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PREFACE 
 Crystal engineering, the design of organic solids with specified architectures and 

desired physical and chemical properties, continues to fascinate chemists. 

Supramolecular synthon concept simplifies the retrosynthesis and subsequent non-

covalent synthesis of crystal structures. The work presented in this thesis is an attempt at 

establishing reliable structure-property relationships by considering mechanical 

response. Chapter 1 gives an overview of the streams in the development of (a) crystal 

engineering from solid state organic chemistry, and (b) mechanophysical aspects of 

materials from the viewpoint of physical metallurgy/materials science. Chapter 1 also 

deals with the importance of mechanical properties in materials science and crystal 

engineering and a glossary of terms used in this thesis. Numbering of molecules is 

specific to each chapter of this thesis. 

 Crystals of 1,3,5-trichloro-2,4,6-triiodobenzene (135C246I) show layered 

packing with strong I···I interactions within the planar layers and weak van der Waals 

interactions between the layers. Successive planar layers are inversion related and are 

stacked so that bumps in one layer fit into the hollows of the next. Application of a 

mechanical stress to the crystal parallel to the layers leads to shearing because of sliding 

of layers against one another. Twinning was observed in all the shearing crystals because 

of the creation of stacking faults. Shearing, twinning and anisotropy of intermolecular 

interactions in layered structures are described in Chapter 2. 

 Chapter 3 demonstrates the structural basis for the mechanical bending of 

organic crystals. The bending phenomenon was first observed in crystals of 

hexachlorobenzene which has a 4 Å short axis. A survey of around 60 crystals revealed 

that 17 of them could be bent. A model for bending has been proposed using descriptions 

obtained through X-ray diffraction, face indexing and nanoindentation techniques. These 

studies reveal that bending is possible when the packing is anisotropic in such a way that 

strong and weak interaction patterns are present in nearly perpendicular directions. 

 Nanoindentation and near-exhaustion creep behaviour of bending (samples 1 to 

5) and shearing (sample 6) molecular crystals are presented in Chapter 4. The crystals 
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show near-exhaustion creep behaviour at room temperature on nanoindentation, which 

has been accounted for quantitatively but in phenomenological terms. It was possible to 

find out some differences in the mechanical behaviour of a few polymorphic crystals. It 

is also concluded that further studies in greater depth are necessary to acquire a more 

accurate and detailed understanding of the mechanical properties of molecular crystals. 

 Chapter 5 deals with mechanical and crystallographic properties of some 

halogenenated benzenes and the relevance of these properties to the elucidation of the 

nature of halogen···halogen interactions. These compounds appear in two broad 

structural groups, (a) monoclinic packing that is isostructural with C6Cl6, (b) layered 

triclinic packing with a repeated appearance of X3 synthons. 

 An extended Appendix describes the engineering of a weak N–H···π interaction 

and a method to control it via guest selection in 4-(triphenylmethyl)benzamide solvates. 

The work in Appendix 1 is an independent study carried out in an earlier part of my 

tenure and was supervised by Prof. A. Nangia. 

   

    C. Malla Reddy 
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CHAPTER 1 

MATERIALS SCIENCE, MECHANICAL PROPERTIES OF MATERIALS AND 

CRYSTAL ENGINEERING 

 

1.1 Introduction 

 Materials science is an interdisciplinary subject and combines many areas of 

science [1.1]. Materials science draws from chemistry, physics, and engineering to make 

better, more useful, more economical and more efficient materials (Scheme 1). 

 
Scheme 1 

 In the broadest sense, what chemists do is to understand the physical and 

chemical properties of matter in terms of atomic and molecular level structures [1.2]. 

Although solution and solid state methods emerged simultaneously, the solution state 

played a crucial role in the continuous evolution of chemistry. Organic solid state 

chemistry (intersection of organic chemistry and materials science) [1.3] is nearly as old 

as solution organic chemistry, but the development of the subject was delayed due to 
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several factors and the renewals in its intersecting subjects. The developmental period of 

organic solid state chemistry may be viewed as flowing along three main streams: 

Stream I (1880s to 1970), evolution of organic solid state chemistry from organic 

chemistry; Stream II (1970s to recent times), rapid evolution of crystal engineering [1.2] 

from organic solid state chemistry which now continues towards applications of crystal 

engineering to various fields, mainly towards pharmaceutical applications [1.4]. Stream 

III (towards the future) combination of top down and bottom up approaches to 

understand and engineer materials in a more efficient way. 

 

1.2.1 Stream I (1880s to 1970): Organic Solid State Chemistry 

 The molecular concept in organic chemistry, which originated with Wöhler’s 

synthesis of urea in 1828, influenced the perception of chemists a great deal to adopt the 

bottom up approach in understanding the macro-level properties of materials by 

constructing them from the micro (molecular) level [1.2]. The history of chemistry 

suggests that thermal reactions of organic solids were known since the beginning of 

organic chemistry. For example, studies on light-induced reactions such as 

photodimerization of solid cinnamic acids and other solid-state reactions began between 

the end of the 19th and the beginning of the 20th century [1.5]. After the 1920s the growth 

of solid-state chemistry suffered due to a lack of proper physical methods to provide an 

insight into the molecular structure of organic solids. The study of physical properties of 

materials, say polymorphism and phase transitions, had not moved from the 

thermodynamic to the molecular level. It is here that the importance of X-ray 

crystallography was realized by the solid state chemists and crystallographers of the time 

who believed that the solid state properties are definitely dependent upon the molecular 

packing. But crystallography was not mature enough in the 1930s and the 1940s to 

provide important and sufficient information about the molecular structure of solids. 

When the power of X-ray crystallography increased during the 1960’s and the 1970s, 

organic solid state chemistry grew rapidly into a distinct discipline [1.3, 1.6]. 

 Solution reactivity largely depends on molecular properties, while solid state 

reactivity is a supramolecular property which is characteristic of an assembly of 
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molecules. (An analogy would be the distinction between physics and physical 

metallurgy.) The important link between the structure of a molecular assembly and its 

solid state chemical reactivity was established by Schmidt [1.7] while working on the 

photochemical reactivity of crystalline cinnamic acids. Schmidt found that for a series of 

photodimerisable olefins, the spatial arrangement of molecules in the crystalline state 

plays the key role on the initiation and progress of the solid state reaction. Such reactions 

were termed as topochemical reactions since they were considered to occur with a 

minimum of molecular movement [1.7-1.9]. The photochemical reaction proceeded only 

when the geometry of the molecules favoured in the reactant crystal. In these 

topochemical reactions the structure of the product was closely related to the crystal 

symmetry of the reactant and only a small number of products resulted. 

4 A
o

  >4.6

γ

4 A
o

β

4 A
o

α

 
Scheme 2 

 Schmidt systematically studied the trans-cinnamic acids (Scheme 2). He found 

in his study that substituted cinnamic acids crystallize in one of three structural types α, β 

and γ. The α and β forms react in a 2 + 2 fashion to give rise to cyclobutane dimers when 

irradiated in the solid state, while crystals of the γ form are photostable. The 

topochemical principle was proposed after establishing the close relationships between 

the molecular packing in the crystalline state and the formation of mirror symmetry 
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products from the β -acids and inversion symmetry products from the α -acids. In both α 

and β forms, the reactive double bonds in the monomer crystal are closer than ca. 4.2. Å. 

In contrast, in crystals of the γ form, the double bond separations are around 4.9 Å, 

which is too far apart to involve them in photochemical reactions. 

 The identification of the remarkable structure-property correlations in cinnamic 

acid crystals by Schmidt was very successful in predicting and understanding the path of 

many solid state reactions and motivated one to control the crystal packing. But, this was 

found to be a difficult task since the understanding of crystal structures was very poor 

and there were no rules to predict the self assembly of molecules. At this point in time, 

the concept of crystal engineering was brought in to deal with these issues. The term was 

first suggested by Pepinsky [1.10] in 1955 and Schmidt denoted further rules which 

could be used to generalize and predict molecular packing [1.7]. Schmidt suggested that 

the systematic development of the subject would be possible by understanding the 

intermolecular forces which are responsible for the stability of the crystalline array [1.7]. 

During the later stages of this stream of activity, dislocation theory was proposed to 

explain the mechanisms of solid state reactions that are controlled by defect 

topochemistry [1.9]. Dislocation theory had already been used to explain deformation in 

metal crystals [1.11]. 

 

1.2.2 Stream II (1970s to the Present Time): Crystal Engineering 

 After Schmidt’s emphasis on the importance of crystal engineering in the context 

of organic solid-state photochemical reactions, pioneering research work was undertaken 

by Desiraju [1.2], which led to the modern subject that goes far beyond organic solid 

state reactivity. The scope of the term crystal engineering was extended by Desiraju who 

defined crystal engineering as “the understanding of intermolecular interactions in the 

context of crystal packing and the utilization of such understanding in the design of new 

solids with desired physical and chemical properties”. Organic solids with specified 

architectures and desired physical and chemical properties continue to fascinate chemists 

[1.12]. The subject of crystal engineering is not restricted only to the design part of 

crystal structures, but it also includes the learning of rules of crystal packing [1.2]. This 
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is because the practice of ‘engineering’ itself is a process of learning the crystal packing 

rules and many of the rules developed today have been learned while attempting to 

engineer crystal structures. Hence, structure determination, packing mode analysis and 

crystal design are considered to be the key elements in crystal engineering. In this 

context, the supramolecular synthon [1.13] concept simplifies the retrosynthesis and the 

subsequent non-covalent synthesis of crystal structures. Difficulties in crystal 

engineering stem from the complex behaviour of intermolecular interactions and the 

unpredictable effects of remote functional groups (interaction interference). Interference 

is more of an issue for weak intermolecular interactions because of the inherent 

ambiguity in their geometrical and chemical recognition factors [1.14]. Understanding 

the exact nature of these interactions is of utmost importance in establishing reliable 

structure-property relationships in solids [1.15]. Efficient design and the prediction of 

crystal structure are the main issues in today’s crystal engineering and are still to be 

resolved in the future by improving the approaches. 

 

1.2.3 Stream III (Towards the Future) 

 The future of crystal engineering belongs to this stream. The importance of this 

subject is increasing and its scope is expanding with the improvisation of approaches and 

the engineering-down (macro to micro/top down) and the synthesis-up (micro to 

macro/bottom up) technologies. Today, crystal engineering is an interdisciplinary subject 

dealing with the self-assembly of molecular crystals, metal-organic architectures, 

nanostructures, and coordination polymers using hydrogen bonding, electrostatic and van 

der Waals interactions, and metal coordination bonding [1.16]. It brings together 

chemists of different specialization (synthetic, physical, computational, theoretical and 

analytical) to work in collaboration with crystallographers, physicists and materials 

scientists for the design of organic, inorganic, and hybrid systems. To deal with the 

future problems in all these interdisciplinary sections, the balancing of both the bottom-

up and the top-down approaches will be crucial. Getting this balance correct will lead to 

the design of materials of pre-defined physical and chemical properties. 
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1.3 Metallurgy 

 Metallurgy is presently considered to be a part of materials science (although the 

former is a much older discipline), which has always been closely linked to chemistry, 

physics and engineering. Metallurgy may be divided into chemical metallurgy (the 

chemical preparation of metals) [1.17], physical metallurgy (the physical―including 

mechanical―behaviour of metals) [1.18] and metals engineering (the engineering of 

metals and alloys for different practical purposes) [1.18]. The most important property of 

a metal is its ductility (ability to suffer heavy deformation without breaking). While 

practical knowledge of the preparation of metals extends backwards for thousands of 

years (~16000 BC), the understanding of the actual physical phenomena underlying 

deformation has only developed recently, starting from the 1930s [1.18a]. In 1910 

Andrade developed a technique of growing large individual crystals from the melt and 

later Bridgman elaborated on this technique [1.19]. Thus, the availability of suitable 

metal crystals made the detailed studies of plastic deformation of metal crystals possible. 

In the beginning of the 20th century, Andrade did some classical experiments on the 

deformation of the metals and established the rules for creep behaviour, which led to the 

development of the subject of mechanical metallurgy (regarded today to be a part of 

physical metallurgy) [1.18a, 1.19]. 

 Since in the early days there were no physical techniques to look into the 

microstructure of the deformed metals, metallurgists mainly depended on theoretical 

physics [1.20]. In those investigations, the atoms in a metal were visualized simply as 

structureless spheres that attract one another and cohere together. But the experimentally 

determined mechanical properties were generally about a thousand times less than the 

theoretical estimates. In 1934 Orowan, Polanyi and Taylor independently introduced the 

concept of a dislocation [1.18, 1.21], a crystal line-defect which was necessary to 

account for the differences between the actual and the theoretical values of the 

mechanical properties. The physical basis for the deformation of metals was established 

starting from the 1940s with the help of new physical techniques [1.18]. The studies on 

dislocation proved it to be the most important development in metal physics and the 
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dislocation theory has gained considerable importance in metallurgy because it has 

provided many useful ideas to solve problems like work hardening (the ability of a metal 

to become stronger with deformation), precipitation hardening, solid solution 

strengthening and origin of ductility. The dislocation or the defect provides the vital link 

between the atomic/molecular structure and the plastic behaviour of a crystal. The 

dislocation theory, with suitable modifications, was also used to understand the 

mechanical behaviour of other materials like ceramics, thin films and coatings. 

 Developments in physical metallurgy influenced other areas of materials science 

and led to an understanding of the mechanical properties of other materials like ceramics, 

coatings, polymers and thin films on a common physical basis. Advances in physical 

measurement techniques like scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), (micro-, nano-) indentation and atomic force microscopy (AFM) led 

to remarkable developments in the measurement and understanding of mechanical 

properties of materials with great accuracy. 

 

1.4 Glossary of Terms 

 The glossary of terms given below is aimed at familiarizing the reader with the 

terminologies used in crystal engineering and mechanical metallurgy. The present 

glossary concentrates on terms used in this thesis. 

 

1.4.1 Crystal Engineering 

 The nomenclature in crystal engineering given in this section is to enable the 

reader to follow the discussions in the next chapters. Recently, crystal engineering 

nomenclature was reviewed by Nangia [1.22]. 

 

Disorder 

 In some crystals, parts of molecules or in some extreme cases whole molecules 

are found in more than one crystallographically independent orientation. This is known 

as disorder. This may be viewed to be two types: (1) static disorder, and (2) dynamic 

disorder. 
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 In the case of static disorder, the orientations of the molecules differ randomly in 

different unit cells.  The structure determined from the diffraction pattern is the spatial 

average over the whole crystal. This is not temperature dependent and can be postulated 

as the existence of two (or occasionally more) different types of unit cells. Here, disorder 

arises during crystal growth and it may be avoided by growing the crystals at lower 

temperatures and/or slower rates. 

 

 In case of dynamic disorder, some parts of the molecules, like organic side 

chains or SiMe3 and tert-butyl groups are almost free to rotate (thermal motion). This is 

also observed commonly in case of free solvent molecules located in holes in the crystal 

structure. This type of disorder may vanish below certain temperatures, and this can be 

interpreted as a real movement in the crystal, which has been frozen. In some cases, 

freezing can convert the dynamic to static disorder. 

 Entropy considerations are important when a molecule adopts more than one 

orientation at any given crystallographic site. In crystals which exhibit the phenomenon 

of static or dynamic disorder, the entropy increases, thereby lowering the free energy 

[1.2]. 

 

 Hydrogen Bond 

 A hydrogen bond D−H···A is formed when the electronegativity of a donor D 

relative to H in the D–H covalent bond is such as to withdraw electrons and leave the 

proton partially unshielded so that it can interact with the lone pair or polarizable π 

electrons on the acceptor A [1.14a]. Hydrogen bonds are of three types: strong or 

conventional H-bonds (O–H···O, O–H···N, N–H···O) with energy of 4–15 kcal mol–1, 

weak or unconventional H-bonds (C–H···O, C–H···N, O–H···π) with energy of 2–4 kcal 

mol–1, and very strong or ionic H-bonds (O–H···O–, O+–H···O) with partial covalent 

character and energy of 15–40 kcal mol–1. The total energy of the hydrogen bond may be 

divided into electrostatic, charge transfer, polarization, dispersion, and electron repulsion 

with the major contribution varying, depending on whether the H-bond is strong (mostly 
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electrostatic), weak (electrostatic), or very strong (mostly covalent). The strongest 

hydrogen bond is comparable in strength to the weakest covalent bond. 

