure 6.24a), whereas sublimation of Form I crystals was 

observed which started at 100 °C  and finally melted at 124 °C (Figure 6.24b). 

  
30 °C 68 °C 105 °C 124 °C 

(a) 

  
30 °C 105 °C 114 °C 124 °C 

(b) 
Figure 6.24 Hot stage microscopy images. (a) Form II crystals show changes 
(transparent to opaque nature) at about 68 °C. (b) Form I crystals begin sublimation at 
about 100 °C and then become liquid at 124 ºC. 
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6.3.2 Hirshfeld fingerprint plots of MP form I and form II 

The 2D fingerprint plots as Hirshfeld surface34 for the two polymorphs display 

clear differences in the interactions even as the main structure governing O−H···O 

hydrogen bond is the same in both structures, which shows up as a pair of sharp spikes in 

the plots. The planar structure of Form II is depicted by the red region in the centre of the 

plot, which is due to a C=O group residing just above the phenyl ring centroid (3.43 Å) 

whereas the light red shade for the three molecules of Form I suggest the absence of 

stacking interactions. The C−H···π interactions in Form I show up as wings in A and C 

molecule plots (C−H···π 2.70 Å and 2.61 Å). The wings are not prominent for B 

molecule because the interaction is long (3.09 Å). The absence of C−H···π interaction in 

the lamellar structure of Form II is demonstrated by the absence of wings in its 2D 

fingerprint plot (Figure 6.25). The relative contributions of each interaction to the 

Hirshfeld surface are depicted in Figure 6.26. Form II structure has less O···H and C···H 

contacts and more of H···H contacts compared to Form I. From the crystal structure and 

also from the Hirshfeld fingerprint plot it is evident that there is lower contribution of 

C···H contacts in Form II crystal structure compared to Form I. 

 
Form II Form I, Molecule A 

 
Form I, Molecule B Form I, Molecule C 

Figure 6.25 2D fingerprint plots of Form II and three molecules of Form I (A, B and C). 
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The density of MP polymorphs is very close (Table 6.3). From visual 

observation of crystal behavior upon manual handling it is clear that Form II is 

metastable. Lattice energy calculations53 indicate the greater stability of Form I 

compared to Form II (Compass: –24.95, –24.90; Dreiding: –33.65; –31.22). The energy 

difference is larger in Dreiding calculations because this force field explicitly accounts 

for the hydrogen bond energy component whereas Compass calculates hydrogen bonds 

as an overall electrostatic term.  

 

Figure 6.26 Relative contribution of different interactions to the Hirshfeld surface. 

6.4 Conformational Polymorphism in Zolpidem•Succinic acid Cocrystal 

Insomnia is a common condition that affects one's ability to sleep. 

Benzodiazepines54 formed the mainline therapy for many years till the advent of newer 

nonbenzodiazepine group of drugs. The nonbenzodiazepines55 are a class of 

psychoactive drugs whose pharmacological actions are similar but structurally unrelated 

to those of the benzodiazepines.  

Zolpidem (ZM) is N,N-dimethyl-2-[6-methyl-2-(4-methylphenyl)imidazo[3,2-

a]pyridin-3-yl]acetamide,  an imidazo-pyridine, has been marketed in the US and 

elsewhere as immediate-release (IR) tablets containing 5 and 10 mg of Zolpidem 

tartarate under the tradename Ambien.56 It is a class I drug according to the BCS 

classification system with the Do (min) and Do (max) of 0.002 and 0.004 respectively 

with a short half life of 2-3 hours.57 Zolpidem becomes addictive if taken for extended 

periods of time.  
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Various salt forms of Zolpidem such as tartarate, tosylate, hydrochloride, 

mesylate and sulfate are reported in the patent literature58 which include different 

hydrates, solvates, guest free and amorphous forms. In CSD (Version 5.31, August 2010 

update), crystal structure of only one molecular salt, Zolpidemium saccharinate (Ref. 

code VAWQEQ), is reported. Solubility of Zolpidem free base is less (0.13mg/mL) 

compared to its salt forms (18.8 mg/mL for Zolpidem tartarate and 19.8 for Zolpidem 

hydrogen tartarate).58d Crystal structures of Zolpidem free base and its hemitartarate 

hemihydrate and hydrogen tartarate were recently reported.59 

Existence of multiple crystal forms of a solid can be due to the possibility of 

existence of more than one supramolecular synthon, conformational flexibility of the 

molecule resulting in different conformers in solid state or differences in crystal packing. 

ZM has two flexible torsions (Scheme 6.4) and it has hydrogen bonding donor and 

acceptor groups. With these flexible torsions exist in this molecule, there are possibilities 

to discover multiple solid forms of the parent base or its salts or cocrystals. There are 

abundant numbers of crystal structures reported in CSD for benzodiazepine type of 

molecules but very less for nonbenzodiazepines. Therefore, a screening of multi-

crystalline forms of this drug or its salt/cocrystals was carried out in order to study 

conformational variance and structure-property relationship in them which can be helpful 

for future development of drugs with new formulations. 

N

N

O

N

 

Scheme 6.4 Zolpidem (ZM) with two flexible torsions. 

6.4.1 Results and discussion 

 Five coformers were selected (Scheme 6.5) from GRAS list to make novel ZM 

molecular complexes and to screen novel polymorphs. Among these cocrystal formers 

succinic acid cocrystallized with ZM to give two cocrystal polymorphs whereas with 
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other conformers only hydrates and solvates with varying conformations of ZM were 

obtained. 

COOH
HOOC

OH
COOH

COOH
HOOC

OH

OH

OO

Methyl paraben 
        (MP)

Hydrochloric acid
          (HCl) 

H Cl

Succinic acid
     (Suc)

Salicylic acid
     (Sal)

L-malic acid
    (Mal)  

Scheme 6.5 Coformers selected from GRAS list for cocrystallization. 

6.4.2 Zolpidem•succinic acid cocrystal polymorphs (ZM•Suc) 

 Solution crystallization of ZM with succinic acid in 1:0.5 and 1:1 ratios resulted 

two cocrystal polymorphs in 1:0.5 ratios. Form I was crystallized from dry THF or dry 

dioxane whereas form II crystallized from CH3CN, i-propanol, MeOH, n-propanol, 

EtOH, EtOAc, normal THF and dioxane.  

In both the polymorphs, the primary synthon present is acid-COOH···N-

imidazole (Figure 6.29a). ZM is conformationally flexible and in the crystal structures 

two mirror image conformers (non-superposable mirror image conformers) were 

observed (figure 6.28 a and b). 

 
(a) (b) (c) 

Figure 6.27 (a) Main synthon present in the cocrystal polymorphs of ZM•Suc. (b) and 
(c) represents the non-superposable mirror image conformers of ZM. 

Crystal structure of form I (ZM•Suc-I): X-ray reflections collected on a needle 

morphology crystal of form I solved and refined in orthorhombic non-centrosymmetric 

space group Iba2 with one molecule of ZM and half molecule of Suc in the asymmetric 
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unit. The Suc molecule lies about the 2-fold rotation axis to result half molecule in the 

asymmetric unit. ZM molecules are stacked along b-axis via C−H···O hydrogen bonding 

(C16−H16B···O1, 2.29 Å, 150.5°) between methylene C−H and carbonyl oxygen. Such 

oppositely directing stacks (direction with respect to carbonyl group) are connected to 

each other via another C−H···O hydrogen bond (C3−H3···O1, 2.43 Å, 139.5°) and form a 

layer parallel to bc plane. Suc molecules act as a bridge between two such stacks of ZM 

molecules forming O−H···N hydrogen bond (O2─H2···N2, 1.63 Å, 174.9°) between Suc 

and imidazole N assisted by auxiliary C─H···O hydrogen bond (C6─H6···O3, 2.43 Å, 

141.7°) completing the 3D packing (Figure 6.28). 

 
 

(a) (b)

(c) 
Figure 6.28 (a) Needle morphology single crystal of form I. (b) Oppositely directing 
stacks of ZM molecules connected by C─H···O interaction form layer. (c) Suc molecules 
connect two such layers. 

Crystal structure of form II (ZM•Suc-II): Needle morphology crystals of form II were 

solved and refined in centrosymmetric monoclinic space group P21/c with one molecule 

of ZM and half molecule of Suc, which lies about an inversion centre, in the asymmetric 

unit. ZM molecules are stacked one above the other, via trifurcated C−H···O hydrogen 

bonding between carbonyl oxygen and methylene CH2 (C16−H16A···O1, 2.56 Å, 

158.7°), C−H of N-dimethyl group (C18−H18A···O1, 2.26 Å, 164.4°) and aromatic C−H 
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(C6−H6···O1, 2.29 Å, 152.0°) from benzimidazole ring, along c axis. Other interactions 

such as C−H···N hydrogen bonding (C15─H15A···N3, 2.64 Å, 138.5°) involving CH3 of 

tolyl group and pyrazole N (not shown in the figure) and π···π stalking between pyrazole 

and tolyl ring (3.29 Å) is also observed. Unlike form I, these stacks point towards the 

same direction with respect to carbonyl group and are not connected to each other 

directly but rather they are close packed. Two oppositely directing stacks of ZM 

molecules are connected by Suc via formation of O−H···N hydrogen bond (O2−H2···N2, 

1.65 Å, 172.6°) between Suc COOH and imidazole N assisted by auxiliary C−H···O 

hydrogen bond (C18−H18B···O3, 2.48 Å, 153.9°) (Figure 6.29). Hydrogen bond metrics 

for both the forms are listed in Table 6.4 and crystallographic parameters are 

summarized in Appendix. 