 Desiraju and Steiner [1.14a] defined the weak hydrogen bond as ‘an interaction 

D−H···A wherein a hydrogen atom forms a bond between two structural moieties D and 

A, of which one or even both are only of moderate to low electronegativity’. 

 
Herringbone Motif and π···π Interactions 

 Recognition between phenyl groups is mediated by numerous interactions that 

have two extreme geometries: edge-to-face herringbone T-motif (dipole–quadrupole 

interaction, energy 1–2 kcal mol–1), and parallel-stacked arrangement of phenyl rings 

with face-to-face interaction between π-electron clouds (quadrupole–quadrupole 

interaction, energy 1 kcal mol–1). Possible variations in these geometries are the vertex-

to-face approach, and the presence of offset or slight inclination between p stacked rings. 

 
Host–Guest Compound 

 The inclusion of small guest molecules in the open framework of a host 

molecule constitutes a host–guest compound. They are of two major types: cavitands, or 

molecular host compounds with intramolecular cavities. The cavity is an intrinsic 

property of the molecule and exists in solution and in the solid state, e.g., calixarenes, 

cyclodextrins. Clathrands are hosts with extramolecular cavities that result from the 

aggregation of two or more molecules. Lattice inclusion hosts exist only in the 

crystalline or solid state, e.g., hydroquinone and urea. The corresponding host–guest 

adducts are referred to as cavitates and clathrates.  

 
Isomorphism and Isostructurality 

 Isomorphism is similarity of crystal shape, unit-cell dimensions, and structure 

between substances of similar chemical composition. Ideally, the substances are so 

closely similar that they can generally form a continuous series of solid solutions. The 

degree of similarity between the crystals can be calculated using Kálmán’s parameters 

[1.23]: the unit cell similarity index, Π, and isostructurality index Ii(n): 
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where n is the number of distance differences (∆Ri) between the absolute coordinates of 

identical nonhydrogen atoms within the same section of the asymmetric units of related 

structures. For an isostructural pair of crystals, Π must be close to 0, and Ii(n) should 

approach 100%. These parameters were derived in the context of steroid crystals but are 

now used for all classes of molecules. 

 

Polymorphism 

 A solid crystalline phase of a compound resulting from the possibility of at least 

two different arrangements of the molecules of that compound in the solid state is called 

polymorphism [1.24]. Theoretically, the packing of a molecule can be arranged in many 

ways in the crystal of a given symmetry and polymorphism is a reflection of the 

alternative ways in which molecules in a crystal strive towards a free energy minimum. 

Polymorphs are like supramolecular isomers in the spontaneous organization from 

molecule→nucleus→crystal. Polymorphism is said to be the antithesis of crystal 

engineering. This phenomenon is of fundamental and commercial importance, because 

polymorphs have different physical and chemical properties. About 10% of compounds 

are estimated to be polymorphic. When polymorphs occur, kinetic factors are deemed to 

be dominant during crystallization. 

 Some related terms are concomitant polymorphs [1.25] (crystals from the same 

flask under identical crystal growth and solvent conditions), conformational polymorphs 

(different conformations of the same molecule in different crystals) [1.24], 

conformational isomorphs (multiple conformations of the same molecule in the same 

crystal) [1.24], configurational polymorphs (different configurations of the same 

molecule, e.g., Z, E, in different crystals) [1.24], and pseudopolymorphs (crystals formed 
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by the same substance crystallized with different amounts or types of solvent molecules) 

[1.26]. 

 

Site Occupancy Factor (SOF) 

 The SOF is the partial occupancy of a given site by a particular atom. It is most 

frequently used to describe disorder in a portion of a molecule or for describing 

nonstoichiometric situations, e.g., in solid solutions. 

 

Supramolecular Chemistry 

 Supramolecular chemistry [1.27] is the chemistry of molecular assemblies, 

intermolecular bonds, noncovalent interactions, and hydrogen bonds. The original 

meaning of “supramolecular” is “beyond the molecule”. “Supramolecular” currently has 

three different meanings: intermolecular interactions, coordination chemistry, and a 

strategy for the controlled organization of multiple components. Supramolecular 

chemistry is a philosophy and strategy for the controlled grand assembly of complex 

matter. 

 

Supramolecular Synthon 

 Structural units within supermolecules (crystals) that can be formed and/or 

assembled by known or conceivable synthetic operations involving intermolecular 

interactions, most often hydrogen bonds, are supramolecular synthons [1.13]. The goal of 

crystal engineering is to design robust synthons that can be exchanged from one structure 

to another and then incorporate recurring synthons in retrosynthesis to anticipate 

(predict) the one-, two-, or three-dimensional structure of novel target architectures. 

Desiraju suggested that this exercise may be referred to as crystal synthesis in analogy 

with target molecule synthesis [1.13]. However, because hydrogen bonds are an order of 

magnitude weaker than covalent bonds, the robustness of a synthon is reliably derived 

from statistical trends, i.e., the probability of occurrence of a particular structural motif in 

the Cambridge Structural Database (CSD). The prediction of crystal packing through 

such an empirical-cum-chemical intuition approach was reasonably successful [1.28a]. 
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This is distinct from crystal structure prediction [1.28b–e], i.e., to know the unit cell and 

space group of a given molecule without any experimental data. Synthon interchange is 

the exchange of one functional group with another (e.g., halogen, ethynyl, hydroxy) to 

generate topologically identical structures. 

 

Twinned Crystal 

 This is a composite crystal built from two or more crystal specimens that grow 

together in a specific manner, so that there is at least one plane and a direction 

perpendicular to it that are related in the same manner to the crystallographic axes of 

both parts of the twin. 

 

1.4.2 Mechanical Metallurgy 

 Mechanical metallurgy [1.18] is the area of knowledge which deals with the 

behaviour and response of metals to applied forces. Since it is not a precisely defined 

area, it has different meanings. This field includes the study of mechanical properties of 

metals or mechanical testing, theoretical mechanical aspects of metals which merges 

metal physics and physical metallurgy. It also includes applied mathematics and applied 

mechanics. Fundamentals in mechanophysical aspects are described briefly in this 

section. 

 Mechanical stability of solids is due to the existence of balanced forces between 

their constituent atoms [1.18]. Attractive forces cause the atoms to cohere to one another 

while short-range repulsive forces prevent the atoms from approaching each other too 

closely. Normally atoms occupy positions where these forces are balanced, but when an 

external force is applied this balance is disturbed. To restore equilibrium the atoms move 

slightly to nearby positions where there is a balance among the attractive, repulsive and 

external force. 

 

Stress and Strain 

 Figure 1 illustrates the change in dimensions of a solid on the application of a 

mechanical force. In Figure 1a, a cylinder is stretched. In Figure 1b a cylinder is 
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deformed by a force perpendicular to its axis, i.e. it is sheared. What the two deformation 

types have in common is that a stress, or deforming force per unit area, produces a strain, 

or unit deformation. The force in Figure 1a leads to a tensile stress and the one in Figure 

1b to a shear stress. 

 
(a) (b) 

Figure 1. (a) A cylinder subjected to a tensile stress stretches by an amount ∆L. (b) A 
cylinder subjected to a shear stress deforms by an amount ∆x, which is somewhat like a 
movement in a pack of playing cards. This figure is reproduced from reference [1.29]. 
 

 Figure 2 illustrates some basic terms used in the deformation and fracture of a 

body on the application of a mechanical stress [1.18]. 

 

A  = elastic limit 

A’ = proportional limit 

B  = yield strength (usually at an 

       offset of 0.2% strain) 

σmax = maximum stress 

εu  = maximum uniform strain 

Figure 2. Typical stress-strain curve in tension. This figure is adapted from 
reference [1.18a]. 
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Elastic and Plastic Deformation 

 If an increasing load is applied to a metal wire suspended from a fixed point, 

initially an extension will take place, which is completely recoverable when the load is 

removed [1.18a]. Then the deformation is referred to as elastic deformation. However, 

beyond a certain load, complete recovery of the strain is not present on unloading 

because the metal has deformed permanently and this is known as plastic deformation. 

The transition between the elastic and the plastic deformation processes is defined in 

terms of the yield stress/yield strength or the initial flow stress. 

 

Hooke’s Law and Young’s Modulus 

 In elastic deformation, below the elastic limit, the stress (σ) applied to stretch or 

compress a body is proportional to the strain (e) or to the change in length. This is known 

as Hooke’s law [1.18a]. Here, the linear relationship between stress and strain is a 

constant E = σ/e. Thus, at any given load the ratio of the stress to the elastic strain is a 

constant E, known as Young’s modulus in the case of a uniaxial tensile stress. 

 

Creep 

 Progressive deformation of a material at constant stress is called creep [1.18a]. 

Creep is often studied in metals engineering by the application of a constant load to a 

tensile specimen of a given grain size maintained at a constant temperature. The strain 

(extension) suffered by the specimen is determined as a function of time. Further details 

of creep are given in Chapter 4. 

 

Hardness 

 Hardness (H) is defined as the ability of a metal to resist plastic deformation. 

The greater the hardness of a material, the greater is its resistance to deformation [1.18]. 

Hardness is usually treated as a composite property of a material including yield 

strength, work hardening, true tensile strength and modulus of elasticity. 

 

 



                                         Materials Science, Mechanical Properties…  15 

Dislocation 

 A dislocation is a linear defect that is responsible for nearly all aspects of the 

plastic deformation of metals, particularly at low temperatures [1.18]. The experimental 

techniques that are used for detecting the presence of dislocations and their activity are 

generally of two types: (1) those involving chemical reactions with the dislocations; (2) 

those utilizing the physical changes at the site of a dislocation. Chemical methods 

include etch-pit techniques and precipitation methods. Methods based on the physical 

structure at a dislocation site include transmission electron microscopy (TEM) of thin 

films, in situ microscopy using the transmission and the scanning electron microscopy 

techniques and X-ray diffraction. 

 

Work Hardening 

 An ability of a material to become stronger as it deforms is known as work 

hardening [1.18a]. Work hardening arises when dislocations are hindered in their 

movement through crystals, so that a higher stress must be imposed to continue 

deformation. 



CHAPTER 2 

SHEARING, TWINNING AND ANISOTROPY IN LAYERED MOLECULAR 

STRUCTURES 

 
2.1 Introduction 

The forces that bind atoms into crystalline solids are electrical in nature, and in 

the broadest sense, can be termed as chemical bonds. There are five principal chemical 

bond types: metallic, ionic, covalent, hydrogen bond and van der Waals [2.1, 1.2]. Each 

bonding type is characterized by its particular strength and directionality characteristics. 

To a great extent, the bonding type determines the physical and chemical properties of a 

solid material at a given temperature [2.2]. For instance, hardness, cleavage, thermal and 

electrical conductivity are directly related to chemical bonds. Based on the directionality 

of chemical binding forces in crystalline state, solids are classified into 0D, 1D, 2D and 

3D [2.3]. Among these types the 3D solids are well documented. Comparatively 

speaking, detailed studies of 2D solids are not so common [2.4]. Dimensionality is one of 

the most defining of material parameters: the same chemical compound can exhibit 

considerably different properties depending up on whether it is arranged in a 0D, 1D, 2D 

or 3D crystal structure [2.3, 2.4]. For example, the three allotropes of carbon—

buckminsterfullerene, graphite and diamond—provide a potent example of how much 

the structure and properties of a system can vary with dimensionality [2.5b]. 

Buckminsterfullerene, a 0D molecular crystal, is very soft. In graphite, the weak van der 

Waals interactions that hold the trigonally bonded two-dimensional carbon layers 

together make it soft enough to cleave the material along these layers. In diamond, the 

carbon atoms are extended three-dimensionally by strong tetrahedrally directed covalent 

bonds of length 1.54 Å that makes it the hardest material in nature [2.3]. 

 
2.2 Overview of Two-Dimensional Structures 

There are many kinds of layered structures in the literature with strong in-plane 

bonds and weak van der Waals interactions between layers. Sheets of layered crystals are 
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generally formed via metallic, ionic, covalent, hydrogen bonds and/or van der Waals 

interactions [2.3, 2.6]. The stacking of layers is simple, because of the small number of 

possibilities that exist. Other features like polytypism, polymorphism, disorder and 

cleavage of layers, occur due to variations in these basic stacking patterns such as the fcc 

(ABCABC) and hcp (ABAB) stackings. Variations in these simplest arrangements occur 

because of the weakness of the interlayer interactions [2.3]. 

  
2.2.1 Structure of Graphite and BN 

The classic example for covalent crystals with a distinctive layered structure is 

carbon in graphite, wherein intralayer bonds are formed via sp2 hybrids exactly as in 

benzene. In this structure, the layers are formed with atoms, connected to these three 

nearest neighbours with covalent bonds, Figure 1. π-Orbitals normal to the plane overlap 

to form π-molecular orbitals covering the entire layer. The layers are widely separated 

with a perpendicular distance of 3.35 Å and bonded by van der Waals forces only. Due 

to the weakness of interlayer interactions, graphite is readily cleaved and hence, used as 

a heavy-duty lubricant and ‘lead’ in pencil. Because of its interesting structural 

arrangement and the shearing behaviour of its layers, graphite has been investigated 

extensively and has been found to be useful in many ways [2.3]. 

 
Figure 1. The layered structure of hexagonal graphite. 
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Any two graphite layers can be stacked in only one way, viz. with three 

alternating atoms of one ring above ring centres in the lower layer, Figure 1. The third 

layer can either be above the first (ABAB, giving hexagonal graphite) or displaced with 

respect to it (ABCABC, rhombohedral graphite). However, the ABC stacking is never 

found to extend throughout any one crystal; a complex form of disorder is present. 

Planar layers of the same kind are also present in white BN, the isoelectronic 

solid which is dimorphic analogous to carbon [2.3]. Alternate boron and nitrogen atoms 

occur in graphite-like rings in BN but the layer stacking is not the same (Figure 2) and 

must result from weak directed bonding via p-orbitals normal to the layers. The higher 

electronegativity of nitrogen results in a greater delocalization of π-electrons than in 

graphite: consequently BN is an insulator. At high temperature and pressure (40 kbar) 

white BN transforms to a cubic form with the diamond structure and greater hardness. 

 
Figure 2. The layered structure of hexagonal BN. 

Very recently, Novoselov et al. have reported free-standing atomic crystals that 

are strictly 2D and can be viewed as individual atomic planes pulled out of bulk crystals 

or as unrolled single-wall nanotubes [2.4]. They have taken several samples of layered 

materials with very strong intralayer bonds namely, graphite, BN, MoS2, NbSe2 and 

Bi2Sr2CaCu2Ox, and obtained atomic 2D crystals by rubbing a fresh surface of the crystal 

against another solid surface, which left 2D atomic crystals along with a variety of other 

flakes. These atomic crystals were primarily identified by viewing the flakes on top of an 

oxidized Si wafer under the optical microscope and further investigated using scanning 
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tunneling, scanning electron, atomic force microscopy (AFM) and high resolution 

transmission electron microscopy (HRTEM).  Electric field effects of few atomic thick 

carbon films were also studied by this group of scientists [2.7]. 

 
2.2.2 Structure of CdI2 

 CdI2 is termed a ‘layer structure’ because it consists of repeat units (sandwiches) 

I─Cd─I···I─Cd─I···I─Cd─I (where the symbols Cd and I represent layers of those 

atoms) with contact between adjacent iodine layers (Figure 3) [2.3]. CdI2 is trimorphic. 

The known structures differ in the layer-stacking sequence (ABAB, ABCB or ABAC, 

and ABCACB). This is clearly not an ionic structure; bonds to the metal will be semi-

ionic, but the I···I attraction is principally of the van der Waals type. Accordingly, the 

structure is easily cleaved between the I···I planes, which accounts for the flaky nature of 

the crystals. Much work has been done in the structural characterisation of the CdI2 

polytypes [2.8]. The related CdCl2 structure has a cubic close packed stacking of layers 

(ABCABC) and the anisotropic properties are similar. 

 
Figure 3. (a) The hexagonal CdI2 structure. (b) The coordination around one I-atom. 

 
2.2.3 Structure of B(OH)3 

Orthoboric acid is a dimorphic compound and both forms adopt layered packing 

[2.3]. In both the cases, the sheets are formed by the pseudo-hexagonal nearly perfect C3h 

symmetrical B(OH)3 molecules, which are connected via O─H···O hydrogen bonds to 
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three adjacent molecules (Figure 4). Hydrogen bond metrics in both forms are nearly the 

same.  In both cases the sheets are connected via van der Waals interactions. However, 

the stacking sequences of the sheets differ between the two polymorphs. In H3BO3-3T 

(space group P32), the sheets are stacked with the repeating sequence ABCABC, 

whereas in H3BO3-2A (space group P-1), the sheets are stacked in the repeating sequence 

ABAB [2.9]. In effect, these structures are ccp and hcp variations of the same layer 

structure. 
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(b) 

Figure 4. Space filling model of pseudo-hexagonal sheet in B(OH)3-3T formed via 
O─H···O hydrogen bonds (a) and molecular diagram of sheets (b). The sheet in the 2A 
polymorph is nearly identical. 
 

2.2.4  2,4,6-Triethynyl-1,3,5-triazine 

The crystal structure of 2,4,6-triethynyl-1,3,5-triazine, recently reported by 

Ohkita et al., is a unique two-dimensional hexagonal network [2.10]. Weak C(sp)–H···N 

hydrogen bonds play a dominant role in stabilizing the layer structure, which is regarded 

as a supramolecular analogue of the hitherto unknown graphyne network. The network 

involves two types of short C(sp)–H···N contacts and has a head-to-tail polar tape using 

the first of these contacts. The tapes are connected to each other through the second of 

these contacts to form a polar network, which is stacked in an antiparallel fashion (Figure 

5) at a separation 3.23 Å. 
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Figure 5. Two dimensional hexagonal network structures of (left) graphyne and (right) 
supramolecular graphyne. The two short C(sp)–H···N contact types are marked 1 (polar 
tape) and 2 (linker between polar tapes). 
  
2.3 Shearing in Metal Single Crystals by Mechanical Stress 

Mechanical shearing [1.11, 1.18] is often observed in metals because it is easy to 

slide one layer of the crystal over the next. Shearing caused by the sliding of layers held 

by non-specific interactions may be seen in single crystals of metallic Cu [2.11]. 

However, Cu is completely isotropic and the plane of shearing is immaterial. Shearing 

occurs if two layers of a crystal are subjected to a shear stress greater than the yield stress 

of the material, as shown in Figure 6a. Although it appears that the whole layer shifts 

over the hump one notch to the next, this does not happen in actuality. Shearing of a 

crystal in such a way would require much more force than what is normally applied. It is 

believed that the mechanism of such shearing is cooperative. One atom moves at a time; 

first, the atom on the left makes its jump, then the next, and so on, as indicated in Figure 

6b. In effect it is the vacant space between two atoms that quickly travels to the right, 

with the net result that the whole second layer has moved over an atomic spacing. The 

slipping goes this way because it takes much less energy to lift one atom at a time over 

the hump than to lift a whole row. Once the force is enough to start the process, it goes 

the rest of the way very fast. In a real crystal, slippage will occur repeatedly at one plane, 

and then start at some other plane. Figure 6c shows a photograph of a tiny, thin copper 

crystal that has been thus sheared and stretched. 
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(a) 

     

 
 

(b) 

 
   (c) 

Figure 6. Shearing of layers. (a) Two layers of a crystal subjected to shear force (b) 
consecutive jumping of atoms in the shearing process. (c) A photograph of a small 
crystal of copper after shearing. Notice the striations on the crystal corresponding to the 
planes where slipping occurred. This figure is taken from reference [2.11]. 
 
2.4 Mechanically Induced Molecular Migrations in Layered Molecular Crystals 

 While dealing with solid state photochemical reactions, Schmidt proposed a 

topochemical hypothesis of ‘minimal atomic and molecular movements’ to explain the 

solid state reaction mechanism [1.7]. According to his hypothesis, molecules or atoms of 

the reactants have to move a minimum amount (at most 1.5 to 4.2 Å) to achieve the 

required topology (geometry, conformation and configuration) for the reaction to take 

place in the solid state. Schmidt’s topochemistry hypothesis denies large scale molecular 

migrations both for homogeneous and heterogeneous solid-state reactions.  

 In connection with Schmidt’s topochemical hypothesis, Kaupp et al. [2.12] have 

recently studied the action of mechanical stress [2.13] on two kinds of organic molecular 

crystals (layered and interlocked packing) by a new technique of nanoscratching at 

various faces in different directions in order to induce far-reaching anisotropic long-

range molecular migrations. These workers have correlated their results with crystal 

packing and topochemical reactivity [2.12, 2.14]. In these experiments mechanical 
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scratching on the flat face of a crystal was done using a vertical cube corner indenter 

(Berkovich indenter). The three sided pyramidal tips were aligned with the sharp edge in 

front or back accordingly. In these experiments, chemically reactive crystals of 

thiohydantoin, anthracene, thiourea, tetraphenylethene and ninhydrin experience 

anisotropic long-range molecular migrations within the crystal because they exhibit 

cleavage planes between mono- or bi-layers along which migration occurs. For instance, 

thiohydantoin is an almost planar molecule with many hydrogen bonding acceptors and 

donors. It crystallizes in monolayer sheets that are 66º skew under the natural (110) face 

with cleavage planes between them. Scratching experiments in four different orthogonal 

directions on the skew cleavage planes of the crystal gave molecular migration (shift of 

debris) to different sides (Figure 7). The sketch in (a) and (d) of Figure 7 visualizes this 

situation more clearly. At 0º (along the long crystal edge [001]) molecular migration is to 

both sides and in front (b); the cracks indicate the direction of the cleavage planes. At 90º 

molecules migrate only to the right hand side (c). Only scratch (or abrasion) is detected 

at 180º as the tip moves against to the skew monolayers debris penetrate into the 

cleavage planes (e). At 270º molecules migrate only to the left hand side (f). The unusual 

piling-up of material only at one side of the scratch (Figure 7c, f) must be caused by the 

skew cleavage plane under the (110)-face. The geometric arrangement is such that the 

cleavage planes are open to the right side and blocked to the left side and vice versa as 

the scratching tip advances down in (b) and (d), respectively.  

 As there are multiple hydrogen bonds between the thiohydantoin molecules 

within a layer, single molecules cannot migrate, rather it appears likely that small 

molecular aggregates, such as almost planar hexamers that are present in the crystal 

structure as cyclic entities, may be small enough for the migration. On the other hand, 

scratching cannot induce molecular migrations in the case of chemically unreactive 

crystals of 2-benzylidenecyclopentanone or cis-1,2-dibenzoylethene which are packed 

with 3D-interlocking (Figure 8). Sometimes shift of debris in front or only abrasion is 

seen in these cases. 
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Figure 7. Nanoscratching on the (110) face of thiohydantoin crystals. Schemes (a) and 
(d) show the geometric conditions of the skew sheets sloping to the right and left 
respectively. AFM topographies of 5 mm nanoscratches with a cube corner at 250 mN in 
60 s; (b) 0º, (c) 90º, (e) 180º, (f) 270º orientation with respect to the long crystal edge 
[001] or stacking direction. This figure is taken from reference [2.12a]. 
 

                    (a)                                                (b) 

 

O

 

Figure 8. 2-benzylidenecyclopentanone (3D-interlocked packing); 15 mm AFM 
topography on (010) after ramp scratching with a cube corner indenter at 0–150 mN in 
parallel (a) and orthogonal (b) directions with respect to the long crystal edge [010], 
showing only abrasion and some debris collection in front. This figure is taken from 
reference [2.12a]. 
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2.5 Results and Discussion 

This chapter deals with the mechanical shearing, twinning and anisotropy of the 

layered structures 135B246I-T, 135C246I, 135B246M, 135I246M,  and the molecular 

complexes 135C246I:135B246I, 135C246I:135I246M, 135C246I:135B246M, 

135B246I:135I246M, as also 6-chloro-2,4-dinitroaniline 1 and 4-bromoacetophenone, 2 

(Scheme 1).  
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Crystals of 1,3,5-Trichloro-2,4,6-triiodobenzene, 135C246I provides a good 

example for shearing crystals. 135C246I crystallizes from THF in the triclinic, P 1  space 

group as long and thick blocks [2.15]. Molecules in its crystal structure are arranged in 

planar layers parallel to (100) and in a nearly hexagonal arrangement with clusters of 

three I-atoms from three neighboring molecules and correspondingly, clusters of three 

Cl-atoms (Figure 9). The I3 clusters are formed with short I···I contacts within van der 

Waals distance. The Cl3 clusters have Cl···Cl contacts somewhat loosely packed because 

of the bigger size of the I3 clusters. These intralayer I···I interactions are chemically 

significant, because they are formed by polarization of I-atoms, which make the planar 

sheet strong. Successive planar layers are inversion related and stacked so that bumps in 

one layer fit into the hollows of the next. The interlayer interactions are non-specific in 
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that they are based on close packing of spheres in hollows. The planar layer structure in 

135C246I is reproduced in the corresponding bromo derivative 135B246I-T, and in the 

methyl derivative 135I246M [2.16], 135B246M and 135C246M. Mechanical properties 

of these crystals are discussed in this chapter while the detailed crystal structure analysis 

will be discussed in Chapter 5, noting the implications of these results on my 

understanding of the nature of halogen···halogen interactions. 

 

  
 
Cl

I

Cl
I

Cl

I

 
 

(a) (b)  
Figure 9. Crystal structure of 135C246I. (a) Top view of a layer and (b) side view of 
layers. 
 

 
Scheme 2. Mechanical shearing of a layered structure using a needle and forceps. 
 

Crystals of 135C246I, grown from THF by slow evaporation, were found to be 

quite interesting being obtained as thick needles, some of which were boomerang-

shaped. While examining these crystals under the microscope, it was also found that 



   Chapter 2 28 

some of them were curved and appeared with many striations nearly perpendicular to the 

crystal length (Scheme 2). These crystals were investigated to find out the reasons for the 

appearance of curvature, striations and boomerang-shapes. 

 
 Crystals of 135C246I were separated carefully into normal, curved and V-

shaped categories based on their appearance. Normal crystals were used to obtain the X-

ray data and the V-shaped crystals which were found to be twinned will be discussed in 

the next section. Surprisingly, curvature was also observed when a normal (undeformed) 

crystal of 135C246I or 135B246I-T was pushed from opposite sides with metal needles 

roughly perpendicular to their length. Shearing occurred easily along (100) planes. 

Depending upon the direction and amount of stress applied on these crystals they 

transform into various shapes and/or cleave along the planes, as shown in Figure 10. This 

is similar to the shearing seen in single crystals of Cu (Figure 6c). This phenomenon, 

although not unprecedented, is certainly unusual in organic crystals, because usually 

organic crystals break when subject to a mechanical shear stress and generally do not 

shear in this manner. 

 
 After the shear deformation, crystals became curved and developed many 

striations at the regions where mechanical force was applied. Striations were also 

developed while separating the crystals from its mother liquor and handling at the 

microscope. A number of striations in Figure 11 show that they correspond to the 

shearing movement of (100) layers within a crystal of 135C246I. The shearing direction 

corresponds to sliding of the (100) planes past one another. This deformation process has 

other parallels in the inorganic solid state and resembles the shearing of graphite [2.17a]. 

In contrast, when the crystal was attempted to shear or cut in other directions, the crystal 

broke. These directions would correspond to disrupting the layer structure—the difficulty 

in so doing confirms that the intralayer interactions are strong and directionally specific 

(synthon forming). When these crystals were subjected to a three-point bend test, they 

simply cleaved along the (100) planes. 
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Figure 10. Crystals of 135C246I sheared into different shapes by applying stress at 
various points. An undeformed crystal is shown in the middle. Notice the striations and 
slippage of planes in these crystals. 
 

 
Figure 11. Shearing of crystals of 135C246I: (a) unsheared specimen elongated along 
[100]; (b) after shearing. Notice the striations of slip along (100); (c) broken specimen 
after an attempt to cut it in a direction perpendicular to the shear plane; (d) and (e) 
multiple shearing. The similarity to Figure 8c may be noted. 
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A necessary condition for shearing is the presence of a layered structure. For 

example, 135I246M, 135B246M, 135B246I:135C246I, 135B246I:135I246M, 

135C246I:135I246M and 135C246I:135B246M (see Chapter 5 for their crystal 

structures) also show this layered packing and shear just as easily. Compounds without 

layered packing do not show shearing on the application of a mechanical stress. They 

either break or bend. For instance, the monoclinic polymorph of 135B246I, with a 

disordered corrugated layered structure, does not show shearing on application of a 

mechanical stress. In fact, it simply breaks down into pieces. There is a clear relationship 

between the appearance of a layered structure and susceptibility to mechanical shearing 

of layers. Such behaviour is often encountered in the study of plasticity of inorganic 

crystals. Such a relationship is mediated by dislocation movements within each layer, 

e.g., basal slip in hexagonal inorganic crystals like Zn, Cd and Mg. This deformation 

process has other parallels in the inorganic solid state and resembles the shearing of 

graphite [2.17], which has a layered structure, and polytypism in the layered CdI2 [2.8, 

2.18]. In the context of X···X interactions, the significant fact obtained from these 

experiments is that in 135C246I the intralayer I···I interactions are much more important 

than the interlayer I···I and I···Cl interactions. To confirm the relationship between 

shearing and the appearance of a ~ 4 Å layered structure [2.19]. Similar experiments 

were carried out on molecular crystals of 6-chloro-2,4-dinitroaniline, 1 and 4-

nitroacetophenone, 2, which have completely different functional groups on the aromatic 

ring. 

6-Chloro-2,4-dinitroaniline, 1 

Form I of trimorphic 6-chloro-2,4-dinitroaniline, 1 has a layered structure in the 

monoclinic, P21/c space group [2.5]. The short axis of the reported monoclinic form is 

7.886 Å (nearly 2 × 4 Å) and the layers are stacked in an antiparallel fashion at 

separations of 3.057 Å and 3.209 Å (Figure 12). Layers are formed via N–H···O, C–

H···O, C–H···Cl and C–Cl···O interactions. In this structure, intralayer C–H···O and C–

H···Cl interactions are considered to be strong since the C–H groups are unusually 

activated by two nitro groups. The interlayer interactions are of the van der Waals type 
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and are non-specific. These crystals also underwent shearing on application of a 

mechanical stress and became irregular (Figure 13) as expected. This example makes it 

clear that shearing is not restricted only to the haloaromatics discussed above and that it 

is a widespread phenomenon among layered structures. The mechanical behaviour of the 

other two forms (Form II, corrugated layered structure and Form III, 3D-interlocked 

hydrogen bonded structure) will be discussed in Chapter 3. 

  

 

 

 

NH2
Cl NO2

NO2  

Figure 12. 6-Chloro-2,4-dinitroaniline, 1. Layer structure to show N–H···O, C–H···O, C–
H···Cl and C–Cl···O interactions. 
 

 
                 (a)                                               (b) 

Figure 13. Crystal of Form I (a) before and (b) after shearing. The arrows show the 
direction along which the shear stress was applied. 
 

4-Nitroacetophenone, 2 

 In the crystal structure of 4-nitroacetophenone, 2, molecules adopt a planar 

conformation in a 2D-layered packing (Figure 14) [2.20]. Layers are formed via C–H···O 

(d/Å, θ/º; 2.405, 136.78; 2.599, 140.01; 2.603, 162.78) interactions. Interlayer 
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interactions are of the weak van der Waals space filling type. The methyl hydrogen 

atoms of the acetyl group emerge into the interlayer space to form weak C–H···O (2.758 

Å, 171.34 º) interlayer interactions. 

O

NO2

CH3

 

 
(a) (b) 

Figure 14. 4-Nitroacetophenone, 2. (a) Single planar layer (101) shows C–H···O 
interactions. (b) View down [010] shows stacking of parallel layers and a very weak 
interlayer C–H···O (2.758 Å) interaction. 