 
 

(a) (b) 

(c) 
Figure 6.29 (a) Needle morphology crystal of form II. (b) Stacks of Zol molecules, 
directing along c axis, are close packed. (c) Suc molecules connect two oppositely 
directing stacks to complete the overall packing. 

Table 6.4 Neutron normalized hydrogen bond distances, angles and symmetry codes. 

Interaction H···A/ Å D···A/ Å ∠D–H···A/º Symmetry code 
Form I 

O(2)−H(2)···N(2) 1.63    2.615(3)        174.9 1/2-x,1/2+y,z 
C(3)−H(3)···O(1) 2.43    3.333(4)        139.5 1/2-x,1/2-y,-1/2+z 
C(6)−H(6)···O(3) 2.43    3.345(4)        141.7 x, y, z 
C(16)−H(16B)···O(1) 2.29   3.275(4)        150.5 1/2-x,1/2+y,z 
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C(18)−H(18A)···O(1) 2.33    2.724(4)        99.6 Intramolecular 
Form II 

O(2)−H(2)···N(2) 1.65 2.628(2) 172.6 x,1/2-y,-1/2+z 
C(6)−H(6)···O(1) 2.29    3.283(2)        152.0 x,1/2-y,-1/2+z 
C(18)−H(18A)···O(1) 2.26    3.315(2)        164.4 x,1/2-y,-1/2+z 
C(18)−H(18B)···O(3) 2.48    3.489(2)        153.9 x, y, z 
C(19)−H(19A)···O(1) 2.32    2.762(2)        102.6 Intramolecular 

 

Polymorphism in ZM•Suc cocrystal is due to conformational differences of the 

p-tolyl group and N-dimethylacetamide group. In form I the torsion angles for p-tolyl 

and N-dimethylacetamide groups are 40.0(5) and 23.4(5) whereas for form II the values 

are 25.6(3) and 16.0(2). Figure 6.30 shows the overlay of the two conformers of form I 

and form II and corresponding torsion angles. 

N

N

O

N 7

8

9

14
16

171

 
Torsion angles are  
Form I, C8−C7−C9−C14 = 40.0(5), 
C8−C16−C17−O1 = 23.4(5) 
Form II, C8−C7−C9−C14 = 25.6(3) 
C8−C16−C17−O1 = 16.0(2)  

Figure 6.30 Overlay diagram shows the difference in the positions of the flexible parts 
of the ZM molecule in form I (blue) and form II (red).  

6.4.3 Stability and phase transformation of form I and form II 

Differential scanning calorimetry (DSC): DSC thermograms of both the polymorphs 

(Figure 6.31) did not show any phase transformation therefore two polymorphs are 

monotropically related. Form I melts at lower temperature (178 °C) with lower enthalpy 

of fusion 38.7 KJ mol−1 compared to form II which melts at 184°C with an enthalpy of 

fusion value 40.2 KJ mol−1. This establishes that the higher melting form II is 

thermodynamic polymorph whereas form I is metastable polymorph. 
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Figure 6.31 DSC thermograms of form I (black) and form II (red). Form II melts at 
higher temperature with higher enthalpy of fusion compared to form I. 

Neat and liquid assisted grinding: Neat and liquid assisted grinding experiments were 

performed on the two polymorphs of ZM•Suc cocrystal in order to establish their 

stability relationship. When stoichiometric amounts of ZM and Suc were subjected to 

neat grinding, exclusive form II was obtained without any trace of form I. Neat grinding 

of form II did not induce any phase transformation to form I, whereas, the same on form 

I for 10/15 min resulted in phase transformation to form II.  Liquid assisted grinding on 

stoichiometric amounts of starting materials resulted only in form II without any 

contamination of form I. Form I on liquid assisted grinding (solvents used are CH3CN, 

THF, water) converted to form II whereas form II did not convert to form I. Therefore, as 

supported by DSC, form II is the stable polymorph whereas form I is the metastable one. 

Figure 6.32 shows a comparison of bulk material XRPD profiles of the two polymorphs 

overlayed with corresponding calculated XRPD lines. 
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FT-Raman: Raman shift for the C=O (1616cm−1 for form I and 1613 cm−1 for form II) 

and C−H stretching in both the polymorphs (2927cm−1 for form I and for form II 

2925cm−1) are different. Figure 6.34 depicts the differences in Raman shifts of the two 

polymorphs. 

 

Figure 6.34 Comparison of FT-Raman spectra of form I (blue) and form II (red). 

13C ss-NMR: Solid state 13C NMR of the two polymorphs showed clear differences in 

the peak positions. Figure 6.35 shows the comparison of the two spectra. Few extra 

peaks in the form I ss-NMR spectra are due to the presence of starting material (marked 

as circle in the Figure 6.36, which is a result of incomplete formation of cocrystal. Again 

in both the spectra few peaks were merged which are listed in Table 6.5.

 

Figure 6.35 Comparison of 13C ss-NMR spectra of the two polymorphs of ZM•Suc 
cocrystal. In the form I spectra few peaks due to starting material appeared (marked) 
which is due to incomplete formation of cocrystal. 
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Table 6.5 13C ss-NMR chemical shifts (in ppm) of the two polymorphs of ZM•Suc. 

N

N

O

N
COOH

HOOC

1

21

2

3

4
5

6

7

8

9

10 11

12

1314

15

16

17

18

19

20

 

No. Form I Form II No. Form I Form II 
C15 16.6 18.1 C2 C2, C9, C8 and C3 

are merged with the 
peaks at  
127.6 and 129.4 

124.5 
C1 19.6 19.1 C9 125.8 
C16 27.5 28.4 C8 126.7 
C21 33.7 34.7 C3 129.3 
C18, C19 36.7 35.5 C5 135.9 134.8 
C4 114.6 114.1 C12 C12 and C6 are 

merged at 141.0 
139.6 

C7 116.4 115.9 C6 141.5 

C10, C14 121.3  121.7  C17 167.6 168.2 
C11, C13 121.6  122.8  C20 174.7 173.4 
 

6.4.5 Conformational flexibility observed in crystal structures of ZM 

In literature, crystal structures of Zolpidemium saccharinate (ZM-NH+•Sac-N−), 

Zolpidemium hydrogentartarate (ZM-NH+•HTar-COO−) and Zolpidemium hemitartarate 

hemihydrates (ZM-NH+•Tar-COO−•H2O) and ZM free base are reported.59 In these 

crystal structures various conformations of p-tolyl and N-dimethylacetamide group were 

observed, so as in the ZM•Suc polymorphs. Hydrates, solvates and guest forms of other 

molecular complexes (Table 6.6) were crystallized and single crystal X-ray structures 

were determined to compare the torsional variance of ZM. Figure 6.36 depicts the crystal 

structures of these molecular complexes. 
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Table 6.6 Molecular complexes obtained during cocrystallization with different GRAS 
conformers. 

Components Molecular 
complexes 

Crystalline forms obtained 

ZM and Sal Molecular 
salt hydrate 

ZM-NH+•Sal-
COO−•H2O (1:1:1) 

2ZM-NH+•2Sal-
COO−•CH2Cl2 (2:2:1) 

ZM and HCl Salt Hydrate ZM-NH+•Cl−•H2O 
(1:1:1) 

ZM-NH+•Cl−•2CH3CN 
(1:1:2) 

ZM and Mal Molecular 
salt hydrate 

2ZM-NH+•2Mal-
COO−•2H2O (2:2:2) 

----- 

ZM and MP Cocrystal  ZM•MP (1:1) ----- 

 

 
ZM-NH+•Sal-COO−•H2O (1:1:1) 2ZM-NH+•2Sal-COO−•CH2Cl2 (2:2:1) 

 

ZM-NH+•Cl−•H2O (1:1:1) ZM-NH+•Cl−•2CH3CN (1:1:2) 
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2ZM-NH+•2Mal-COO−•2H2O (2:2:2) ZM•MP (1:1) 
Figure 6.36 With salicylic acid ZM resulted two crystalline salt forms, a hydrate (in 
1:1:1 ratios) and a DCM solvate (in 2:2:1 ratios). Hydrate has planar sheet structure 
whereas the DCM solvate possesses 3D packing. Hydrochloride salt of Zolpidem 
crystallized as a hydrate in 1:1:1 ratios and as CH3CN solvate in 1:1:2 ratios. With L-
malic acid one salt hydrate (2:2:2 ratios) crystal structure and with methyl paraben a 
cocrystal (1:1 ratios) were obtained. Crystallographic parameters and DSC, TGA plots of 
these molecular complexes are included in the Appendix. 

In these crystal structures the two specified torsion angles (Figure 6.37), torsion 

1 varies between 4° to 45° whereas the torsion 2 varies between 0° to 24°. A total of 

fifteen conformers obtained for ZM are overlayed by fixing the benzimidazole ring 

(Figure 6.38) and the corresponding values are listed in Table 6.7. 