 

Mechanical experiments on these crystals revealed that the shearing is not 

possible as seen in crystals of 135C246I. However, layers of these crystals cleave easily 

and break down into slices on application of a mechanical shear stress. Although the 

interlayer interactions are weak in this structure, the crystals do not show shearing which 

is an indication of some specificity in the interlayer interactions. It is possible that in the 

shearing process, sliding layers have to encounter unfavorable repulsive 

C(δ+)=O(δ−)···(δ−)O=C(δ+) interactions and locking of methyl groups (bumps on bumps) 

from molecules in the adjacent layers. Since the structure cannot afford to have these 

unfavourable interactions, layers would prefer to cleave rather than shear. The similar 

behaviour is observed in metal crystals when the shear strength is greater than the 

cleavage stress. In general, shear strength of a crystal will be more when the interlayer 

interactions are directional. Shearing of these crystals was also tried at higher 

temperatures, indeed up to the melting point 80 ºC, but there was no evidence for 

shearing. 
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2.6 Twinning 

That the non-specificity of the weak interlayer interactions is vital for shearing is 

further confirmed by the structure of the boomerang or V-shaped crystals of 135C246I 

and 135B246I-T. Crystals with these distinctive shapes were obtained for every 

compound for which shearing was possible. Boomerang-shaped crystals of 135B246I-T 

were mounted as such on a goniometer tip and X-ray data were collected (Figure 15). It 

was confirmed that twinning occurs at the hinge plane and that the common plane 

between the twins is (100) which is also the shearing layer mentioned above. A plausible 

twinning model is one in which two consecutive inverted layers in the normal structure 

are twisted by 60° and layers across the twin boundary are packed in a bumps-in-hollows 

fashion (Figure 16). This is preferred to a model in which the twins are mirror related 

because in the latter case, layers across the twin boundary would be packed in a bumps-

on-bumps fashion. In general, the stacking of layers across the twin boundary is not as 

satisfactory as for the inverted layers in the untwinned crystal. 

 
Figure 15. Twinning in 135B246I-T: (a) twinned crystals; (b) twinned crystal as 
mounted on goniometer tip, used for X-ray measurements; (c) and (d) indexing of twin 
faces showing common plane (100). Notice that this is the plane that contains the 
structure determining I3-supramolecular synthons. 
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Figure 16. A schematic depiction of twinning shows that rotation by 60° achieves a 
boomerang shape. 
 

Generally, bent or boomerang shaped crystals were obtained in all the structures 

that undergo shearing. However, in the 2:98 solid solution of 135B246M:135C246I, 

grown from THF, multiple twinning was observed within the same crystal (Figure 17). In 

addition to the usual single hinged (V-shape) crystals, double hinged (N-shape), triple 

hinged (W-shape) and multiple hinged ("alkyl chain type zigzag") crystals were 

observed. All these crystals were grown as such from solution and obtained without 

mechanical deformation. The fact that twinning is easy and the twin boundaries always 

have a local minimum in free energy [2.21] suggests that normal and twinned stacking 

are energetically comparable.  In other words, the interlayer I···I, Br···Br and I···Br 

interactions are non-specific, and this is important in the context of the shearing 

mechanism.  

  

                (a) (b) 

Figure 17. Crystals of 135B246M:135C246I: (a) triple hinged (w-type) crystal. (b) 
Multiple hinged (“alkyl chain” type) crystal. 
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2.7 Anisotropy in Molecular Crystals 

The directional nature of thermal expansion can reveal some qualitative 

anisotropic features of the intermolecular forces in molecular crystals. In general, any 

direction in which intermolecular attraction is strong should have a relatively small 

coefficient of thermal expansion, while weak bond directions are expected to exhibit 

large expansion coefficients. To confirm the anisotropy of intermolecular interactions in 

the 1,3,5-substituted compounds, the cell parameters of 135B246I-T and 135C246I were 

determined at six different temperatures between 100 K and 300 K (Figure 18). The a-

axis length (short axis) increases markedly with temperature compared to the other 

parameters (Table 1). 

 
Figure 18. Variation of cell parameters with respect to temperature for compounds 
135C246I (left) and 135B246I-T (right). Notice that the a-axis length increases 
markedly with temperature compared with the other parameters. 
 

However, the change in the cell parameters cannot be directly correlated to the 

strength of the intermolecular interactions because the expansion coefficients also mirror 

the relative amount of expandable “empty” space in that direction [2.22]. Thus, 

directions corresponding to the longest molecular axis or the shortest intermolecular 

contacts will exhibit minimal expansion from purely geometrical reasons. The three cell 

lengths in these crystals are comparable but the expandable empty space is more in the a-
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direction. Even after considering all these geometrical factors, the large difference in the 

expansion of the a-axis cell edge gives an indication that the interlayer interactions are 

weaker than the intralayer ones. An analogous situation in inorganic crystals is the 

anisotropic thermal expansion in metals like Zn and U. 

 
Table 1. Variable temperature cell parameters (d/Å; θ/º) of 135B246I-T and 135C246I 
 

135B246I-T 

T/K a b c α β γ 

100 7.953(3) 9.500(4) 9.512(5) 60.14(4) 66.21(4) 85.54(5) 

140 7.979(1) 9.505(2) 9.522(3) 60.16(2) 66.16(2) 85.52(1) 

180 8.004(1) 9.518(2) 9.533(3) 60.15(1) 66.19(2) 85.53(1) 

220 8.057(4) 9.529(6) 9.549(8) 60.19(4) 66.27(6) 85.57(4) 

260 8.062(2) 9.535(4) 9.552(5) 60.16(2) 66.22(3) 85.57(2) 

298 8.094(2) 9.531(3) 9.554(4) 60.21(2) 66.21(3) 85.57(2) 

 
135C246I 

T/K a b c α β γ 

100 7.73(1) 9.45(2) 9.46(2) 60.3(2) 65.78(9) 85.5(1) 

140 7.78(1) 9.46(2) 9.47(2) 60.4(1) 65.89(9) 85.9(1) 

180 7.80(1) 9.44(2) 9.49(2) 90.4(1) 65.85(9) 85.8(1) 

220 7.825(9) 9.47(2) 9.51(2) 60.4(1) 65.6(1) 85.7(1) 

260 7.869(9) 9.48(2) 9.51(2) 60.3(1) 65.8(1) 85.9(1) 

298 7.89(1) 9.50(2) 9.52(2) 60.3(2) 65.6(1) 86.6(2) 

 
2.8 Conclusions 

To conclude, shearing of organic crystals is a common phenomenon and occurs 

in layered structures wherein the intralayer interactions are strong and specific, and the 

interlayer interactions are non-specific and weak. The intralayer interactions are 

directionally specific and form synthons in a planar layer, the structure of which is 

conserved in the normal, sheared and twinned specimens. In contrast, the interlayer 
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interactions are shape based and non-specific. This combination of specific intralayer 

interactions and non-specific interlayer interactions leads to shearing. Accordingly it may 

be concluded that X···X interactions (X = Cl, Br, I) are of several types and that it is 

sometimes difficult to characterize them using only geometrical criteria. The use of an 

independent technique, like observation of the mechanical behaviour of the crystal, 

offers a much clearer insight into their nature. The softness of the halogenated crystals is 

reminiscent of CdI2 wherein layers of I-atoms form a close packed array and which 

shows similar anisotropic behavior. Whether or not these layered structures would 

exhibit polytypism like CdI2 is still an open question but stacking faults are undoubtedly 

present. Mechanical experiments provide an excellent opportunity to study the nature of 

π···π interactions and the anisotropic behaviour of interactions in molecular crystals. 

From the present study it is clear that shearing is not possible in all layered molecular 

crystals, and that the required chemical and geometrical conditions, strength and 

specificity or otherwise of interlayer interactions and extent of anisotropy, if present, 

between interlayer and intralayer interactions for shearing are yet to be investigated for 

deeper understanding. 

The effects of geometrical factors (available empty space) on the thermal 

expansion of cell parameters make it difficult to estimate the anisotropy of 

intermolecular interactions in most molecular crystals. But my experiments on these 

crystals hint that these crystals are highly anisotropic and that variable temperature X-ray 

data may be used as a qualitative supporting technique to confirm the same. 

The mechanical response of these molecular crystals resembles in some respects 

that of certain types of inorganic crystals like graphite, which shows shearing. It is also 

well known in mechanical metallurgy that in most metals, the planes on which slip or 

shearing takes place are usually those with closest atomic packing, while the slip 

direction is always the closest-packed direction in the slip plane, which is similar to that 

of the layered structures discussed in this chapter. As the latter class of crystals has been 

investigated extensively, I conclude that there is scope for understanding the mechanical 

behaviour of these two different classes of crystals on a common basis. 
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2.9 Experimental Section 

Materials: Samples of 6-chloro-2,4-dinitroaniline, 4-nitroacetophenone and all reagents 

and solvents employed were commercially available (Lancaster) and were used as 

supplied without further purification. All these compounds were characterized with 

NMR and IR spectra. The 1H NMR spectra were recorded on Bruker Avance at 400 

MHz instrument. IR spectra were recorded on a Jasco 5300 spectrometer. All melting 

points were measured in Fisher-Johns melting point instrument. 

Synthesis: All the mixed halogenated compounds were synthesized by either 

bromination or iodination of the corresponding halogenated starting materials. The 

general bromination and iodination procedures used to prepare these compounds are 

given for 135B246C and 135C246I [2.23]. 

Bromination: A mixture of 1,3,5-trichlorobenzene (3 mmol, 556 mg) and electrolytic Fe 

powder (19 mmol, 1 g) was taken in a round bottomed flask and Br2 (0.23 mol, 6 mL) 

was added dropwise at 273 K after which the mixture was heated at 408-413 K for 1 h. 

The resulting mixture was poured into 500 mL of saturated NaHSO3 solution, the 

precipitate filtered off and crystallized from THF to give 900 mg of 135B246C. IR (KBr, 

cm−1): 1317, 1271, 623; MS (70 eV): m/z (%): 414 (M+), 416 (M+ + 2), 418 (M+ + 4), 

420 (M+ + 6), 422 (M+ + 8), 424 (M+ + 10), 335, 258, 107 and 77. 

Iodination: H5IO6 (1.66 mmol, 380 mg) was dissolved in conc. H2SO4 (6 mL) and 

crushed I2 (5 mmol, 1.27 g) was added followed by stirring for 0.5 h. Then 1,3,5-

trichlorobenzene (1 mmol, 186 mg) was added to the reaction mixture, followed by 

stirring for 24 h at room temperature and then for 36 h at 333 K. The reaction mixture 

was cooled and poured onto crushed ice. The solid was filtered and recrystallized from 

THF to yield 390 mg of 135C246I. IR (KBr, cm−1): 1647, 1292, 559, 416; MS (70 eV): 

m/z (%): 558 (M+), 560 (M+ + 2), 562 (M+ + 4), 431, 304, 234, 179, 142, 127, 107 and 

72. 

1H NMR: (400 MHz, [D6]DMSO, 25 ºC, TMS): No peaks were found in the spectrum 

for all the hexahalogenated compounds. 
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Crystallization: All the compounds were crystallized from either CCl4, THF or 1,4-

dioxane by slow evaporation at ambient temperature. 

 
X-Ray Crystallography: Face indexing was done on a Bruker Nonius Smart Apex CCD 

with graphite monochromated Mo-Kα radiation. For twinned crystals reflections were 

sorted out using program RLAT version 3.0 and obtained the cell values for both the 

twinned regions. Full data collection details are discussed in Chapter 5. 



CHAPTER 3 

STRUCTURAL BASIS FOR BENDING OF ORGANIC CRYSTALS:  
STRUCTURE-PROPERTY CORRELATION 

 
 
3.1 Introduction 

The study of molecular crystals subjected to mechanical stress has long been a subject of 

considerable interest to both chemists and mechanochemists [1.9]. In this process, 

breaking and making of covalent and noncovalent bonds takes place [3.1], i.e. chemical 

and supramolecular reactions take place [3.2]. In the pharmaceutical industry, bulk 

properties of a drug like hardness, strain rate sensitivity, granularity and flowability 

depend on its mechanical properties [3.3]. These properties play an important role in 

formulation and tableting. Controlling the mechanical properties demands a good 

understanding of structure-property relationships. But the mechanical properties of 

molecular crystals are poorly understood except for some generalisations [3.4]. For 

example, it is known that the typical organic molecular crystal is not mechanically tough 

and is susceptible to deformation or breakage on the application of mechanical stress. No 

systematic studies on the mechanical behaviour of molecular crystals have been reported 

in the literature [2.5b]. 

 Although molecular crystals with unusually deformed morphologies have been 

noticed by crystallographers over the years, such observations have been generally 

ignored, due to the fact that crystallographers tend to choose high-quality single crystals 

for their X-ray diffraction studies [3.4]. For this reason, the examination of any given 

batch of crystals normally ends when a crystallographer finds a suitable single crystal for 

analysis and further attention is not paid to strange or differently shaped crystals from the 

same batch. The studies reported in this chapter are focused on the mechanical bending 

phenomenon of some organic molecular crystals and the correlation of such bending 

with crystal packing. 
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3.2 Bending in Metals 

 Bending is the process by which a straight length is transformed into a curved 

length [1.18]. Bending is a common process for changing metal sheet or plate into 

channels, drums, tanks and is part of the deformation in many other forming operations. 

The bending process of metal crystals at the atomic level is explained using the theory of 

dislocations [1.11]. The conventional definitions of the terms used in bending are 

illustrated in Figure 1 [3.5]. The bend radius R is defined as the radius of curvature on 

the concave or inside, surface of the bend. The neutral axis is an axis along which there 

will not be any change in the length in the deformation process. For elastic bending, that 

is below the elastic limit, the strain passes through zero halfway through the thickness of 

the sheet at the neutral axis. In plastic bending, that is beyond the elastic limit, the neutral 

axis moves closer to the inside surface of the bend as the bending proceeds. Since the 

plastic strain is proportional to the distance from the neutral axis, fibers on the outer 

surface are strained more than fibers on the inner surface which are contracted. Since the 

average fiber at the mid-thickness is stretched, there will be a decrease in thickness 

(radial direction) at the bend to preserve the constancy of volume. The smaller the radius 

of curvature, the greater will be the decrease in thickness on bending. 

 

Figure 1. Bending of a metal sheet and definition of terms used in bending in 
mechanical metallurgy. This figure is reproduced from reference [3.5]. 
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 According to the theory of bending [3.6] the strain increases with decrease in 

radius of curvature. For a given bending operation the bend radius cannot be made 

smaller than a certain value or the metal will crack on the outer tensile surface. The 

minimum bend radius is usually expressed in multiples of the sheet thickness (h or t). 

Thus, a 3t bend radius indicates that the metal can be bent without cracking through a 

radius equal to three times the sheet thickness. The bend radius varies considerably from 

metal to metal and always increases with cold-working (deforming at lower 

temperature). Some very ductile metals have the minimum bend radius of zero, 

indicating that they can be flattened upon themselves. For high-strength sheet alloys the 

minimum bend radius may be 5t or higher. The minimum bend radius also depends on 

the geometry of the bending conditions. 

 

3.3 Results and Discussion 

 After observing shearing in layered structures (Chapter 2), the mechanical 

experiments were also extended to a few other molecular crystals. In this process, the 

bending phenomenon was first observed in crystals of hexachlorobenzene which 

crystallizes in the monoclinic space group P21/n with a ca. 4 Å short axis [3.7]. At first, 

the bending phenomenon in the C6Cl6 crystals seemed like an inexplicable property. In 

the search for reasons for the bending, an extensive survey of 60 (Table 2) molecular 

crystals was carried out to discover some more similar examples and to then establish a 

correlation between such bending and the crystal packing. The survey was begun with 

crystals that have a similar short crystallographic axis of ca. 4 Å [2.18] and then moved 

on to other types of compounds like 1D to 3D, isostructural to polymorphic, stacked to 

interlocked and co-crystals to solvates. At the end of the survey, it was found that around 

17 of them could be bent (Table 1), while the rest (43 out of 60) could not be bent 

plastically (Table 2) in any direction on application of a mechanical stress. The 60 

compounds were selected more or less randomly based on easy availability in our 

laboratory. 

 A model for bending was proposed using the information obtained from the 

mechanical bending experiments, X-ray diffraction and face indexing on both bending 
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and non-bending (brittle) crystals. Mechanical properties of both the bending and brittle 

crystals and a correlation of such mechanical properties with crystal packing are 

discussed in this chapter. Bending crystals will be discussed in Section 3.3.1, and the 

brittle crystals in the Section 3.3.7. 

 
Table 1. List and details of bending crystals 

No. Name of Compound M.P.
/K 

Crystallogr. 
Short Axis 

CSD Refcode/ 
CCDC No. 

1 2-(Methylthio)nicotinic acid 488 3.9834(10)   KAMQIZ 

2 Hexachlorobenzene 491 3.8861(1) HCLBEN11 

3 Hexabromobenzene 598 4.007(1) HBRBEN01 

4 1,3,5-Trichlorobenzene 336 3.921(1) TCHLBZ 

5 1,3,5-Tribromobenzene 394 4.080(10) TBRMBZ 

6 Pyrazine-2-carboxamide 463 3.750(10) PYRZIN14 

7 6-Chloro-2,4-dinitroaniline 432 3.6646(8) 250456 

8 Venlafaxine hydrochloride 484 5.797(6) WOBMUV01 

9 4-Nitrobenzoic acid 513 5.153(2) NBZOAC02 

10 4-Chlorobenzonitrile 364 4.038(1) CLBZNT02 

11 3,4-Dichlorophenol 339 3.859(5) DCLPHM 

12 Benzamide:pentafluorobenzamide (1:1) 377 7.355(1) ESATOH 

13 1,3,5-Trifluoro-2,4,6-triiodobenzene 425 4.7931(20) 261303 

14 4-Fluorobenzonitrile 308 3.869(1) PFBZCY 

15 2-Nitrobenzaldehyde 316 3.960 NIBZAL 

16 1,3-Dinitrobenzene 361 3.677(1) DNBENZ11 

17 3,4,5-Trimethoxybenzaldehyde 346 4.6649(12) RAJKOC 

 
3.3.1 Bending Model: 2-(Methylthio)nicotinic acid, 1 

A good example for the bending model is provided by 2-(methylthio)nicotinic 

acid, 1 [3.8]. Plate-like long crystals of 1 were obtained from THF solvent at ambient 

temperature by the slow evaporation method. In the crystal structure, nearly planar 
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molecules form centrosymmetric acid dimers via strong O–H···O hydrogen bonds 

(1.85(5) Å and 169(5)°) and these dimers are stacked down the needle direction [100], 

which is also the short axis. The dimers are arranged laterally along [001] with C–H···O 

interactions (d/Å, θ/°; 2.63, 141; 2.70, 157). Along the third direction, namely [010], 

adjacent dimers are close packed in a zigzag fashion with Me···Me contacts (Figure 2). 

 

N

O
O H

SCH3

 

 
 

(a) (b) 

Figure 2. 2-(Methylthio)nicotinic acid, 1. (a) The zig-zag arrangement of molecules 
showing O–H···O and C–H···O hydrogen bonds parallel to the ( 2 72) plane. (b) Stacking 
of dimers along crystal length. Notice the weak Me···Me interactions and π···π molecular 
stacking. 
 

In search of a structural correlation for the bending phenomenon, faces of a plate 

like crystal of 1 were indexed (Figure 3). The same crystal was then used for the 

mechanical bending experiments. The crystal was viewed under microscope and the 

bending and non-bending faces of the crystal were determined [3.9]. In the bending 

process the crystal was taken with the (001) face on top and was prevented from 

movement at its ends by a pair of forceps that gripped the (0 1 0) planes. Pressure was 

then applied with a needle from the other side of the crystal, i.e. on (010), and in the 

middle. The crystal bent easily as seen in Figure 3c. The bending was continued till the 

crystal assumed a hairpin shape (Figure 3d). In the bending process the overall volume of 

the crystal remains nearly constant with permanent deformation of the crystal (the elastic 
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component of the total deformation is extremely small and is usually ignored). This is 

termed as plastic bending in the language of mechanical metallurgy. The bent crystal 

could also be ‘straightened out’ somewhat with the sites of the tools reversed (forceps ↔ 

needle) but it did not regain its pristine condition, i.e., some permanent 

deformation/strain was introduced in the crystal: mainly, it did not show diffraction 

characteristic of a single crystal anymore. Bending is strongly anisotropic in the type of 

crystals under consideration. When another crystal of 1 was placed with the (010) face 

upwards and subjected to mechanical stress as before but with the needle and forceps 

coming in on the (001) and (00 1 ) faces, it cracked and eventually broke. 

 

  
(a) (b) 

  
(c) (d) 

Figure 3. 2-(Methylthio)nicotinic acid, 1. (a) Crystal as mounted for face indexing. (b) 
SMART face indexing graphic. (c) The same crystal bent on the (010) face; arrows show 
the point of impact of forceps and needle. Crystal packing shown in the Figure 2b is in 
the same orientation. (d) Crystal bent into hairpin shape. 
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(a)                (b) 

Figure 4. A model for bending (half sectional view). (a) Undeformed crystal. The white 
spaces between rows of stacks represent the weakest interactions. (b) Bent crystal. Note 
the pronounced deformation in some of the interfacial angles. 
 

Close examination of both the crystal packing and the anisotropic bending 

behaviour of the crystals provided useful information related to the bending 

phenomenon. A schematic depiction of these events is given in Figure 4, which shows 

the crystal structure as viewed on the (001) face (similar to Figure 2b). The acid dimers 

in the undeformed crystal (Figure 4a) are shown as stacked disks, and the white regions 

between the molecular stacks correspond to Me···Me close packing. For bending of the 

kind observed to take place, one set of interactions (π···π stacking) should be 

substantially stronger than another (Me···Me van der Waals) in a nearly perpendicular 

direction. Application of a mechanical stress would then lead to the situation shown in 

Figure 4b. The disks are able to assume their distorted orientations in the bent crystal 

either by sliding along the molecular planes or by splaying (see the change in orientation 

between the red coloured disks in Figure 4). The dotted lines in Figure 4 show the 
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imaginary interfacial angles which were present in the undeformed shape (before 

bending). 

As discussed before, in plastic bending of metals (beyond the elastic limit), the 

outer radius of the fibre increases while the inner radius decreases. The thickness of the 

bent portion decreases slightly to maintain the constancy of the overall volume. As a 

result, the outer length of the arc increases while the inner length of the arc decreases. In 

the case of elastic bending, there will be a change in volume below its elastic limit [3.5]. 

In contrast, in plastic bending of molecular crystals within the accuracy of present 

measurements the volume and thickness of the crystal remains nearly the same (the 

elastic component constitutes a very small fraction of the total strain). It is interesting to 

note that the interfacial angles of the crystal ends have changed markedly (Figure 4b) to 

keep the volume constant and lengths of the inner and outer arcs of the crystal the same. 

Such an observation has not been reported in metals. In fact, this is the clinching clue 

that suggests that the plastic bending of molecular crystals is not identical to the bending 

of metal crystals. This is the basis for the bending model proposed for molecular crystals. 

 

3.3.2 Isostructural Compounds 

 Comparing isostructural compounds is advantageous because in these structures 

the crystal packing is kept constant and variations in properties can be directly correlated 

to the small differences present in the structures. In general, isostructural compounds 

[1.23] contain topologically similar supramolecular synthons [1.13] in their crystal 

structures. This allows one to compare the synthon energies. 

 

Hexachlorobenzene, 2 

 The planar molecules of 2 form π···π stacks along the crystal length; within these 

stacks, the molecules are 3.44 Å apart (perpendicular distance) and tilted 63.3º to the 

stack direction so that π···π interactions are optimized (Figure 5a) [3.7a]. There are two 

categories of Cl···Cl interaction in the overall distance range of 3.44-3.67 Å. No Cl···Cl 

interaction appears to be particularly important and π···π stacking dominates the packing. 

The bending face is (001) from which the weak and non-specific Cl···Cl contacts emerge  
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Cl
Cl

Cl

Cl
Cl

Cl

 

(a)  

 

(b) (c) 

Figure 5. Hexachlorobenzene, 2. (a) Packing shows the rows of stacks along the crystal 
length. (b) Crystal as mounted for face indexing. (c) SMART face indexing graphic. 
 

 
          (a)                           (b)                              (c)                                   (d) 

Figure 6. Bending of the same face indexed crystal seen in Figure 5. (a) Before bending. 
Arrows show the point and direction of the stress applied. (b), (c) and (d) show different 
snapshots in the bending process. Notice the very low bend radius (close to zero) in 
figure (d). 
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(Figure 5b, 5c). Bending experiments were also carried out at 273 K by cooling the 

sample and it was found that the crystal bends as easily as it does at room temperature. 

This clearly shows the weakness and the non-specificity of the Cl···Cl interactions. 

Interestingly, these crystals can be deformed into various shapes depending upon the 

direction and the point of stress application on the crystals (Figures 6 to 8). In extreme 

cases, they can be even flattened upon themselves (Figure 6d). That is, the bend radius of 

the crystal approaches zero, if care is taken to prevent buckling. 

 
Figure 7. (a), (b) And (c) show the propagation of the bend through the crystal on 
continuous stress application. Arrows show the point and direction of the stress applied. 

 An interesting aside here is that when a crystal of C6Cl6 (m.p. 500 K) is 

compressed along its needle length, that is, [010], a bending deformation takes place, 

which on further compression propagates in a consecutive manner through the crystal 

(Figure 7). Inspection of Figure 4 will show why this is the case. 

The feeble nature of the Cl···Cl interactions in C6Cl6 is further indicated by the 

variation in the shape of the bent specimens as a function of the mode of application of 

force. Figure 8a would result from a compressive force applied at both ends, parallel to 

the longitudinal axis. Figure 8b shows the situation when the crystal volume remains 

unchanged, as in plastic bending, if care is taken to prevent buckling [3.5]. Crystals also 

were subjected to three-point bending to obtain a bent shape, the schematic of which is 

shown in Figure 8c [3.5]. The cartoon depictions in Figure 8 show that the sliding of 

molecules past each other is very easy, and that the internal stresses between molecules 

in the stacks are dissipated with these kinds of deformation. Again, the conclusion is 

clear: interactions between halogen atoms between stacks are weaker and/or less specific 

than the π···π interactions within a stack. 
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(a) 

 
(b) 

 

 

 

 
(c) (d) 

Figure 8. Bending of a normal C6Cl6 crystal into different shapes. (a) A crystal bent in 
four regions by a compressive force applied at both ends, parallel to the longitudinal 
axis; (b) schematic depiction of the process described in (a); (c) bending into an Ω-shape. 
The two bends in the flat portion of the crystal occurred without additional anchoring—
the forceps tips were enough; (d) bending into a ∩-shape by changing the points of 
anchoring. Arrows indicate the point and direction of force applied. 
 
 Bending experiments on C6Cl6 crystals were also done using a nanoindenter. The 

crystal, with the bending face (001) upwards, was placed on a small iron washer which 

had a hole in the middle as shown in Figure 9a. The middle part of the crystal was 

unsupported. The indenter tip was used to press the crystal in the middle portion by 

applying a load of 10 g (a force of 98 mN).  The direction of motion of the indenter tip 

was parallel to the [001] direction of the crystal. The rate of displacement of the tip was 

constant. The crystal underwent deformation as shown in Figure 9b. Two crystals that 

were used in this experiment had almost the same thickness (0.3 mm) and the 
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displacement (measured using a graduated optical microscope) was ca. 1 mm for both. 

Notably, when a crystal of C6Cl6 was placed on the washer with the (100) face pointing 

upwards, indentation led to immediate breakage. This reveals the strongly anisotropic 

nature of the plastic bending present/inherent in these molecular crystals. 

 

(a) (b) 

Figure 9. Bending of C6Cl6 crystal using a nanoindenter tip. (a) Schematic depiction of 
crystal as mounted on iron sample holder. (b) Photograph of the crystal after bending. 
 
Hexabromobenzene, 3 

 Hexabromobenzene, 3, [3.10] is isostructural to C6Cl6 and was expected to bend. 

Surprisingly it did not. However, using the well known idea that the correct way of 

comparing the mechanical response of materials is in terms of similar/identical 

homologous temperature [3.10, 3.11] (equal to T/Tm where T is the temperature of 

deformation and Tm is the melting temperature are on the absolute scale), the bending 

experiments were repeated at 403 K. Bending took place at this elevated temperature, as 

it did for C6Cl6 at room temperature (Figure 10). The higher melting point of C6Br6 (Tm = 

598 K) when compared to C6Cl6 (Tm = 491 K) is surely of enthalpic origin because the 

entropic change upon melting is expected to be very similar for both the compounds. 

This experiment incidentally can provide a comparison of Cl···Cl and Br···Br interactions 

in the two crystals of 2 and 3 and it may be concluded that the Br···Br interactions are 

stronger than the Cl···Cl interactions in these compounds. This conclusion is also 

apparent from their melting points (Table 1). This view is also compatible with their 

dispersive nature. Crystals of 3 deformed at a higher temperature did not show any 

elastic recovery (“spring back” to the original shape) upon cooling down to room 
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temperature. It also appeared as hard as the original single crystals at room temperature. 

Experiments were also done on the isostructural mixed halogenated compound 1,3,5-

tribromo-2,4,6-trichlorobenzene (135B246C) which is an intermediate type (Br/Cl) to 

compounds 2 and 3. This sample also did not bend at room temperature, but bends at the 

higher temperature of 403 K (Tm = 546 K). 

 

 

Br
Br

Br

Br
Br

Br

 

 
Figure 10. Hexabromobenzene, 3. Crystals bent into different shapes at 403 K. 
Photograph was taken after cooling the crystals down to room temperature. 
 

1,3,5-Trichlorobenzene, 4 and 1,3,5-Tribromobenzene, 5 

 Isomorphous compounds, 4 and 5 pack in the orthorhombic space group P212121 

[3.12]. The packing of these compounds is dominated by π···π stacking interactions in the 

[001] direction. Rows of the stacks are connected via weak C–H···X interactions in the 

other two directions. In compound 4, the C–H···Cl interactions are 2.960, 149.8; 2.965, 

156.3 and 2.984 Å, 154.8° but there are no significant Cl···Cl interactions present in the 

structure (Figure 11). In compound 5, C–H···Br (d/Å, θ/°; 3.01, 151.6; 3.08, 156.2 and 

3.09, 158.2) and weak C–Br···Br (d/Å, θ/°; 3.762, 117.9, 155.5; 3.765, 111.6, 151.8) 

interactions are present. Although the C–Br···Br interactions are present in 5, it bends as 

easily as 4, because the Br···Br interactions in this structure are non-directional and of the 

van der Waals type. They do not extend into the third dimension. But the Br···Br 

interactions in C6Br6 do extend in all the three dimensions and hence bending occurs at a 

higher temperature. 
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Cl

ClCl  

Br

Br Br  

  
(a) (b) 

Figure 11. Crystal packing in (a) 1,3,5-trichlorobenzene, 4, shows the C–H···Cl 
interactions, and (b) 3,5-tribromobenzene, 5, shows C–H··Br and C–Br···Br interactions, 
between the stacks. 

3.3.3 Polymorphic Compounds 

 One of the main goals in crystal engineering is to understand the relationships 

between the crystal structure and the solid-state properties of materials at the molecular 

level. Polymorphism in molecular crystals—the ability of some molecules to crystallize 

into different structural forms—provides an excellent opportunity to study such 

relationships by preserving the same composition [3.5]. The polymorphic compounds in 

this study prove how the physical properties of a material can be influenced by its 

crystalline structure. 

Pyrazine-2-carboxamide, 6 

 Pyrazine-2-carbaxamide, 6 is known to exist in five polymorphic forms [3.13]. 

Forms α (6α) and δ (6δ) could be crystallised in our laboratory. Bending experiments on 

form 6α revealed some interesting facts related to the bending phenomena. A 

consequence of the bending model is that the angles between some of the faces would 

change markedly. This effect is observed very prominently in the bent crystal of 6α 
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(Figures 12a, 12b) which is also distinctive in that the thin face of the crystal, (100), is 

the bending face (Figures 12d to 12f). In the crystal of 6α (Figure 12c) amide dimers are 

stacked along the short axis [001] (3.75 Å) and there are non-specific N–H···O (d/Å, θ/°; 

2.32, 134.9) and C–H···O (2.24, 168.6) interactions between the phenyl rings along the 

other directions. Once again, one set of interactions (stacking) is significantly stronger 

than another (Ph···Ph) in a perpendicular direction. The bending face of these crystals is 

(100) which is the thickest crystal face. In the bending process, cracking always starts in 

the region of maximum tensile stress as marked with an arrow in Figure 12. This 

example shows that it is not that the largest area faces of a crystal are the bending faces 

(as in 1). The bending face depends on the crystal structure. When bending was 

attempted on a crystal of 6α along the prominent face say, (2 1 0), it cracked rather than 

bend. This clearly shows that the bending is a consequence of the crystal packing and 

does not depend on morphology. 