N

N

O

N 2

1

3

4
5

67

 
 
Torsion 1=1-2-3-4 
Torsion 2= 1-5-6-7  

Figure 6.37 Flexible torsions of ZM molecule and overlay of 15 conformers present in 
different molecular complexes.  
Color codes are, ZM•Suc, form I = Light Blue, ZM•Suc, form II = Orange, ZM-
NH+•Cl−•H2O = Yellow, ZM-NH+•Cl−•2CH3CN = Blue, ZM-NH+•Sal-COO−•H2O = 
Light Green, 2ZM-NH+•2Sal-COO−•CH2Cl2, conformer 1 = Pink, 2ZM-NH+•2Sal-
COO−•CH2Cl2, conformer 2 = Dark Red, ZM•MP= Light Brown, 2ZM-NH+•2Mal-
COO−•2H2O, conformer 1 = Magenta, 2ZM-NH+•2Mal-COO−•2H2O, conformer 2 = 
Brown,  ZM-NH+•Tar-COO−•H2O, conformer 1 = Red, ZM-NH+•Tar-COO−•H2O, 
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conformer 2 = Green, ZM-NH+•HTar-COO−•H2O = Black, ZM-NH+•Sac-N− = Dark 
Grey, ZM = Purple. 
 
Table 6.7 Torsion angles (°) for fifteen conformers found in the crystal structures. 
 
ZM molecular 
complexes 

1 2 ZM molecular 
complexes  

1 2 

ZM•Suc, form I 40.0(5) 23.4(5) ZM•Suc, form II 25.6(3) 16.0(2) 
ZM-
NH+•Cl−•H2O 

30.3(2) 17.2(2) ZM-
NH+•Cl−•2CH3CN 

16.8(3) 16.4(3) 

ZM-NH+•Sal-
COO−•H2O 

34.8(3) 4.3(3)     ZM•MP 34.1(5)     6.1(4) 

2ZM-NH+•2Sal-
COO−•CH2Cl2 
conformer 1 

44.6(4) 1.8(4) 2ZM-NH+•2Sal-
COO−•CH2Cl2 
conformer 2 

37.6(4) 0.1(4) 

2ZM-NH+•2Mal-
COO−•2H2O 
conformer 1 

35.1(7) 13.8(6) 2ZM-NH+•2Mal-
COO−•2H2O 
conformer 2 

32.5(7) 1.6(6) 

ZM-NH+•Tar-
COO−•H2O 
conformer 1 

31.1(3) 16.0 (3) ZM-NH+•Tar-
COO−•H2O 
conformer 2 

17.9(6) 20.6(11) 

ZM-NH+•HTar-
COO−•H2O 

12.7(2) 7.2(15) ZM-NH+•Sac-N− 4.2(4) 4.2(3) 

ZM 23.5(3) 7.1(3)    
 
6.5 Conclusion 

 Polymorphism in three important cases viz. Tolbutamide, Methyl paraben and 

Zolpidem•Succinic acid cocrystal have been discussed. Novel form V of Tolbutamide 

was obtained serendipitously in presence of trace amount of conc. HNO3. Formation of 

modulated high Z' structure of form III TB in presence of coformers indicate the fact that 

the coformer could act as a template in this crystallization as the known form I was 

obtained in the absence of any additives. The role of tailored additives and structural 

mimics in the selective growth of metastable polymorphs is well known.60 An essential, 

daily use bulk chemical methyl paraben afforded single crystals of a second polymorph 

under specially optimized sublimation conditions of slow condensation. This polymorph 

is metastable compared to the well known and commercial crystalline material. The 

search of drug polymorphs in the metastable zone is important because kinetic forms 

generally have enhanced solubility and bioavailability compared to the thermodynamic 
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phase. Hence there is a need for methods to crystallize kinetic polymorphs of drugs and 

also to stabilize them in the crystal lattice.  The pair of methyl paraben structures adds to 

the now growing number of polymorph sets61 wherein the stable crystal structure has 

multiple molecules in the asymmetric unit. Cocrystal polymorphs of ZM•Suc were 

characterized by single crystal XRD, XRPD, thermal and spectroscopic techniques and 

their stability order was established. The densities of the two polymorphs are very close 

and there is no phase transition upon heating as indicated by DSC. Neat and solvent 

assisted grinding experiments proved the stability order as form II is more stable than 

form I, which is in accordance with the enthalpy of fusion values for both the forms. 

Therefore form II is the thermodynamic polymorph whereas form I is metastable. 

Molecular conformation of organic solid is important as it provides almost ideal systems 

to the study of structure/property relationships. Crystal structures were determined for 

few other molecular complexes of ZM and compared with the reported crystal structures 

which showed the flexibility of the p-tolyl group to give rise total 15 conformers. Despite 

having such torsional flexibility in molecular complexes, the parent base ZM was not 

found to be polymorphic, although, possibility of polymorphism cannot be ruled out.  

6.6 Experimental Section 

TB was purchased from Sigma-Aldrich and p-phenylenediboronic acid and p-

nitrophenol from Alfa-Aesar, and MP and p-nitrobenzoic acid from S. D. Fine Chemicals 

and ZM was a gift from a friend. 

Crystallization details: TB Form III: A 1:1 molar ratios of tolbutamide and the 

appropriate coformer (p-phenylenediboronic acid, p-nitrophenol or p-nitrobenzoic acid) 

were grinded in a mortar-pestle for 30 min and dissolved in aboslute EtOH in separate 

experiments. Crystals appear after 2/3 days. The product was Tolbutamide form III high 

Z' crystal structure with the first and second two coformers, and form IV crystallized in 

the third case. 

TB Form V: 0.5 mL of conc. HNO3 was added to 10 mL of MeOH and cooled to –20 °C 

for 30 min. 30 mg of tolbutamide was dissolved in 10 mL of MeOH in a separate flask 

and cooled to –20°C. 1 mL of the acidified MeOH was added to the cooled tolbutamide 
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solution and left for undisturbed crystallization at room temperature. Crystals of form III 

appeared after 2d. 

MP form II: 50 mg MP was placed in a sublimation apparatus and was heated at 80°C 

under ambient pressure for two days. No cooling device was used to condense the 

sublimed material as its presence resulted only form I crystals. After two days form II 

crystallized in very low yield along with block crystals of form II.  

ZM•Suc, form I: ZM and Suc were taken in 1:1 (30.7 mg of ZM and 11.8 mg of Suc) or 

1:0.5 (30.7mg of ZM and 5:9 mg of Suc) molar ratios in a conical flask and dissolved in 

dry THF or dry dioxane by sonication, filtered and left for crystallization at ambient 

temperature by covering with aluminum foil. Single crystals of Form I appeared after 4/5 

days. THF and dioxane were dried using Na and benzophenone.  

ZM•Suc, form II: ZM and Suc were taken in 1:1 (30.7 mg of ZM and 11.8 mg of Suc) or 

1:0.5 (30.7mg of ZM and 5:9 mg of Suc) molar ratios in a conical flask and dissolved in 

suitable solvent by gentle heating and left for crystallization at ambient temperature. 

Solvents used for crystallization are CH3CN, i-propanol, MeOH, n-propanol, EtOH, 

EtOAc, THF (normal) and dioxane (normal). Single crystals of suitable size for X-ray 

diffraction appeared after 4/5 days. 

Other molecular complexes of ZM: Single crystals of ZM-NH+•Sal-COO−•H2O was 

obtained by dissolving equimolar amounts of both the components in MeOH, whereas, 

2ZM-NH+•2Sal-COO−•CH2Cl2 was obtained when crystallization was carried out using 

DCM solvent. ZM-NH+•Cl−•H2O was crystallized when 5/6 drops of methanol acidified 

with conc. HCl (1 mL of conc. HCl added to 10 mL of MeOH ) was added to a 

methanolic solution of ZM and left for crystallization under ambient temperature 

conditions. Single crystals of ZM-NH+•Cl−•2CH3CN were obtained when the anhydrous 

molecular complex was crystallized from CH3CN solvent. Single crystals of 2ZM-

NH+•2Mal-COO−•2H2O and ZM•MP were obtained by dissolving equimolar amounts of 

individual components in MeOH and subsequent crystallization after 2 days.  

X-ray crystallography: X-ray reflections were collected on Bruker SMART CCD and 

Oxford Gemini diffractometer (Version 1.171.33.55). Mo-Kα (λ=0.71073 A °) radiation 
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was used to collect X-ray reflections on the single crystals. Data reduction was 

performed using Bruker SAINT software.62 Intensities for absorption were corrected 

using SADABS63 Structures were solved and refined using SHELXL-97.64 For datasets 

collected on Oxford Gemini diffractometer (Version 1.171.33.55), data reduction was 

performed using CrysAlisPro, Oxford Diffraction Ltd., Version 1.171.33.55 and 

OLEX2-1.065 was used for structure solution and refinement. All non-hydrogen atoms 

were refined anisotropically and C−H hydrogens were fixed.  

Thermal analysis: DSC was performed on a Mettler Toledo DSC 822e module. 

Samples were placed in crimped but vented aluminum sample pans with sample size is 

4-6 mg. DSCs were performed  at 5 °C min−1 from 30 °C-250 °C. Samples were purged 

by a stream of dry nitrogen flowing at 150 mL min−1.  