(a) (b) (c) 

 
(d) (e) (f) 

Figure 12. Pyrazine-2-carboxamide, 6α. (a) Before bending. (b) After bending. The 
arrow shows the acute interfacial angle. (c) Crystal packing. (d), (e) and (f) show the 
stages of bending on (100) plane on another crystal. Arrows in (e) and (f) indicate points 
of breakage. 
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 Crystals of the other form, 6δ, could not be bent under similar conditions 

because the crystal packing does not fall into the bending model. In this structure, 

molecules are arranged in 2D planar sheets with weak C–H···N (2.50 to 2.70 Å) 

intralayer interactions (Figure 13) and stacking interactions between the layers. The 

crystal does not show either shearing or bending on application of a mechanical stress. 

This indicates that there is directionality in the interlayer interactions. 

 

 

 

N

N CONH2

 

Figure 13. Pyrazine-2-carboxamide, 6δ. Planar layer in (012) shows the dimers in layer 
connected with weak C–H···N interactions. 
 

6-Chloro-2,4-dinitroaniline, 7 

 6-Chloro-2,4-dinitroaniline, 7, is a trimorphic compound which crystallizes 

concomitantly from CH2Cl2 solvent at ambient temperature [2.5]. Crystals of all the three 

forms are yellow in colour. Form I (blocks) is a layered structure which undergoes 

shearing on application of a mechanical stress. This was discussed in detail in Chapter 2. 

Crystals of Form II are very thin needles. These crystals undergo bending on application 

of a mechanical stress. In the crystal structure, molecules are arranged as corrugated 

tapes along [100] via strong N–H···O (d/Å, θ/°; 2.21, 141.6; 2.33, 139.7) interactions and 

the tapes are stacked along the b-axis (Figure 14). These tapes are connected by C–H···O 

(d/Å, θ/°; 2.51, 155.3) and C–Cl···Cl (d/Å, θ/°; 3.39, 153.7) interactions which are 

responsible for the bending. In fact, it was very difficult to get a single crystal from any 

batch of the crystallization for X-ray diffraction studies. Although the face indexing for 

this form was not successful, based on the bending model, it is predicted that the bending 

face would be (001) for these crystals (Figure 14). 
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(a) (b) 

  

 
 
NH2

Cl NO2

NO2
 

(c) (d)  
Figure 14. 6-Chloro-2,4-dinitroaniline, 7, Form II. Crystal packing shows the tapes 
connected via strong N–H···O (black), weak C–Cl···Cl and C–H···O interactions (green) 
between tapes in (a) view down b-axis and (b) view down a-axis. (c) And (d) shows the 
two different bent crystals. 
 

 
Figure 15. Crystal structure of Form III to show the perpendicular tapes. 
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 Form III (blocks) crystallizes in the triclinic P 1  space group. There are two 

symmetry independent molecules in the asymmetric unit and each of them extends as an 

independent tape through the translation related molecules via strong N–H···O (d/Å, θ/°; 

2.214, 141.08; 2.213, 143.38) interactions. These tapes run perpendicularly as shown in 

Figure 15. The tapes are interconnected via N–H···O (d/Å, θ/°; 2.43, 144.0) interactions 

in the third direction. The stronger N–H···O interactions in all the three directions 

prevents the bending and the crystals simply break into pieces on application of a 

mechanical stress. 

 In the packing of the three forms of 7, the strong hydrogen bonding group NH is 

always involved in N–H···O hydrogen bonding. But the extension of these interactions in 

the crystal packing is completely different for the three forms, and hence, they show 

different mechanical properties. The mechanical behaviour of the three forms of 

molecular crystals 7 resembles the well known example of carbon allotropes, fullerene, 

graphite and diamond, where also the structure property correlation is noticed. 

 

Venlafaxine hydrochloride, 8 

Venlafaxine hydrochloride, 8, exists in two crystalline polymorphic 

modifications (Forms 1 and 2) [3.14]. Form 2 crystallizes in the monoclinic P21/n space 

group and has a one-dimensional packing (1D-tapes) with N+–H···Cl– (d/Å, θ/°; 2.128, 

169.15) and O–H···Cl– (d/Å, θ/°; 2.332, 164.16) ionic interactions in the [100] direction 

i.e. along the crystal length. Only van der Waals interactions are present elsewhere 

(Figure 16) [3.14]. These crystals bend on the expected (010) face. This example is not a 

4 Å structure and shows that aromatic ring stacking is not mandatory for crystal bending. 

Here, the 1D-tapes are formed via strong interactions along the crystal length, and this 

does the job of the stronger π···π stacking interactions seen in the 4 Å structures. In this 

structure, there are no short contacts present between the 1D-tapes within the van der 

Waals radii. 
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(a) (b) 

 

(c) (d) 

Figure 16. Venlafaxine hydrochloride, 8, Form 2. (a) Crystal as mounted for face 
indexing. (b) SMART face indexing graphic. (c) Crystal bent on (010) face. (d) Packing 
diagram. 

 

 
Figure 17. Perspective view along b-axis shows the O–H···Cl–, N–H···Cl–, C–H···O and 
C–H···Cl– interactions in Forms 1. 
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 Form 1 (orthorhombic, Pca21) is the harder (brittle) form and has a similar 1D-

tape packing in the crystal structure with the same kind of N+–H···Cl– (d/Å, θ/°; 2.142, 

173.09) and O–H···Cl (d/Å, θ/°; 2.330, 179.93) interactions along [010] (Figure 17) as 

the softer Form 2. But the arrangement of the adjacent tapes is slightly different. The 

tapes are connected via weak C–H···O (d/Å, θ/°; 2.614, 142.9) and C–H···Cl (2.945, 

150.9) interactions along [001]. These crystals break on application of a mechanical 

stress instead of bending, i.e. these crystals are less plastic than Form 2. From the view 

point of structure-property correlation, this is an interesting observation. Normally, in 

metals, ductility increases with an increase in the crystal symmetry. This is because the 

nature of the metallic bonds remains the same in all the structural forms of a particular 

metal while the number of available slip-systems (shear planes) increases. In contrast, in 

molecular crystal 8, the higher symmetry Form 1 (orthorhombic) is less ductile than the 

lower symmetry Form 2 (monoclinic). This is because the weak C–H···O interactions in 

the Form 1 increases specificity in the crystal packing. As a result, the shear strength of 

the crystal nearly equals the fracture strength, i.e. the crystal breaks instead of bending. 

 Drug molecule 8 is a currently important block buster in the pharmaceutical 

industry and is used as an antidepressant. The mechanical experiments on both the forms 

suggest that the softer form (Form 2) would create more problems than the harder form 

(Form 1) because it has a lower hardness, strain rate sensitivity (which affects the high 

speed tableting process), low flowability and poor granularity in the formulation. Recent 

experiments of Roy et al. [3.14a] on drug 8 revealed that the crystal lattice energy of 

Form 2 is lower than that of Form 1 by 2.0 kcal mol–1. However, Form 1 is stable in ball-

mill grinding, whereas Form 2 partially transforms to the hydrate phase, suggesting that 

Form 1 is perhaps more suitable for pharmaceutical formulations. All these observations 

underline the importance of mechanical properties and their understanding in the 

pharmaceutical industry. 
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4-Nitrobenzoic acid, 9 

COOH

NO2        
(a) (c) 

 

 
 

(b) (d) 

Figure 18. 4-Nitrobenzoic acid, 9. (a) SMART face indexing graphic. (b) Stacking of the 
dimers along [010] in a zigzag fashion. (c) Space filling model shows the antiparallel 
arrangement of the adjacent dimer stacks (view down [001]). (d) The adjacent 
antiparallel dimers are connected via weak C–H···O interactions which are not visible in 
(c). 
 4-Nitrobenzoic acid, 9, is a dimorphic compound [3.15]. The monoclinic C2/c 

(Z' = 1) form which is reported in the literature was crystallized and the structure 

redetermined. The molecules aggregate via the carboxylic acid dimer synthons which are 

stacked along [010] in a zigzag fashion (Figure 18). Nitro groups of these dimers are 

arranged in a herringbone fashion to stabilize via O(δ−)···N(δ+) interactions along [101] 

direction as seen in Figure 18b. In the [101] direction, there are only weak C–H···O 

interactions (d/Å, θ/°; 2.659, 133.7; 2.619, 162.8) between the adjacent dimers which are 

arranged in an antiparallel fashion (Figure 18c). The bending face for these crystals is 

determined as (101) and this is the thickest face along which the weak C–H···O 
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interactions emerge. The prominent face is (100) which is the thinnest face but bending 

on theses faces leads to breakage of the crystal. This example shows that the thinnest 

face is not always the bending face and is reminiscent of Form α of pyrazine-2-

carboxamide (6α). 

 

4-Chlorobenzonitrile, 10 

 4-Chlorobenzonitrile, 10, is a dimorphic compound [3.16] and the 

noncentrosymmetric monoclinic (Pc) form was recrystallized. In this structure, 

molecules are stacked along [100]. The molecules from the adjacent stacks are connected 

via weak C–Cl···N (3.37, 168.3) and C–H···N (2.71, 151.1) interactions to form a 

corrugated sheet in the (102) plane (Figure 19). There are only weak van der Waals 

interactions between the corrugated sheets and hence the crystals of 10 bends on 

application of a mechanical stress. In their original report on this structure, Desiraju and 

Harlow [3.16] noted that some of these crystals had a curved morphology. However, the 

basis for such curvature was not understood till now. 

 
Figure 19.  Packing diagram shows the layer formed via C–Cl···N and C–H···N 
interactions. View down a-axis. 
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3.3.4 Tetragonal crystal, 3,4-dichlorophenol, 11 

In the process of confirming the bending model, crystallographically different 

examples were considered for detailed experiments. 3,4-Dichlorophenol, 11, is a 

tetragonal crystal with a 4 Å short axis along the unique direction. Molecules are stacked 

along the short axis [001] i.e. crystal length. In the same direction strong O–H···O 

interactions are extended as a helical chain (Figure 20c) [3.17]. The much weaker Cl···Cl 

directions are equivalent along the two other perpendicular directions because of crystal 

symmetry. Therefore, 11 bends with equal ease on its both equivalent faces (010) and 

(100) into a variety of shapes (Figure 20a). For such high symmetry crystals, more than 

one pairs of faces are the bending faces. In fact, it was very difficult to find an 

undeformed crystal for X-ray diffraction studies from the commercially available sample 

(Figure 20d); the crystals in the bottle appeared as if they were thin earthworms. 

  
(a) (b) 

  
(d) (c) 

Figure 20. 3,4-Dichlorophenol, 11. (a) Crystal bent in all directions. (b) Earthworm. (c) 
Packing diagram. (d) Bent crystals from the commercial sample to show the mechanical 
sensitivity of the crystals. 
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3.3.5 Molecular Complex 

Benzamide:Pentafluorobenzamide (1:1), 12 
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(a) (b) 

Figure 21. Benzamide:pentafluorobenzamide (1:1), 12. Crystal packing shows the rows 
of stacks connected as catemers via strong N–H···O interactions and the weak C–H···F 
interaction region between the catemers in (a) and (b). 
 

 The molecular complex 12 which was recently reported by Reddy et al. [3.18] 

crystallizes in the polar space group P21 (Z' = 1) with one molecule of each residue in the 

asymmetric unit. In this molecular complex, amide groups of both benzamide (BAm) 

and pentafluorobenzamide (PFBAm) molecules are twisted with respect to their 

aromatic rings. The BAm and PFBAm molecules are stacked along the [100] direction 

to stabilize via phenyl−perfluorophenyl interactions (Figure 21). Two adjacent stacks are 

connected via N–H···O helical chains along [110] and [1 1 0] directions. These helical 

chains are formed by the twisted amide groups from each of a BAm and PFBAm 

molecule from the adjacent stacks. There are only weak C–H···F interactions present 

between the helical chains (Figure 21). Because these are the weakest interactions 

present in [001], the bending face for these crystals is the (001) face. 

 

 

 



                                              Structural Basis for Bending of… 

 

65 

3.3.6 Miscellaneous Structures 

1,3,5-Trifluoro-2,4,6-triiodobenzene, 13 

  

 

 

  

F
I

F
I

F

I

 

 
(a) (b) 

Figure 22. 1,3,5-Trifluoro-2,4,6-triiodobenzene, 13. (a) Tapes formed via I···I 
interactions (black) are stronger than F···F and F···I interactions (green) between tapes. 
(b) Bent crystals. 

 

 1,3,5-Trifluoro-2,4,6-triiodobenzene, 13, crystallizes in the monoclinic space 

group P21/n [2.15]. In the crystal, molecules are stacked along the b-axis and these stacks 

are extended as tapes through I···I (d/Å, θ/°; 3.774, 100.7, 171.1; 3.957, 80.0, 146.8) 

interactions along the [100] direction. Between these tapes there are weak contacts, F···F 

(d/Å, θ/°; 2.853, 157.4, 157.4) and F···I (d/Å, θ/°; 3.58, 126.0, 145.5) as seen in Figure 

22a. The weak and (comparatively) strong interactions are arranged perpendicularly. 

Thus bending is possible on application of mechanical stress (Figure 22b). 

 

4-Fluorobenzonitrile, 14  

 4-Fluorobenzonitrile, 14, crystallizes in the triclinic space group P 1  with a short 

crystallographic axis of 3.87 Å [3.19]. In this structure, molecules are slightly tilted and 

thus form corrugated layers parallel to (101) plane (Figure 23). In fact, the layer 

arrangement in this structure is in between the planar and corrugated layer structure 
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types. Molecules within the layers are connected via weak C–H···N (d/Å, θ/°; 2.623, 

156.8; 2.699, 153.5) and C–H···F (d/Å, θ/°; 2.66, 153.0) interactions. There are only 

weak van der Waals interactions between the corrugated layers. Crystals of this 

compound bend on the (010) face through which C–H···F interactions emerge (Figure 

23a). The interactions within the corrugated layers are weak. These crystals also show 

bending, but the shape of the resulting bent portion is different from the crystals 

discussed earlier. In this case, the bent portion of the crystal is angular (Figure 23c, 

marked with arrows) instead of being a smoothed curvature. This could be because of the 

intermediate type arrangement of the layers, i.e. between planar and corrugated layer 

structure types. 

 

 
 

(a) (c) 

F

CN

 

(b)  

Figure 23. 4-Fluorobenzonitrile, 14. (a) Packing diagram of a single layer view down c. 
(b) Shows the corrugation of layers. (c) A photograph of bent crystals. The arrows show 
the bent portion with a corner shape. 
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2-Nitrobenzaldehyde, 15 

 2-Nitrobenzaldehyde, 15 crystallizes in the monoclinic polar space group P21 

[3.20]. In its crystal structure, molecules are stacked down the b-axis. Weak C–H···O 

(d/Å, θ/°; 2.37, 143.3; 2.55, 156.9; 2.56, 160.4; 2.68, 122.8) interactions are present in 

the two other directions (Figure 24). These crystals also bend on application of a 

mechanical stress. 

 

 

CHO
NO2

 

Figure 24. Packing diagram shows the weak C–H···O interactions (view down b-axis) in 
2-nitrobenzaldehyde. 
 

1,3-Dinitrobenzene, 16 

 

 

 

NO2

NO2  

Figure 25. Packing diagram shows the weak C–H···O interactions (view down c-axis). 
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 1,3-Dinitrobenzene, 16, crystallizes in the orthorhombic space group Pna21 with 

a short crystallographic axis of 3.68 Å (c-axis) along which translation related molecules 

are stacked in a zigzag fashion [3.21]. In the other two directions, molecules are 

connected via weak C–H···O (d/Å, θ/°; 2.48, 132.7; 2.55, 141.2; 2.60, 153.5; 2.63, 132.7) 

interactions (Figure 25). These crystals also bend on application of a mechanical stress, 

but the bending faces could not be determined experimentally. From the crystal packing, 

it may be predicted that the bending face is (010). 