Vibrational spectroscopy: Nicolet 6700 FT-IR spectrometer with an NXR FT-Raman 

module was used to record IR and Raman spectra. IR spectra were recorded on samples 

dispersed in KBr pellets. Raman spectra were recorded on solid samples contained in 

standard NMR diameter tubes or on compressed samples contained in a gold-coated 

sample holder.  

ss-NMR: Solid state 13C NMR spectra were recorded on a Bruker Avance spectrometer 

at 400 MHz. ss NMR experiments were carried out on Bruker 4 mm double resonance 

CPMAS probe in zirconia rotors at 5.0 kHz with a cross-polarization contact time of 2.5 

ms and a recycle delay of 8 s. 13C-CPMAS spectra recorded at 100 MHz were referenced 

to methylene carbon of glycine and then the chemical shifts were recalculated to the 

TMS scale (δglycine = 43.3 ppm).  
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This thesis covers the identification and characterization of three different 

aspects of polymorphism: (1) polymorphism in isostructural molecules (Chapter 2 and 

3), (2) polymorphism of two special cases (by definition) viz. chiral/racemic (Chapter 4) 

and neutral/zwitterionic (Chapter 5) and finally, (3) polymorphism in active 

pharmaceutical ingredients (Chapter 6). 

7.1 Polymorphism in Isostructural molecules 

The importance of isostructurality and polymorphism has been discussed in 

Chapter 1. Chapters 2 and 3 depict the isostructurality and polymorphism in three series 

of compounds. 

Chapter 2 focuses on the polymorphism and isostructurality among the 

triiodohydroxy compounds viz. triiodophenol (TIP), triiodoresorcinol (TIR) and 

triiodophloroglucinol (TIG). Polymorphism was expected in the series of compounds 

after analyzing their crystal structures. The terminal members TIP and TIG crystallized 

in orthorhombic space group P212121 and are isomorphous whereas the middle member 

TIR crystallized in monoclinic space group P21/n with a different crystal structure. This 

led to the idea that the middle member TIR should also be able to crystallize in the 

orthorhombic space group P212121 similar to the terminal members. Hetero-seeding 

technique resulted in the desired polymorph of TIR. The same concept pointed towards 

the possibility of polymorphism in TIP and TIG too. Although TIP is still monomorphic, 

in contrast, TIG crystallized in monoclinic space group P21/n and is isomorphous with 

the monoclinic polymorph of TIR. Interestingly, in the crystal structures, TIR mimics 

TIG because of positional disorder of the OH groups in TIR and that is one of the 

reasons why polymorphism was observed in both the molecules. A set of crystal 

structures, retrieved from CSD, where molecules contain halogens at 1, 3 and 5 positions 

revealed that these compounds are traditionally well known in orthorhombic space group 

P212121 and are isostructural with orthorhombic polymorphs of TIR and TIG except 

triiodotrifluorobenzene which is isostructural with monoclinic polymorphs of TIR and 

TIG (Figure 7.1).  
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Figure 7.1 Isostructural series of molecules of this work (first three) and from CSD 
(rest). 

In addition to polymorphism and isostructurality on rigid molecules in Chapter 

2, study on these phenomena in conformational molecules viz. Fuchsones and 

Sulfonylhydrazones (Figure 7.2) was carried out and discussed in Chapter 3. Fuchsones 

and Sulfonylhydrazones are known to crystallize as conformational polymorphs. 

Isostructurality in conformationally flexible molecules is a challenge because such 

molecules often lead to different crystalline packing arrangements due to the presence of 

several conformers in solution.  

O
R R

R1R1

R=R1=Me=TMF
R=Cl, R1=Me=CMF
R=Me, R1=Cl=MCF
R=R1=Cl=TCF

S OO
NH

N

R1

RR

R1 = Cl, R = Me, CMSH
R1 = R = Cl, TCSH
R1 = R = Br, TBSH
R1 = F, R= Me, FMSH
R1= Me, R= I, MISH

 

Figure 7.2 Fuchsones and Sulfonylhydrazones studied in Chapter 3. 

Despite the enormous polymorphism in Fuchsones, form I of TMF, CMF and 

MCF are isostructural whereas form II of TMF and MCF form an isostructural pair. 

Cocrystallization of TMF, CMF and MCF resulted in continuous series of solid solutions 

viz. TMF+CMF, CMF+MCF, TMF+MCF-1, TMF+MCF-2, TMF+MCF-3 and 

TMF+MCF-4.  The series of isostructural crystals obtained in Fuchsones are  
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Series 1: TMF-I↔CMF-I↔MCF-I↔TMF+CMF↔CMF+MCF↔TMF+MCF-1↔ 

TMF+MCF-4 

Series 2: TMF-II↔MCF-II↔TMF+MCF-2.  

Sulfonylhydrazones, where the structure was mainly governed by sulfonamide 

dimer synthon, were expected to be polymorphic but only CMSH crystallized as dimorph 

(CMSH-I and CMSH-II). Isostructurality was observed among the crystal structures and 

CMSH polymorphs form a structural link. CMSH-I is isomorphous with TCSH and 

TBSH (in monoclinic space group C2/c) and CMSH-II is isomorphous with FMSH (in 

orthorhombic space group Pbca). 

 Therefore, isostructurality was observed in three different series of polymorphic 

compounds and number of isostructural crystals in Fuchsones can theoretically be 

increased to infinity by solid solution formation. 

7.2 Polymorphism in Two Special Cases: Chiral Vs Racemic and Neutral Vs 

Zwitterionic polymorphs 

 The modern definition of polymorphism was given by McCrone and can be 

stated in a simple way as the phenomenon which involves differential arrangement of the 

same molecule in its crystalline forms. But complications arise in case of a racemate and 

a conglomerate. Another example of such a situation is when there is an intramolecular 

transfer of substituent in one (or more) of the crystal structures compared to others where 

there are no such transfer. Tautomers and zwitterions fall in the second category. In such 

a situation crystal structures can be considered as polymorphic when the rate of 

interconversion (+ enantiomer  − enantiomer or neutral  zwitterion) is rapid in 

solution.  

Chapter 4 focuses on the concomitant polymorphism in a conformationally 

chiral molecule ditertiarybutylditolyfuchsone (t-BuF) where one polymorph is chiral (in 

non-centrosymmetric space group P21) and other three polymorphs are achiral (in 

centrosymmetric space groups P21/n, Pbca and C2/c). These tetramorphs can be called 

polymorphs as the conformational enantiomers interconvert rapidly in liquid state. One 
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of the reasons for generation of chirality in an achiral molecule is the ability of a 

molecule to exist as chiral conformers. The ability of the t-butyl derivatives, in two series 

of Fuchsones, to direct crystallization in non-centrosymmetric chiral space group P21 is 

established. Although the subtle factors behind the effect of substituents in chiral 

crystallization of Fuchsones is not clear, however, increasing the steric influence of the 

substituents around the carbonyl group appears to be an important factor. This 

observation perhaps finds application in non linear optical materials because materials 

that crystallize in non-centrosymmetric space group is a requirement for second 

harmonic generation. 

Chapter 5 describes the polymorphism in an ampholyte 2-(p-tolylamino) 

nicotinic acid (TNA), which exists as at least three polymorphic modifications, two are 

neutral (Form I and form II) whereas form III is zwitterionic. There are very few 

examples of molecules exhibiting both neutral and zwitterionic polymorphs. The neutral 

polymorphs crystallized concomitantly during solution crystallization whereas the 

zwitterionic polymorph crystallizes only in presence of a pyridine based coformer such 

as 2-aminopyridine or 2-bromo-3-hydroxypyridine. Crystal structure determination of 

the zwitterionic polymorph provides better understanding of crystal nucleation and role 

of hydrogen bonding in presence of specific coformers. A general method to crystallize 

zwitterionic polymorphs of nicotinic acids will have a pharmaceutical application. 

7.3 Polymorphism in Active Pharmaceutical Ingredients 

 Polymorphism in pharmaceutical compounds is well-known and has important 

implications in drug formulation. It is important to characterize these forms according to 

their stability because the metastable forms have greater solubility/dissolution compared 

to the thermodynamically stable form. Chapter 6 focuses on the polymorphism in three 

pharmaceutically important molecules viz. Tolbutamide, Methyl Paraben and Zolpidem.  
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Figure 7.3 The three pharmaceutically active molecules studied in Chapter 6. 

Tolbutamide, a sulfonylurea drug exhibiting hypoglycaemic activity, is known to 

exist as five different polymorphs viz. Form IL, Form IH, Form II, Form III and Form IV. 

However, no cocrystal of this drug is reported. With the idea that cocrystals can improve 

the physicochemical properties of drugs, novel cocrystals of Tolbutamide were 

attempted. A synthon approach suggested p-nitrophenol, p-nitrobenzoic acid, and p-

phenylenediboronic acid as potential coformers via the urea···nitro and urea···boronate 

heterosynthons.  

Manual and mechanical grinding and solution crystallization techniques did not 

result any cocrystal. A modulated crystal structure of the known Form III of Tolbutamide 

was obtained when p-nitrophenol and p-phenylenediboronic acid were used as 

coformers. The b-axis of this new crystal structure (at 100 K) is tripled (P21/n, 27.189(4) 

vs. 9.043(4) Å) and there are 3 symmetry-independent molecules in the unit cell. The 

butyl chain C atoms are fully ordered in the low temperature form III crystal structure (Z' 

= 3) compared to a disordered butyl group in the reported room temperature structure (Z' 

= 1). When nitrate anion was used as the complexing agent in place of the nitro group to 

hydrogen bond with the urea functionality, a serendipitous result happened. 