 

3,4,5-Trimethoxybenzaldehyde, 17 

 

 
CHO

OMe
OMe

MeO

 

Figure 26. Packing diagram shows both the weak C–H···O and Me···Me contacts 
emerging from the (001) face. 
 
 3,4,5-Trimethoxybenzaldehyde, 17, crystallizes in the orthorhombic space group 

Pca21 and has a short crystallographic axis of 4.66 Å [3.22]. There are two molecules in 

the asymmetric unit. Molecules are stacked along [010]. Except weak C–H···O (d/Å, θ/°; 

2.50, 160.0; 2.55, 166.4) interactions, there are no significant short contacts present in 

this structure as seen in Figure 26. Although the faces of these crystals were not 

determined due to a limitation on the time available on the diffractometer, it can be 

suggested that the bending face for these crystals would be (001), because the weakest 

van der Waals type Me···Me contacts emerge from this plane. 
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3.3.7 3D Interlocked crystals (Brittle Crystals) 

 Most of the molecular crystals (43 out of 60) in the survey did not bend in any 

direction on application of a mechanical stress. Analysis of these crystal structures reveal 

that they have some kind of interlocking like strong hydrogen bonding, zigzag or 

herringbone packing of molecules in all the three dimensions. Crystal packing of some 

typical structures is now discussed. For all these crystals, the molecular diagram, CSD 

refcode and hydrogen bonding details are presented in Table 2. 

Table 2. List of the hard (brittle) crystals (18-60) found in the survey. 

No. Molecular Structure CSD 
Refcode 

Hydrogen Bonding/  
Packing Pattern 

18 
N CONHNH2

 

INICAC01 N−H···N 

3D interlocked 

19 
OH COOH + H2O

 

PHBZAC02 O−H···O  

3D interlocked 

20 Cl
ClCl

 

TCBENZ 

TCBENZ01 

Cl···π 

anti-parallel packing of 

molecules. 

21 
COOH

 

BENZAC01 O−H···O herringbone type 

arrangement of acid dimers 

22 N

COOHHOOC  

DINICA10 O−H···N and O−H···O  

2D sheet 

23 N
CONH2

 

PICAMD N−H···O 

zigzag 2D amide dimer  

tapes 

24 COOH

COOHHOOC  

BTCOAC O−H···O 

3D interpenetrated 
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Table 2. Continued…  

No. Molecular Structure CSD 
Refcode 

Hydrogen Bonding/  
Packing Pattern 

25 OH

NO2  

MNPHOL02 

MNPHOL03 

O−H···O 

tape 

26 

FF

F

F F

COOH

 

PFBZAC01 C−H···O and F···F 

layered 

27 

CONH2

FF

F

F F

 

VATNOU N−H···O 

tape 

28 
F

F
F

F

F
COOH

H

H
H

H

H
COOH

+

 

UKOKIO01 O−H···O and C−F···π 

29 
F

F
F

F

F
COOH

H

H
H

H

H
CONH2

+

 

ESATUN N−H···O  

2D helical chain 

30 
Br COOH

 

BRBZAP01 O−H···O  

corrugated sheet 

31 
NH2 CN

 

BERTOH01 

BERTOH02 

N−H···N and N−H···π  

zigzag tapes  

32 OH
Cl

Me  

EKENUD O−H···O  

parallel tapes 
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Table 2. Continued… 

No. Molecular Structure CSD 
Refcode 

Hydrogen Bonding/  
Packing Pattern 

33 OH
Me

Me  

DMPHOL11 O−H···O  

parallel tapes 

34 

N

N

 

PYRAZI/ 

PYRAZI01 

C−H···N  

3D interlocked 

35 

N

N

 

PHENAZ11 

HENAZ01 

C−H···N 

herringbone 

36 

 

NAPHTA C−H···π 

herringbone 

37 
Br COCH3

 

BRACPH01 Br···O  

parallel tapes 

38 COOHHOOC  OXALAC O−H···O catemer 

corrugated layers 

 

39 
COCH3O2N

 

NACPON10 C−H···O  

layered 

40 

N
CONH2

 

NICOAM01 N−H···O and N−H···N in 

2D interlocked 

41 CN

CNNC  

ZEXQAU C−H···N 

helical chains/ 

3D interlocked  
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Table 2. Continued… 

No. Molecular Structure CSD 
Refcode 

Hydrogen Bonding/  
Packing Pattern 

42 

CH2Cl CH2Cl

O

 

DCACON C−H···O 

2D sheet 

 

43 Ph

PhPh  

TPHBEN01 C−H···π 

3D interlocked 

44 CHO
CHO

 

IHEMAJ C−H···O 

 

45 CHO

CHO  

IHEMIR C−H···O 

 

46 
CHOOHC

 

JULJAR C−H···O 

 

47 
CHOBr

 

YICFEV C−H···O and Br···Br 

 

48 

OH  

YUHHUE 

YUHHUE01 

O−H···O  

Parallel tapes 

49 
OHI

 

QQQBNJ No 3D coordinates 
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Table 2. Continued… 

Unreported Compounds 
No. Molecular Structure No. Molecular Structure 
50 

OH

OMeMeO 56 
CHO

 

51 CHO

NO2  

57 Me
OH

OH
+ H2O

 
52 

Br

O
Me

 

58 CHO

OMe
OMe  

53 Me
F

O2N  

59 OH
OMeMeO

 
54 CHO

I  

60 
ClCl

CHO

 
55 

N

N

CH3

OH

 

  

 
Isonicotinic acid hydrazide, 18 

 Isonicotinic acid hydrazide, 18, crystallizes in the orthorhombic space group 

P212121 with a short axis of ca. 4 Å [3.23]. In this structure, molecules are stacked down 

along the [001] direction and form helical chains via N–H···N interactions in the same 

direction (Figure 27). Molecules from adjacent helical chains are connected with N–

H···N(pyridyl ring) interactions in the two other directions to form a three-dimensional 

interlocked structure. These crystals were found to be hard and do not bend on 
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application of a mechanical stress in any direction because of N–H···N interactions in all 

three crystal directions. 

 
Figure 27. Isonicotinic acid hydrazide, 18. Perspective view of packing along the c-axis 
shows the helical chains and connections between them via N–H···N interactions. 

4-Hydroxybenzoic acid-monohydrate, 19 

  

(a) 

 
(b) 

Figure 28. 4-Hydroxybenzoic acid-monohydrate, 19. Packing shows (a) the interlayer 
O–H···O hydrogen bonding in the 2D-sheet; (b) the O–H···O hydrogen bonds between 
the layers, view down [010]. 
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 4-Hydroxybenzoic acid-monohydrate, 19, crystallizes in the monoclinic space 

group P21/n [3.24]. In this structure molecules form carboxylic acid dimer synthons via 

O–H···O (d/Å, θ/°; 1.76, 174.4) hydrogen bonds. The leftover phenolic OH groups of the 

adjacent dimer molecules are connected through the H2O molecules via O(ph)–H···O(w)–

H···O(ph) (d/Å, θ/°; 1.71, 172.8; 1.95, 170.1) interactions thus forming a sheet in the 

( 1 05) or (10 5 ) planes as shown in Figure 28a. The second OH group of the H2O 

molecule forms an O–H···O (d/Å, θ/°; 1.95, 169.0) interaction with the carbonyl oxygen 

of the next layer, which interlocks the structure in the third dimension (Figure 28). As 

expected, these crystals do not undergo plastic bending deformation i.e. they broke on 

application of mechanical stress. 

 
1,2,3-Trichlorobenzene, 20 

 
Figure 29. 1,2,3-Trichlorobenzene, 20. Packing diagram shows the anti-parallel stacking 
of the dipoles of the molecules and Cl···π and C−H···Cl interactions. View down [101]. 
 
 1,2,3-Trichlorobenzene, 20, crystallizes in the monoclinic space group P21/c 

with two molecules in the asymmetric unit [1.2, 3.25]. Molecule 20 has a significant 

permanent dipole moment. In its crystal structure, molecules show anti-parallel stacking 

of dipoles which results in a doubling of the short axis to ca. 8 Å. Adjacent anti-parallel 

dimers are packed perpendicularly with weak Cl···π and C−H···Cl interactions (Figure 
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29). These crystals are hard and do not bend on application of a mechanical stress 

because of the herringbone type of packing in the crystal structure. The same kind of 

packing with weak interactions is also seen in pyrazine, phenazine, anthracene and 

naphthalene, which also do not bend on application of a mechanical stress under similar 

conditions. 

 

3.3.8 Anisotropy  

 Anisotropic behaviour of these crystals was examined by nanoindentation [3.26] 

and thermal expansion experiments which depend mainly on the internal packing of the 

crystals and intermolecular interactions in the three dimensions. 

 

Nanoindentation 

 Nanoindentation experiments on the three different faces (100), (010) and (001) 

confirmed the anisotropic behaviour of crystal 1. These tests revealed that the Young’s 

modulus of crystal 1 (~15 GPa) was comparable to that of wood [3.27]. It could also be 

demonstrated that at room temperature, crystal 1 experienced steady state creep 

deformation (Figure 30-inset). In this experiment, the load was maintained constant; yet 

the depth of indenter penetration increased with the time of load application. This is 

constant load (~stress) indentation creep [3.5, 3.11]. Creep becomes significant in a 

material when the test temperature is greater than or equal to 0.5 Tm, where Tm is the 

melting point [3.5]. Here the test temperature was 298 K, while the Tm of 1 is 488 K. 

That the interactions in crystal 1 are quite anisotropic could also be demonstrated by the 

nanoindentation experiments in which the hardness of the crystal at different values of 

indenter penetration along the three crystal directions were determined. Figure 30 shows 

that the hardest face is the bending face (010). This is because application of a 

mechanical stress perpendicular to this face will cause the crystal to deform plastically. 
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Figure 30. Nanoindentation experiments demonstrating anisotropy in acid 1. Hardness 
(H) vs depth (d) of indenter penetration. Inset: Indenter penetration vs time of load 
application. ▲ (100), ● (010), ■ (001). 
 
Variable Temperature Data 

As mentioned in Chapter 2, the directional nature of thermal expansion can 

reveal some qualitative anisotropic features of the intermolecular forces in molecular 

crystals [2.22]. To examine the anisotropy of intermolecular interactions, the cell 

parameters of the bending compounds 1 and 2 were determined at six different 

temperatures between 100 K and 300 K (Figure 31). 

Figure 31. Variation of cell parameters with respect to temperature for compounds 2-
(methylthio)nicotinic acid, 1 (left) and hexachlorobenzene, 2 (right). Notice that the short 
axis length increases sharply with temperature. 
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Table 3. Variable temperature cell parameters of 1 and 2 

2-(Methylthio)nicotinic acid, 1 
T/K a b c  α β γ 

100 3.8923(6) 25.276(5) 7.432(2) 90 101.01(2) 90 

140 3.9068(6) 25.319(4) 7.442(2) 90 101.06(3) 90 

180 3.9254(5) 25.318(3) 7.445(2) 90 101.17(2) 90 

220 3.9450(9) 25.330(8) 7.452(3) 90 101.24(4) 90 

260 3.9643(7) 25.361(5) 7.462(2) 90 101.33(3) 90 

298 3.9840(9) 25.384(5) 7.471(2) 90 101.45(3) 90 

 
Hexachlorobenzene, 2 
T/K a b c α β γ 

100 7.972(1) 3.7613(4) 14.684(3) 90 92.44(1) 90 

140 7.985(1) 3.7747(3) 14.703(2) 90 92.39(1) 90 

180 7.9973(8) 3.7884(3) 14.726(2) 90 92.35(1) 90 

220 8.0137(1) 3.8042(4) 14.756(3) 90 92.270(13) 90 

260 8.032(3) 3.817(1) 14.780(6) 90 92.20(4) 90 

298 8.046(1) 3.836 (1) 14.816(4) 90 92.16(3) 90 

In compounds 1 and 2, though the changes in the cell lengths are not very clear, 

there is an indication of anisotropy (Table 3). The ambiguity is due to purely geometrical 

reasons and a similar situation has been discussed in detail in Chapter 2. 

 
3.4 Conclusions 

Bending of organic crystals is a widespread phenomenon. Bending is possible 

when the packing is anisotropic in such a way that strong and weak interaction patterns 

occur in nearly perpendicular directions. Bending can be understood on the basis of a 

structural model that takes into account the highly anisotropic nature of these crystals. 

When a crystal bends, two parallel opposite faces become non-planar, i.e. curved. The 

bending phenomenon does not depend on the melting point of the crystal but the idea of 

homologous temperature is important. Bending depends completely upon the nature of 
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intermolecular interactions and crystal packing. An organic crystal which bends is not 

like plasticine, modelling clay or even a slab of metal. It cannot be mechanically 

deformed in any arbitrary manner. Interactions in such crystals are not uniform and 

similar in all directions. These crystals can be deformed into many shapes and in some 

cases they can even be flattened on to themselves without breakage, i.e. they are highly 

ductile. Crystals with comparable intermolecular interactions in all the three directions 

do not show bending and will be hard and brittle. Isotropic crystals, wherein the packing 

patterns are similar in the three dimensions, will often have highly cross-linked structures 

(naphthalene, benzoic acid, D-glucose). In the context of aromatic molecules, this is 

equivalent to herringbone packing. These crystals would break rather than bend when 

subjected to a mechanical stress. In contrast, metals which are isotropic but do not have 

cross-linking display excellent plasticity. Mechanical properties of molecular crystals are 

important because they have major implications for large scale processing and handling 

of materials in industry, especially the pharmaceutical industry. Soft crystals become 

pasty upon grinding. Harder crystals are granular and can be handled more easily. Plastic 

deformation of a solid may also affect its chemical properties [1.9]. 

In metallic crystals the length of the outer arc increases, while the length of the 

inner arc decreases. But the thickness decreases. Therefore, there will be no significant 

change in volume after plastic bending (apart from what is introduced during the initial 

elastic bending) [3.5a]. In contrast, molecular crystals practically show no change with 

respect to the volume, the lengths of the inner and the outer arcs and the sample 

thickness following plastic bending. This is why the shape of the plastically deformed 

molecular crystal appears to be different from that of metallic materials. This suggests 

that the plastic bending phenomenon in molecular crystals is somewhat different from 

that present in metals. 

The bent molecular crystals easily lose their long range crystalline property 

while handling. Hence, they tend to create more problems to crystallographers in X-ray 

diffraction studies. The deformation processes seen in these molecular crystals may be 

used to deduce the mechanism for the transformation of crystalline materials into the 

amorphous state upon grinding, which is a very common problem encountered in the 
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pharmaceutical industry. A further assessment of these undoubtedly common but little 

understood properties is clearly desirable. 

 
3.5 Experimental 

Materials: Except 10 and 11, all the compounds were available commercially. 

Molecular complex 10 was obtained by co-crystallization of a 1:1 mixture of benzamide 

and pentafluorobenzamide from EtOAc/hexane (1:1) solvent mixture at ambient 

temperature. Compound 11 was synthesized by iodination of 1,3,5-trifluorobenzene 

using the procedure mentioned in Chapter 2 and was then crystallized from THF solvent 

by slow evaporation. All the reagents and solvents employed were commercially 

available (Lancaster) and were used as supplied without further purification. Melting 

points were measured in a Fisher-Jones melting point instrument. 

 Crystallization: All the compounds were crystallized from either CCl4, THF, EtOAc, 

hexane, 1,4-dioxane or solvent mixtures by slow evaporation at ambient temperature. For 

the mechanical bending experiments, the range of crystals thickness was between 0.2 to 

0.6 mm2 while the length was between 1 to 5 mm. 

 
X-ray crystallography: Face indexing was done on a Bruker Nonius Smart Apex CCD 

with graphite monochromated Mo-Kα radiation. 

 
Nanoindentaion: Nanoindentation experiments were performed by using a nanoindenter 

model XP, supplied by MTS Systems Corporation, USA. The diamond indenter had a 

Berkovich (three-sided) pyramidal geometry. The bending experiments were carried out 

at 293 K using the load control mode. The maximum allowed drift (thermally induced 

vibrations of the indenter tip) was set to 0.1 nms−1 and the indenter velocity was 10 

nms−1. 