Crystallization of Tolbutamide with a trace amount of nitric acid in methanol afforded a 

novel polymorph V of Tolbutamide in Pbcn space group.  

Methyl paraben is extensively used in day to day life. Approximately 30,000 lbs 

of methyl paraben is consumed annually in the USA. There has been a recent controversy 
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regarding polymorphism in methyl paraben. A second genuine polymorph was 

crystallized by slow sublimation at ambient pressure at 80 °C and its crystal structure, 

thermal behavior and Hirshfeld fingerprint plots were compared with the three reported 

crystal structures of form I which were earlier claimed to be different polymorphs.  

Pharmaceutical co-crystals are attracting immense interest both in academics and 

industry as they can improve many properties of API like solubility, dissolution rate, 

stability, crystallinity and many more. Cocrystal polymorphs of Zolpidem, an insomnia 

drug, were characterized using X-ray diffraction, thermal methods and by spectroscopy 

and their stability relationship was established. Conformational flexibility of the drug 

molecule around C−C single bond resulted in different packing arrangement in the two 

polymorphs. Fifteen different conformations were obtained for a total of ten molecular 

complexes and the parent API (six are from this work and four were reported).   

The marketed form of zolpidem is its tartarate salt. A comparison of 

physicochemical properties of the cocrystal polymorphs or other novel molecular 

complexes with that of the marketed product may lead to the discovery of alternate solid 

forms for drug development. 
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Appendix 

Crystallographic data for the crystal structures discussed in this thesis: 

Crystal Data TIP TIR-O TIR-M 
Emp. Formula C3 H3 I3 O C6 H3 I3 O2 C6 H3 I3 O2 
Formula wt. 471.78 486.78 486.78 
Crystal system Orthorhombic  Orthorhombic Monoclinic 
Space group P212121 P212121 P21/n 
T [K] 100 100 100 
a [Å] 4.3695(5)   4.4949(7)   14.8819(10)   
b [Å] 14.6940(15) 13.958(2) 4.3317(3) 
c [Å] 14.1839(15) 15.036(2) 15.5848(11) 
α [°] 90 90 90 
β [°] 90 90 108.4950(10) 
γ [°] 90 90 90 
Z´/Z 1/4 1/4 1/4 
Volume [Å3] 910.68(17) 943.3(3) 952.77(11) 
Dcalc [g cm–3] 3.441 3.427 3.394 
µ/mm−1 10.231 9.890 9.793 
Reflns. collected 4958 5135 8909 
Unique reflns. 1797 1861 1878 
Observed reflns 1788 1800 1853 
R1 [I>2σ(I)], wR2 0.0290, 0.0700 0.0582, 0.1346 0.0277, 0.0696 
GOF 1.126 1.256 1.187 
Diffractometer Smart Bruker Smart Bruker Smart Bruker 
 
TIG-O TIG-M TIP+TIR-O TIR+TIG-O 
C6 H3 I3 O3 C6 H3 I3 O3 C6 H1.50 I3 O1.50 C6 H3 I3 O2.50 
503.78 503.78 478.27 495.78 
Orthorhombic  Monoclinic Orthorhombic  Orthorhombic  
P212121 P21/n P212121 P212121 
100 100 100 100 
4.6376(4)  14.582(4)   4.4419(3)  4.5607(3)  
13.5291(11) 4.5004(13) 14.3683(9) 13.6484(8) 
15.3446(12) 15.507(5) 14.5730(9) 15.3485(9 
90 90 90 90 
90 107.569(4) 90 90 
90 90 90 90 
1/4 1/4 1/4 1/4 
962.76(14) 970.2(5) 930.09(10) 955.39(10) 
3.476 3.449 3.416 3.447 
9.705 9.631 10.024 9.773 
5921 8806 9609 9686 
1805 1859 1846 1889 
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1800 1719 1834 1884 
0.0241, 0.0602 0.0488, 0.1115 0.0215 , 0.0535  0.0225, 0.0544 
1.108 1.187 1.197 1.178
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

TMF-I TMF-II TMF-III CMF-I 
C23 H22 O C23 H22 O C23 H22 O C21 H16 Cl2 O 
314.41 314.41 314.41 355.24 
Monoclinic  Triclinic  Monoclinic  Monoclinic 
P21/c P1ത P21/c P21/c 
100 100 100 100 
7.6297(5) 7.4822(6)  12.869(3)  7.5479(5)  
12.5889(8) 8.1328(6) 17.255(4) 12.4908(9) 
18.2064(11) 15.3014(11) 7.960(2) 18.3342(13) 
90 97.5620(10) 90 90 
95.4670(10) 101.0460(10) 99.436(5) 95.9850(10) 
90 102.9920(10) 90 90 
1/4 1/2 1/4 1/4 
1740.76(19) 875.49(11) 1743.6(7) 1719.1(2) 
1.200 1.193 1.198 1.373 
0.071 0.071 0.071 0.382 
17000 9080 16414 17449 
3233 3406 3085 3389 
3089 3235 2472 3105 
0.0498, 0.1300 0.0430, 0.1107 0.0755, 0.1665 0.0324, 0.0823 
1.056 1.066 1.113 1.051 
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

CMF-II CMF-d CMF-t MCF-I 
C21 H16 Cl2 O C23 H16 Cl2 O2 C24.50 H16 Cl2 O C21 H16 Cl2 O 
355.24 395.26 397.27 355.24 
Monoclinic Triclinic  Triclinic Monoclinic  
P21/c P1ത P1ത P21/c 
100 298 100 100 
8.1079(5)  7.222(2)           7.2779(7)  7.5638(16)                  
17.6794(12) 12.034(4) 11.8390(11) 12.612(3) 
12.3042(8) 12.859(4) 12.4604(11) 18.207(4) 
90 102.963(5) 101.2630(10) 90 
107.3880(10) 102.420(5) 103.8560(10) 96.092(3) 
90 92.363(5)  91.1900(10) 90 
1/4 1/2 1/2 1/4 
1683.12(19) 1058.9(6) 1019.73(16) 1727.0(6) 
1.402 1.240 1.294 1.366 
0.390 0.320 0.330 0.380 
17199 10898 10683 17374 
3306 4157 4000 3369 
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3068 2518 3422 3208 
0.0292, 0.0786 0.0540, 0.1489 0.0396, 0.1082 0.0328, 0.0856 
1.040 0.979 1.048 1.059
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

MCF-II MCF-III CMF+MCF TMF+CMF 
C21 H16 Cl2 O C21 H16 Cl2 O C21 H13.25 Cl2 O C22 H19.25 Cl O 
355.24 355.24 352.47 335.07 
Triclinic Monoclinic  Monoclinic Monoclinic  
P1ത C2/c P21/c P21/c 
100 100 100 100 
7.5140(7)  19.8402(15)  7.5735(6)  7.5966(8)  
8.1314(7) 10.8101(8) 12.5391(11) 12.5450(13) 
15.2380(14) 7.7823(6) 18.2526(16) 18.2688(18) 
97.0260(10) 90 90 90 
101.4830(10) 90.00 95.7320(10) 95.684(2) 
104.0540(10) 90 90 90 
1/2 0.5/4 1/4 1/4 
870.71(14) 1669.1(2) 1724.7(3) 1732.4(3) 
1.355 1.414 1.357 1.285 
0.377 0.393 0.380 0.225 
8918 8341 17571 17513 
3344 1630 3402 3416 
3001 1562 3173 3174 
0.0365, 0.0935 0.0334, 0.0880 0.0423, 0.1093 0.0378, 0.0932 
1.039 1.071 1.110 1.077 
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

TMF+MCF-1 TMF+MCF-2 TMF+MCF-3 TMF+MCF-4 
C22 H19.25 Cl0.75 O C22.50 H20.50 Cl0.50 O C21.50 H17.75 Cl1.50 O C21.50 H17.75 Cl1.50 O 
326.21 324.61 345.28 345.28 
Monoclinic  Triclinic  Monoclinic  Monoclinic 
P21/c P1ത C2/c P21/c 
100 100 100 100 
7.6140(5)  7.4976(7)  19.853(3)  7.6040(6)  
12.5924(8) 8.1301(7) 10.8323(15) 12.5706(11) 
18.2117(12) 15.2759(13) 7.8131(11) 18.1989(15) 
90 97.4970(10) 90 90 
95.6060(10) 101.2120(10) 90.00 95.8030(10) 
90 103.2220(10) 90 90 
1/4 1/2 0.5/4 1/4 
1737.8(2) 874.13(13) 1680.3(4) 1730.7(2) 
1.247 1.233 1.365 1.325 
0.186 0.147 0.311 0.302 
17702 8980 7930 17520 
3447 3381 1500 3422 
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3288 3284 1402 3214 
0.0392, 0.0999 0.0450, 0.1110 0.0579, 0.1163 0.0479, 0.1034 
1.091 1.145 1.319 1.208 
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

CMSH-I CMSH-II TCSH TBSH 
C21 H19 Cl N2 O2 S C21 H19 Cl N2 O2 S C19 H13 Cl3 N2 O2 S C19 H13 Br3 N2 O2 S 
398.89 398.89 439.72 573.10 
Monoclinic  Orthorhombic Monoclinic Monoclinic  
C2/c Pbca C2/c C2/c 
298 298 298 298 
22.305(2)  11.726(5)  22.655(4)  23.334(8)   
12.0112(12) 15.488(7) 11.6004(18) 11.594(4) 
15.3336(15) 22.317(10) 15.428(3) 15.600(5) 
90 90 90 90
100.953(2) 90 101.926(3) 103.035(5) 
90 90 90 90 
1/8 1/8 1/8 1/8 
4033.1(7) 4053(3) 3967.2(11) 4112(2) 
1.314 1.307 1.472 1.852 
0.311 0.309 0.584 6.005 
20658 40435 15441 20670 
3992 4096 3923 4031 
3164 3097 2454 2569 
0.0514, 0.1270 0.0451, 0.1141 0.0516, 0.1124 0.0399, 0.0836 
1.039 1.050 1.016 1.003 
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

FMSH MISH 2t-Bu-I 2t-Bu-II 
C21 H19 F N2 O2 S C20 H16 I2 N2 O2 S C29 H34 O C29 H34 O 
382.44 602.21 398.56 398.56 
Orthorhombic  Monoclinic  Monoclinic Monoclinic 
Pbca P21/c P21 P21/n 
298 298 100 100 
11.939(2)   11.6335(16)  6.0525(8)  9.0435(8)  
15.261(3) 11.6089(16) 19.535(3)  16.2029(15)  
21.322(4) 15.843(2) 10.3567(14) 17.1008(16) 
90 90 90 90 
90 96.670(2) 103.489(2) 95.993(2) 
90 90 90 90 
1/8 1/4 1/2 1/4 
3884.9(12) 2125.1(5) 1190.7(3) 2492.1(4) 
1.308 1.882 1.112 1.062 
0.194 3.075 0.065 0.062 
33011 21633 12340 23016 
3843 4235 4703 4358 
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3047 3678 4580 3719 
0.0428, 0.1138 0.0390, 0.1003 0.0322, 0.0812 0.0586, 0.1176 
1.048 1.064 1.060 1.146 
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

2t-Bu-III 2t-Bu-IV 2i-Pr TNA-I 
C29 H34 O C29 H34 O C27 H30 O C13 H12 N2 O2 
398.56 398.56 370.51 228.25 
Orthorhombic Monoclinic Monoclinic  Monoclinic 
Pbca C2/c P21/n P21/n 
100 100 100 100 
15.8153(14) 12.5468(14)                 8.5454(9)  11.038(10)  
17.4890(15)               23.813(3)  15.2329(16) 9.067(8) 
17.9924(16) 9.2568(10)  17.3166(18) 11.392(10) 
90 90 90 90
90 121.033(2)  98.015(2) 101.860(14) 
90 90 90 90 
1/8 0.5/4 1/4 1/4 
4976.6(8) 2369.8(4) 2232.1(4) 1115.8(17)  
1.064 1.117 1.103 1.359 
0.062 0.065 0.065 0.094 
45143 11335 22712 10196 
4412 2104 4407 2190 
3767 1708 3747 1987 
0.0509, 0.1169 0.0550, 0.1137 0.0610, 0.1425 0.0598, 0.1827 
1.116 1.063 1.095 1.188 
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 
 

TNA-II TNA-III (100 K) TNA-III (298 K) NH+-TNA-
COO−•2 NBA 

C13 H12 N2 O2 C13 H12 N2 O2 C13 H12 N2 O2 C27 H22 N4 O10 
228.25 228.25 228.25 562.49 
Orthorhombic Orthorhombic Orthorhombic Triclinic 
Pbca Pbca Pbca P1ത 
100 100 298 298 
14.2565(16)  9.0787(11)   9.250(4)  7.8000(8)  
10.7542(15) 14.2261(17) 14.207(4) 13.0415(16) 
14.769(3) 17.154(2) 17.509(10) 14.0098(15) 
90 90 90 64.870(11)  
90 90 90 86.132(9) 
90 90 90 85.992(9) 
1/8 1/8 1/8 1/2
2264.3(6) 2215.6(5) 2301.1(17) 1286.0(3) 
1.339 1.369 1.318 1.453 
0.092 0.094 0.091 0.113 
10798 20081 5988 9618 
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4319 2160 2097 5273 
2306 2005 866 3625 
0.0497/0.1026 0.0521/0.1475 0.0646 /0.1350 0.0399/ 0.1033 
0.872 1.185 0.929 1.039 
Oxford Diffraction Smart Bruker Oxford Diffraction Oxford Diffraction 
 

AP-NH+•TNA-
COO− TB-III, LT TB-III, RT TB-V 

C18 H18 N4 O2 C12 H18 N2 O3 S C12 H18 N2 O3 S C12 H18 N2 O3 S 
322.36 270.34 270.34 270.34 
Orthorhombic  Monoclinic  Monoclinic  Orthorhombic  
P212121 P21/n P21/n Pbcn 
298 100 298 298 
6.8022(8)  11.5613(17)   11.787(5) 15.851(6)   
10.4120(12) 27.189(4) 9.043(4) 9.288(4) 
23.206(3) 13.556(2) 13.955(6) 19.691(8) 
90 90 90 90 
90 102.803(2) 104.644(7) 90 
90 90 90 90 
1/4 3/12 1/4 1/8 
1643.6(3) 4155.2(11) 1439.2(10) 2899.2(19) 
1.303 1.296 1.248 1.239 
0.088 0.236 0.227 0.226 
15003  39777 14600 25042 
3220 7363 2846 2568 
3101 5713 2304 1647
0.0420, 0.0928 0.0652, 0.1505 0.0714, 0.1679 0.0784, 0.2086 
1.162 0.963 1.099 1.062 
Smart Bruker Smart Bruker Smart Bruker Smart Bruker 

 

MP-II ZM•Suc-I ZM•Suc-II ZM-NH+•Cl−•H2O 
C8 H8 O3 C21 H24 N3 O3 C21 H24 N3 O3 C19 H24 Cl N3 O2 
152.14 366.43 366.43 361.86 
Monoclinic  Orthorhombic  Monoclinic  Orthorhombic  
P21/c Iba2  P21/c Pbca 
100 100 100 100 
4.8186(13)   24.520(3)   9.0697(15)  18.1812(12)  
14.630(4) 9.6118(10) 21.307(3) 9.9506(7) 
10.239(3) 16.4739(17) 9.7325(16) 19.7751(13) 
90 90 90 90 
99.810(5) 90 90.265(17) 90 
90 90 90 90 
1/4 1/8 1/4 1/8 
711.3(3) 3882.5(7) 1880.8(5) 3577.6(4) 
1.421 1.254 1.294 1.344 
0.109 0.085 0.088 0.232 
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7072 19301 10355 35151 
1370 3833 3796 3534 
1252 3430 2432 3331
0.0801, 0.1564 0.0631, 0.1326 0.0433/0.0877 0.0397, 0.0940 
1.339 1.187 0.885 1.088 
Smart Bruker Smart Bruker Oxford Diffraction Smart Bruker 

 

ZM-NH+•Cl−•2 
CH3CN 

ZM-NH+•Sal-
COO−•H2O 

2ZM-NH+•2Sal-
COO−•CH2Cl2 

2ZM-NH+•2Mal-
COO−•2H2O 

C23 H28 Cl N5 O C26 H29 N3 O5 C53 H56 Cl2 N6 O8 C46 H58 N6 O14 
425.95 463.52 975.94 918.98 
Monoclinic  Triclinic  Monoclinic Monoclinic  
P21/c P1ത P21/n P21 
100 100 100 100
9.6386(19)  8.4804(10)  16.6441(10) 15.0976(16) 
8.9405(17) 10.9715(13)  17.7017(8) 7.2495(8) 
26.169(5) 13.4688(16) 16.7517(11) 20.519(2) 
90 90.248(2) 90 90 
96.052(3) 106.839(2) 91.009(6) 90.900(2) 
90 106.470(2) 90 90 
1/4 1/2 2/8 2/4 
2242.5(7) 1145.1(2) 4934.8(5) 2245.5(4) 
1.262 1.344 1.314 1.359 
0.195 0.094 0.193 0.101 
22425 10855 16194 21233 
4406 3958 7071 7672 
4054 3452 3865 6084 
0.0599, 0.1337 0.0512, 0.1265 0.0462, 0.0804 0.0727, 0.1279 
1.210 1.041 0.833 1.071 
Smart Bruker Smart Bruker Oxford Diffraction Smart Bruker 

 

ZM•MP 
C27 H29 N3 O4 
459.53 
Orthorhombic  
Pbca 
100 
  7.2702(5)   
21.8256(16) 
30.082(2) 
90 
90
90 
1/8 
4773.2(6) 
1.279 
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0.087 
46601 
4695
3501 
0.0898, 0.1378 
1.205 
Smart Bruker 

 

Crystal data of 2t-Bu-1 under Cu Kα radiation 

Crystal Data Crystal 1 Crystal 2 Crystal 3 
Emp. Formula C29 H34 O C29 H34 O C29 H34 O 
Formula wt. 398.56 398.56 398.56 
Crystal system Monoclinic  Monoclinic  Monoclinic  
Space group P21 P21 P21 
T [K] 100 100 100 
a [Å] 6.0544(2)  6.05834(13)             6.0578(3)  
b [Å] 19.5688(5) 19.5652(4) 19.5697(9) 
c [Å] 10.3671(3) 10.3736(2) 10.3728(6) 
α [°] 90 90 90 
β [°] 103.518(3) 103.512(2) 103.561(5) 
γ [°] 90 90 90 
Z´/Z 2 2 2 
Volume [Å3] 1194.24(6) 1195.57(4) 1195.39(11) 
Dcalc [g cm–3] 1.108 1.107 1.107 
µ/mm−1 0.491 0.491 0.491 
Reflns. collected 8558 10219 10119 
Unique reflns. 4642 4534 4210 
Observed reflns 4606 4525 4207 
R1 [I>2σ(I)], wR2 0.0336, 0.0907 0.0353, 0.0923 0.0313, 0.0850 
GOF 1.067 1.083 1.045 
Flack 0.0(2) 0.0(2) 0.0(2) 
Radiation source Cu Cu  Cu  
Diffractometer Oxford Diffraction Oxford Diffraction Oxford Diffraction 
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DSCs of Fuchsones: 

 
Figure A1 DSC thermograms of TMF polymorphs. 
 

 

Figure A2 DSC thermograms of CTF polymorphs. 
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Figure A3 DSC thermograms of MCF-I and MCF-II. MCF-III could not be obtained in 
pure form. 
 

 
 
Figure A4 DSC thermogram of TCF.  
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DSC and TGA of molecular complexes of Zolpidem: 
 

 
Figure A5 DSC (black) and TGA (red) of 2ZM-NH+•2Mal-COO−•2H2O. TGA shows a 
weight loss of 3.80% starting at 97 °C corresponding to the theoretical weight loss of 
3.92%. The molecular complex melted at 146 °C. 

 
Figure A6 DSC (red) and TGA (black) of ZM-NH+•Cl−•H2O. TGA shows a weight loss 
of 4.97% at 118 °C of corresponding to the theoretical weight loss of 4.99%. The 
molecular complex melted at 279 °C. 
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Figure A7 DSC (red) and TGA (black) of ZM-NH+•Sal-COO−•H2O. TGA shows a 
weight loss of 3.84% at 57 °C corresponding to the theoretical weight loss of 3.88%. The 
molecular complex melted at 151 °C. 
 

 
Figure A8 DSC (red) and TGA (black) of ZM-NH+•Sal-COO−•0.5CH2Cl2. TGA shows a 
weight loss of 8.37% at 106 °C corresponding to the theoretical weight loss of 8.70%. 
The molecular complex melted at 150.3 °C. 
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Figure A9 DSC thermogram of ZM•MP cocrystal which melted at 152 °C. 
 
 
Comparison of calculated and experimental XRPDs of molecular complexes 
of Zolpidem: molecular complexes: 

  
 
Figure A10 Comparison of calculated (red) and experimental (black) XRPD patterns of 
the molecular complex 2ZM-NH+•2Mal-COO−•2H2O. 
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Figure A11 Comparison of calculated (red) and experimental (black) XRPDs of ZM-
NH+•Sal-COO−•H2O. 
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SYNOPSIS 
This thesis entitled “Isostructurality and Polymorphism in Model Compounds and 

Active Pharmaceutical Ingredients” consists of seven chapters. 

CHAPTER ONE 

Introduction 

Solid state chemistry in the modern era has gained significance in the isolation, 

identification and characterization of different crystal forms of the same molecule or of 

aggregates of molecules with other molecules due to scientific, materials, regulatory, and 

intellectual property reasons. These crystalline forms can be polymorphs, 

solvates/hydrates, salts and cocrystals. The importance of multi-crystalline forms 

originate due to the fact that they can exhibit a range of different physico-chemical 

properties of the solid material.  

McCrone defined polymorphism as “a solid crystalline phase of a given 

compound resulting from the possibility of at least two different crystalline arrangements 

of the molecules of that compound in the solid state”. Depending on the differences 

between polymorphs they can be classified as conformational polymorph, due to 

differences in molecular conformations, synthon polymorph, due to differences in 

hydrogen bonding, and packing polymorph, where the difference is in the overall 

packing of molecules. Polymorphism has immense importance in pharmaceutical 

industry, dyes and pigment, agrochemicals, explosive materials etc. due to its ability to 

alter the melting point, color, compressibility, filterability, stability, solubility etc. of the 

solid material. Polymorphism is very common in pharmaceutical solids, with estimates 

of 30-50% in drug-like molecules, compared to 4-5% polymorphic compounds for 

organic solids in the Cambridge Structural Database.  

Isostructurality is another phenomenon, inversely related to polymorphism, 

which refers to identical or a nearly identical crystal packing arrangement of chemically 

related compounds in the crystal lattice.  This phenomenon has substantial importance in 

solid state development which can be employed to find out desired crystal forms of a 
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drug by replacing one molecule with another without disturbing the crystalline order. 

Two crystals are said to be isomorphous if (a) they have the same space group and unit 

cell dimensions and (b) the types and the positions of atoms in both structures are the 

same except for a replacement of one or more atoms in one molecule with different types 

of atoms in the other. Two isomorphous substances can form a continuous series of solid 

solutions. On the other hand, two crystals are said to be isostructural if they have the 

same crystal structure, but not necessarily the same unit cell dimensions nor the same 

chemical composition, and with a comparable variability in the atomic coordinates to 

that of the cell dimensions and chemical composition. Isostructural materials can be 

designed from molecules with exchange of functional groups such as halogen exchange, 

halogen→methyl, O−H→C−H, N−H→C−H, P=O→P (lp), H→t-Bu, etc.  

 

CHAPTER TWO 

Isostructural Polymorphs of Triiodoresorcinol and Triiodophloroglucinol 

The twin phenomena of polymorphism and isostructurality typify almost 

opposite molecule to crystal structure behavior in the organic solid-state. 

Triiodoresorcinol (TIR, 2,4,6-triiodoresorcinol) and triiodophloroglucinol (TIG, 2,4,6-

triiodophloroglucinol) crystallized as orthorhombic (TIR-O and TIG-O in P212121) and 

monoclinic (TIR-M and TIG-M in P21/n) polymorphs mediated via inter-halogen I···I 

interactions. The orthorhombic polymorphs are isostructural and in turn similar to the 

crystal structure of 1,3,5-triiodobenzene (TIB). The isostructural monoclinic polymorphs 

are similar to the structure of 1,3,5-trifluoro-2,4,6-triiodobenzene (TIF). Triiodophenol 

(TIP) crystallized in a single orthorhombic form only. TIG-M and TIR-M have tandem 

O–H···O hydrogen bonds in addition to inter-iodine interactions. The isomorphous nature 

of crystal structures was confirmed by the formation of 1: 1 binary solid-solutions, TIP + 

TIR-O and TIR + TIG-O, in orthorhombic space group P212121. Dimorphs of TIR and 

TIG establish a structural link in the triiodobenzene series TIB (P212121) - TIP (P212121) 

- TIR (P212121 and P21/n) - TIG (P212121 and P21/n) - TIF (P21/n). The search for new 
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polymorphs was initiated after analyzing the isostructurality relationship in the series of 

compounds. 

 

Figure 2.1 Isostructural orthorhombic and monoclinic pairs of TIG and TIR polymorphs. 

 

CHAPTER THREE 

Isostructurality and Polymorphism in Fuchsones and Sulfonylhydrazones 

One of the approaches to study the structural aspects of packing motifs in 

organic solids is to vary systematically the mode of substitution on a particular molecule 

and to investigate the subsequent similarities and differences in the crystal structures. 

The similarity in volume of the methyl group and the chlorine atom has led to the idea 

that they could be interchanged. This is called chloro-methyl exchange. In the 

Cambridge Structural Database (CSD) about 30% of the 105 pairs of molecules differing 

only by the substitution of a methyl group for a chlorine atom are found to be 

isostructural. Isostructurality among the polymorphs of the two chloro-methyl exchanged 

compounds is rare in literature. A study of isostructurality based on chloro-methyl 

exchange rule among the polymorphs of a series of Fuchsones is presented in this 

chapter. Molecular acronyms TMF, CMF, MCF and TCF stand for tetramethylfuchsone, 



xiv 

 

dichlorodimethylfuchsone, dimethyldichlorofuchsone and tetrachlorofuchsone (Figure 

3.1). 

O
CH3CH3

CH3 CH3

O
ClCl

CH3 CH3

O
CH3CH3

Cl Cl

Tetramethylfuchsone (TMF) Dichlorodimethylfuchsone (CMF)

Dimethyldichlorofuchsone (MCF)

O
ClCl

Cl Cl

Tetrachlorofuchsone (TCF)
 

Figure 3.1 Series of Fuchsones where methyl group is exchanged with chloro. 

TMF crystallized as trimorph, form I (TMF-I), form II (TMF-II) and form III (TMF-III); 

CMF crystallized as dimorph, form I (CMF-I), form II (CMF-II) along with two solvated 

crystal structures dioxane (CMF-d) and toluene (CMF-t); MCF as trimorph, form I 

(MCF-I), form II (MCF-II) and form III (MCF-III). But for TCF only one crystal 

structure was obtained. Comparison of cell parameters, space group and crystal structure 

analysis revealed that TMF-I, CMF-I and MCF-I form an isomorphous crystal triplet and 

TMF-II and MCF-II are isomorphous crystal pair. The two solvated crystal structures 

CMF-d and CMF-t also form an isomorphous crystal pair. Isomorphism in the 

polymorph series is further confirmed by the formation of solid solution. Different 

stoichiometric ratio solid solutions were obtained which crystallized in the same space 

groups of the polymorphs of the three compounds (TMF+CMF, CMF+MCF, 

TMF+MCF-1, TMF+MCF-2, TMF+MCF-3 and TMF+MCF-4). Isostructurality and 

polymorphism in Fuchsones can be interrelated as shown in Scheme 3.2. 
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Figure 3.2 Interrelation of isostructurality and polymorphism among the crystal 
structures of Fuchsones. Isomorphous crystals resulting from two different starting 
materials (indicated by single headed arrows) are included in the different colored boxes. 
Crystal structures inside red box are isomorphous to each other (indicated by double 
headed arrows). 

 Sulfonylhydrazones are conformationally flexible molecules. Halogen-methyl 

exchange and inter halogen exchanged isostructurality was studied in this series. The 

following halogen and methyl derivatives were synthesized and crystal structures were 

determined to find polymorphs and isostructurality among them.  

S OO
NH

N

R1

RR

R1 = Cl, R = Me, CMSH
R1 = R = Cl, TCSH
R1 = R = Br, TBSH
R1 = F, R= Me, FMSH
R1= Me, R= I, MISH

 

Figure 3.3 Sulfonylhydrazone derivatives selected for this study. 

Summary of polymorphism and isostructurality in Sulfonylhydrazones is as follows. 
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Figure 3.4 Sulfonylhydrazones exhibiting isostructurality and polymorphism. CMSH-I 
and CMSH-II represents polymorph 1 and polymorph 2 of CMSH. The double headed 
arrows relate the isomorphous crystal structures. Polymorphs of CMSH establish a 
structural link in the series. 

 

CHAPTER FOUR 

Chiral and Racemic Tetramorphs of t-Butylditolylfuchsone 

Optically active molecules must crystallize in chiral space groups, but in solution 

a racemic mixture of a chiral molecule may aggregate either to form an achiral racemic 

crystal (more common) or undergo a spontaneous resolution where the two enantiomers 

crystallize separately into a conglomerate of enantiopure crystals (rare). Achiral 

molecules can also crystallize in chiral space groups. Conformationally flexible achiral 

molecules in liquid state or in solution can exist in a dynamic equilibrium of 

interconverting chiral conformations. When the rate of interconversion of enantiomers in 

liquid state is fast it gives rise to racemic and chiral crystals and they are termed as 

polymorphs. When the rate of interconversion is slow they are different compounds, viz. 

racemate and enantiomers (+ and –). 

Crystal structures with non-centrosymmetric packing of molecules are important 

in many aspects such as in electro-optic and nonlinear optical materials, asymmetric 

synthesis and is relevant to understanding of the origin of life.  
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The title compound 4-(α,α-ditolylmethylene)-2,6-di-t-butyl-1,4-benzoquinone (t-

Butylditolylfuchsone) which can exhibit conformational chirality, was synthesized and 

crystallized as a concomitant mixture of four polymorphs. Form-I crystallized in chiral 

space group P21, however, form-II, III, and IV crystallized in centrosymmetric space 

groups P21/n, Pbca, and C2/c respectively. Conformational chirality in the title molecule 

and the effect of t-Bu groups on the crystallization in non-centrosymmetric chiral space 

group was noted in two series of Fuchsone derivatives (Figure 4.1). Phase transition from 

racemic to chiral polymorph was monitored by thermal techniques and single crystal X-

ray diffraction. 

O
RR

O
RR

Series 1 Series 2

R= Me, 1Me
R=i-Propyl, 1i-Pr
R=t-Butyl, 1t-Bu

R=Me, 2Me
R=i-propyl, 2i-Pr
R=t-Butyl, 2t-Bu  

Figure 4.1 Moving from Me→i-Pr→t-Bu in the above two series of Fuchsones exhibit 
chiral crystallization. 

 

CHAPTER FIVE 

Neutral and Zwitterionic Polymorphs of 2-(p-Tolylamino) Nicotinic Acid 

(TNA) 

Ampholites are amphoteric compounds which contain both acidic and basic 

groups and exist as zwitterion in certain pH ranges. Amino acids are the commonest 

examples of amphoteric compounds. Zwitterions contain both positive and negative 

charges on different atoms within the molecule and are electrically neutral through a net 

cancellation of formal positive and negative charges. Amphoteric drug molecules 
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predominantly exist as charged species in physiological pH conditions therefore these 

drugs are better suited for targets situated in plasma.   

Molecules exhibiting both neutral and zwitterionic crystal structures are not 

common. To our knowledge, there are only four molecules in CSD which exhibit neutral 

and zwitterionic polymorphs. Clonixin form II and Norfloxacin form A exist as 

zwitterions along with their neutral polymorphs, whereas anthranilic acid form I and 

Torasemide form-i are in part zwitterionic (both neutral and zwitterionic molecules are 

present in the asymmetric unit) in nature.  

Many diarylamines exhibit anti-inflammatory drug properties. Common 

examples are niflumic acid, clonixin, mefenamic acid, tolfenamic acid, flufenamic acid 

meclofenamic acid, diclofenac etc. and most of them are polymorphic. A nicotinic acid 

derivative, 2-(p-tolylamino) nicotinic acid (TNA) which falls under the category of 

diaryl amines (an ampholite) was synthesized and crystallized as conformational 

trimorphs with two neutral (Form I and Form II) and one zwitterionic polymorphs (Form 

III). Crystal structures of form I and form III are 2D isostructural whereas form II has 

completely different crystal structure through a different molecular conformation. Partial 

intramolecular proton transfer is observed in the room temperature crystal structure of 

form III whereas proton transfer is complete at 100 K. Polymorphs were characterized by 

FT-IR, FT-Raman, ss-NMR, DSC, and single crystal X-ray diffraction. 2D finger print 

plots of Hirshfeld surface shows the difference in the hydrogen bonding interactions for 

all the three polymorphs (Figure 5.1). 

Form I Form II Form III 
Figure 5.1 2D fingerprint plots for Hirshfeld surface shows clear differences of N···H 
interactions of form I and form II from zwitterionic form III. 
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Parabens are a group of alkyl esters of p-hydroxybenzoic acid and are widely 

used as preservatives in cosmetics, toiletries, pharmaceuticals, food, skin creams, 

shampoos and eye makeup to protect users from infections, rashes. Methyl paraben (MP) 

is particularly important because of its higher solubility (2.7 mg/mL in phosphate buffer) 

compared to higher esters in the series. Approximately 30,000 lbs of methyl paraben is 

consumed annually in the USA.  

A second polymorph (form II) of methyl paraben was crystallized by 

sublimation technique concomitantly with form I crystals. Cell parameters, space groups, 

(P21/n, form II and Cc, form I), Z' value (Z'=1 for form II, Z'=3 for form I) and the 

calculated XRPD lines of the form II and the reported form I are entirely different. 

Crystal structure analysis revealed that form I has a 3D packing whereas the form II is a 

layered structure. 

 

                  

OH

COOCH3  

 
 
 
Sublimation at 80 °C 
 
2 days, ambient 
pressure 
Slow condensation 

       
Figure 6.2 Slow sublimation at 80°C for 2 days gave a second polymorph of methyl 
paraben. 

Zolpidem is a prescription medication used for the short-term treatment 

of insomnia, as well as some brain disorders. Because of the low solubility of Zolpidem 

free base in water various salt forms are reported in patents and is marketed in the form 

of Zolpidem tartarate. Zolpidem is conformational flexible around the p-tolyl group. Two 

conformational cocrystal polymorphs of Zolpidem with succinic in 1: 0.5 ratios were 

solved by X-ray diffraction (single crystal X-ray and powder XRD), spectroscopy (FT-

IR, FT-Raman and ss-NMR) and by DSC. Form I crystallized in orthorhombic non-

centrosymmetric polar space group Iba2 whereas form II crystallized in centrosymmetric 

P21/c space group.  
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Form I Form II 

Figure 6.3 Two polymorphs of Zolpidem Succinic acid (1: 0.5) cocrystal. 

 

CHAPTER SEVEN 

Conclusion and Future Prospects 

Polymorphism and isostructurality are the twin facets of materials chemistry and are 

important to our understanding of crystal nucleation and growth as well as crystal 

structure prediction. Extensive studies of polymorphism and isostructurality have been 

carried out on model organic compounds of triiodohydroxybenzenes, Fuchsones and 

Sulfonylhydrazones. Isostructurality among polymorphs of different compounds are rare 

in literature and presented in chapter 2 and 3. In the series of triiodohydroxybenzenes 

H→OH functional group exchange among the polymorphs was observed whereas in the 

Fuchsones and Sulfonylhydrazones polymorphism, halogen-Me and inter halogen 

exchange was studied. The effect of t-Butyl group in the crystallization of a 

conformationally flexible molecule in chiral space group along with concomitant 

crystallization of three other racemic polymorphs was serendipitously detected in t-

Butylditolylfuchsone. A new polymorph (form V) of Tolbutamide, an antidiabetic drug, 

is isolated along with a modulated high Z' structure of reported form III, in presence of 

coformers. Another important compound in day to day life is methyl paraben. There has 

been a recent controversy regarding polymorphism of this important molecule. A second 

polymorph of methyl paraben was successfully crystallized.  Conformational cocrystal 

polymorphs of zolpidem-succinic acid open up the possibility of finding new multi 

crystalline forms of the parent drug or its cocrystal/ salts. 
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