CHAPTER 4 

NANOINDENTATION STUDY AND “NEAR-EXHAUSTION CREEP” 

BEHAVIOUR OF SOME MOLECULAR CRYSTALS 

 

4.1 Introduction 

Studying the mechanical response of materials at the nanoscale level has received 

considerable attention in recent years [4.1]. These studies have been motivated by the 

development of new nanostructured materials and the recent advances in nanotechnology 

[4.1]. Measurement of nanoscale mechanical properties of materials is very important in 

understanding the initiation of plastic deformation or fracture and the behavior of 

surfaces in tribology (the branch of engineering that deals with the interaction of surfaces 

in relative motion as in bearings or gears) [1.18]. Three different technical instruments 

have been developed for these studies: (1) the surface force apparatus (SFA) [4.2]; (2) 

the atomic force microscope (AFM) [4.3], and (3) the depth sensing nanoindentation 

technique [4.4]. The capabilities of these instruments cover a wide range of contact area 

(several mm2 in the case of SFA; a few nm2 in AFM) and displacement resolution. The 

SFA is mainly used for direct measurements of surfaces and intermolecular forces. The 

early use of the AFM was limited due to technical limitations to qualitative 

investigations of the elastic and plastic properties of materials at the nanoscale [4.5]. The 

recent developments in scanning probe microscopy, combining depth sensing 

nanoindentation with imaging capabilities [4.6] have reduced the problems associated 

with quantifying load-displacement data obtained using an AFM. Accurate determination 

of both contact area and displacement can be achieved by coupling depth sensing 

nanoindentation with force modulation [4.7] that allows quantitative measurement of 

nanoscale mechanical properties like hardness, modulus, viscoelasticity and creep. 

Nanoindentation is a useful technique for measuring the mechanical properties of small 

volumes of materials [4.8] and will be discussed in Section 4.4. 
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4.2 Hardness 

 The term hardness is variously defined depending upon the topic and level of 

understanding [4.8]. In general, it is taken as the resistance of a material to permanent or 

plastic deformation [1.18]. In mechanical metallurgy, hardness is defined as the ability of 

a metal to resist plastic deformation. The greater the hardness of the material, the greater 

is the resistance to deformation [1.18]. Hardness is generally treated as a composite 

property of a material including yield strength, work hardening, true tensile yield 

strength and modulus of elasticity. Hardness is usually measured by an indentation test, 

which is of major engineering interest for metals. In the indentation process, a pointed or 

rounded indenter is pressed into a surface under a nearly constant load. Hardness is 

defined as the indentation load divided by the projected contact area of the indentation. 

 Hardness measurements are classified as being on macro-, micro- and nano-scale 

based on the forces applied and displacements obtained [1.18]. Macro-hardness is 

generally measured by quick and simple methods to obtain mechanical property 

information from a small sample of a bulk material. This method is useful to test the bulk 

properties and quality of engineering materials. Macro-hardness measurements are 

highly variable and do not identify accurate features in case of fine microstructure, multi-

phase or non-homogeneous structures [1.11, 1.18]. Here, micro-hardness measurements 

are appropriate [4.9c]. 

 Micro-hardness [4.9c] of a material is generally determined by forcing an 

indenter, say Vickers or Knoop indenter, into the surface of the material by using loads 

varying from 15 to 1000 gf. In this process, the applied load, penetration depth and cycle 

time are measured continuously by pressing a tip of the micro-indenter into a sample. 

Usually the indentations are very small and are measured with a microscope. This is a 

good measurement to determine the hardness of different microconstituents within a 

structure, or measuring steep hardness gradients in case hardening. In nano-indentation 

tests, a very small indentation force in the range of a few nano-Newton to milli-Newton 

is used to determine the hardness and the depth of indenter penetration. New technology 

promises accurate measurement, control of the indenting forces and precise measurement 

of the indentation depths [4.3]. 
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4.3 Hardness Measurement Methods 

 There are four common types of hardness measurement methods: (1) Brinell 

hardness test, (2) Rockwell hardness test, (3), Vickers hardness test, and (4) Knoop 

hardness test [1.18, 4.8]. These four hardness measurement methods are used to 

determine the resistance of a material to the penetration of a non-deformable ball or 

cone. Brinell and Rockwell hardness tests are generally used to measure the macro-

hardness, while Knoop hardness test is used for measuring micro-hardness. The Vickers 

hardness test is a widely used method to measure the macro-, micro- and the nano-

hardness of materials (depending on the size of the indenter used). 

 

Brinell Hardness Test 

 The first widely accepted indentation-hardness measurement method was 

developed by Brinell in 1900 [1.18]. In this method a hard steel-ball of a known diameter 

is forced into the surface of a material by applying a specified load (Scheme 1). The load 

is usually applied for 10 to 15 seconds. The Brinell (hardness) number is obtained by 

dividing the applied load (kilograms) by the actual surface area (square millimeters) of 

the indentation. 

 
Scheme 1 
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Rockwell Hardness Test 

 The Rockwell hardness test is performed to measure the net increase in the depth 

of penetration of an indenter for an applied load [1.18]. Hardness numbers have no units, 

the higher the number means the harder the material. In the Rockwell test two (minor 

and major) loads are applied one after the other using a diamond-cone or steel ball 

indenter. For instance, a minor load of 5 kg is first applied which initiates the penetration 

and holds the indenter in place. Then, the reading is set to zero and the major load is 

applied for some time and removed. The depth reading is taken while the minor load is 

still on. The reading on the scale directly shows the difference in depth caused by the two 

different forces. 

 

Vickers Hardness Test 

 The Vickers hardness test is a standard method for measuring the hardness of 

various materials using a diamond pyramid indenter [1.18]. In this method, the hardness 

of a material is calculated from the size of an impression produced under load by a 

pyramid-shaped diamond indenter. The Vickers test is somewhat similar to the Brinell 

test, but the pyramid-shaped diamond indenter is used in the former while a steel ball is 

used in the latter case. The square-based diamond cone of the Vickers indenter has an 

advantage over the other indenters because it does not deform over time and use. 

 

Knoop Hardness Test 

 This test method was devised in 1939 by F. Knoop and colleagues at the 

National Bureau of Standards (United States), which is now known as National Institute 

of Standards and Technology (NIST). The relative micro-hardness of a material is 

determined by the Knoop indentation test [1.18]. In the Knoop test, the indentation 

pressures are lower than in the Vickers hardness test, which allows also the hardness 

testing of brittle materials such as glass and ceramics. The Knoop hardness number 

(KHN) is the applied load divided by the unrecovered projected area of the indentation. 

The hardness of the material is determined by the depth to which the Knoop indenter 

penetrates. 
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Scheme 2 

 The diamond indenter employed in the Knoop test is in the shape of an elongated 

four-sided pyramid, with the angle between two of the opposite faces being 

approximately 170º and the angle between the other two being 130º (Scheme 2) [1.18]. 

The loads used in this test are often less than one kilogram-force, and the indenter 

produces a four-sided impression of about 0.01 to 0.1 mm in size. The length of the 

impression is approximately seven times the width, and the depth is 1/30 the length. The 

area of the impression under the specified loads can be calculated after measuring the 

length of the longest side using a calibrated microscope. The final Knoop hardness (HK) 

= 14.229×(F/D2), where F is the applied load (in kilograms-force) and D2 is the area of 

the indentation (in square millimetres). Knoop hardness numbers are often cited in 

conjunction with specific load values. 

 
4.4 Nanoindentation Technique 

 Instrumented indentation, also known as depth-sensing indentation or 

nanoindentation, is a useful and well-established technique (Scheme 3) for measuring the 

mechanical properties of small volumes of samples ranging from metals, ceramics, 

polymeric and biological materials [4.8, 4.9]. In this technique, the Vickers test is 

performed with a Berkovich indenter tip which has the shape of a three-sided pyramid 

with triangular faces. In nanoindentation, a continuously increasing load is applied to the 
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indenter and the depth of penetration of the indenter or the displacement into the 

specimen is measured as a function of the applied load. From the unloading slope of the 

load-displacement data the contact stiffness, contact area and mechanical properties such 

as hardness and modulus of the material are calculated using standard models [4.8, 4.9]. 

The contact stiffness is calculated from the amplitude and phase shift using a dynamic 

model [4.7, 4.8]. The advantage of force modulation is that the contact stiffness can be 

directly obtained continuously during indentation. Because measurements are carried out 

at frequencies greater than 40 Hz, it is less sensitive to thermal drift, allowing accurate 

observation of creep in nanoscale contacts, when the hardness is measured as a function 

of time [4.10]. The ultimate sensitivity and useful frequency range of the technique 

depend on the mass, the damping coefficient, and stiffness of the indenter. A low mass, 

low damping coefficient and optimum stiffness of the indenter will significantly improve 

sensitivity. 

 
Scheme 3. A schematic model for a nanoindenter machine. This figure is reproduced 
based on [4.8a]. 

 In general, there are two ways of measuring the hardness of a material by 

nanoindentation: (1) depth control method (continuous stiffness measurements), and (2) 

load control method [4.6, 4.8, 4.9]. In the depth control method hardness is measured 

over a defined range based on continuous stiffness measurement (CSM). Hardness is 
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calculated only during the loading cycle [4.8a, 4.11]. In load control method, the 

hardness is measured from the first few points of the unloading curve. 

 

Techniques of Analysis 

 The analysis of force-displacement curves produced by instrumented indentation 

systems is often based on the works of Doerner and Nix [4.8c] and Oliver and Pharr 

[4.8b]. When an indenter is pressed into a sample, both elastic and plastic deformation 

takes place, which produces a hardness impression that depends on the shape of the 

indenter. During indenter withdrawal (unloading), only the elastic portion of the 

displacement is recovered, which facilitates the use of an elastic solution in modeling the 

contact process in this method [4.9a]. These elasticity-based analyses are normally 

applied to the unloading data of an indentation measurement. When creep is present in 

the material, the measured values from this method are not absolute as they are time-

dependent, and hence they need to be compared at similar depths (at the same 

loading/unloading rate). Assuming the initial unloading part of deformation to be only 

elastic is reasonable, because in the early stages of unloading only the first few points are 

considered to record the hardness, and in this region the anelastic and plastic components 

are extremely small/negligible. Therefore, the very early unloading behavior of the 

material is assumed to be elastic recovery only. In general, the relationships between 

penetration depth, h, and force, P, during on unload can be represented by an equation of 

the form 
m

fhhP )( −= α                                 (1) 

 The parameter α contains geometric constants, the elastic modulus of the sample, 

E, the Poisson's ratio of the sample, ν, the elastic modulus of the material of the indenter, 

Ei, and the Poisson's ratio of the material of the indenter, νi. The parameter hf is the final 

unloading depth and m is a power law exponent that is related to the geometry of the 

indenter. Once an appropriate nonlinear power law fit is obtained to the unloading data 

(where α, hf, and m are the fitting parameters), a derivative, dP/dh, applied at the 

maximum loading point (hMax, PMax) gives the information about the state of contact at 
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that point (contact stiffness, S) (Scheme 4). The measured stiffness, S*, is the slope of the 

tangent line to the unloading curve at the maximum loading point (PMax) and is given by  

1
max )(

max

−−=





= m

f
P

hham
dH
dPS*           (2) 

In this equation, a is the contact radius of the indenter with the sample and H is the 

hardness of the sample (H = P/A). Here the cross section of the indenter is assumed to be 

circular. 

 
Scheme 4. An indentation force-displacement curve illustrates several important 
parameters used in the Oliver and Pharr analysis. The scheme is reproduced from 
reference [4.8a]. 
  

4.5 Stress-Strain Curves 

 The stress-strain relationship was introduced in Chapter 1 and the different 

possible shapes for this relationship are discussed now [4.12]. Which depend on the 

mechanical response of various materials (Scheme 5). 

 (a) It is found that the work-hardening of many metals approximates to a 

parabolic form. The stress-strain curve can then be represented by a simple power law 

mBεσ =                                  (3) 

where B and m (strain-hardening exponent) are constants. 
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 (b) For cold-worked metals with an initial yield stress Y, the curves are better 

represented by an equation of the form 

mBY εσ +=                          (4) 

where Y is the initial yield stress. This ignores the elastic strain, which is very small. 

 (c) A further simplification is often made by assuming that the strain-hardening 

rate is uniform (and linear). That is, 

εσ BY +=                             (5) 

 (d) When work-hardening is negligible in a material, then the yield stress is 

constant and independent of strain. Elastic strain is also ignored, and the stress-strain 

curve is reduced to the horizontal straight line—the so called “rigid plastic” behaviour. 

Y=σ                                       (6) 

 
Scheme 5. Various approximate forms of stress-strain curves. This figure is taken from 
[4.12]. 
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 Hardness and displacement of a material can be derived from the expressions for 

stress and strain respectively, and thus the stress-strain curves are analogous to the 

hardness-displacement curves, discussed in the following sections. 

 

4.6 Creep 

 The time-dependent/continuous deformation of a material at constant stress is 

called creep. Creep basically depends upon the temperature of the test and 

microstructure, and is significant at elevated temperatures in many metals [1.18c]. It has 

been reported extensively in metals at medium and elevated temperatures. Often, the 

creep curve of a material is determined by applying a constant tensile load to a specimen 

at a constant temperature. In this case, the strain suffered by the specimen is determined 

as a function of time. An ideal strain-time (creep) curve is illustrated in Figure 1. The 

slope of the curve gives the creep rate. Generally, the full creep curve is divided into 

three stages/regions, primary (I), secondary (II) and tertiary (III) creep. The strain 

increases rapidly in the initial stage when a constant load, P, is applied and this region is 

called the primary creep. Then, the creep rate decreases with time and reaches a nearly 

steady state, which is known as secondary creep. Finally the creep rate increases rapidly 

with time till fracture occurs, which is referred to as tertiary creep. In a material of a 

given microstructure, the appearance of the three stages in the creep curve largely 

depends on the applied stress and temperature. When a constant load is applied 

throughout the test, the thickness of the sample decreases as it elongates, thus the axial 

stress increases and follows the path shown till fracture. Had the stress remained 

constant, the path would how been along A indicated with dashed line in Figure 1. The 

mechanical properties of materials largely depend on test temperature, because the 

mobility of atoms increases rapidly with temperature (an exponential/Arrhenius 

relationship). The high-temperature mechanical properties also depend on the time scale. 

Generally, creep becomes of engineering significance in metals at a homologous 

temperature, T/Tm (where T is the test temperature and Tm is the melting temperature, 

both being presented on the absolute scale), greater than or equal to 0.3-0.5. 
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Figure 1. Typical creep curve shows the primary (I), secondary (II) and tertiary (III) 
stages of creep and fracture in a constant-load test. Curve A (dashed line) represents the 
constant-stress test. This figure is reproduced from reference [1.18c]. 
 

4.7 Results and Discussion 

 The mechanical properties of metals, ceramics, plastics and several other 

materials have been studied extensively in the recent past using nanoindentation 

experiments [4.1, 4.9], but the mechanical behaviour of molecular crystals at the 

molecular level is not yet understood. The experimental findings in this chapter 

constitute the first report on the mechanical deformation and creep behaviour of 

molecular single crystals studied using the nanoindentation technique. The results 

obtained could be interpreted using the well-known ideas on the mechanical behaviour of 

metals and other kinds of materials. Useful information on the intermolecular 

interactions present in the molecular crystals studied could be derived. 

 There are some reports on the mechanical deformation of organic layered thin 

films [4.13] and on molecular migrations upon nanoindentation scratching [2.12] of 

molecular single crystals. In this work, the mechanical behaviour of some molecular 

crystals (Scheme 6) has been investigated at the nanometer scale using the 
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nanoindentation technique on a nanoindenter (MTS make) equipped with a pyramidal 

(Berkovich) indenter tip. In this study, two types of crystals were taken: (1) bending 

crystals (samples 1 to 5); (2) shearing crystal (sample 6). The detailed mechanical 

properties and crystal packing of these crystals have been discussed in Chapters 2 and 3. 

Hardness (H) and creep behaviour were recorded in the depth control method using the 

continuous stiffness measurement (CSM) mode [4.8a]. Although approximately 10 

indents were made on each sample, only 2 to 4 indentations on an average were 

successful. This was due to the unavoidable surface defects on the molecular crystals. In 

other words, molecular crystals are soft and develop surface defects while they are 

separated from the mother liquor. Thus, the indenter fails to find a flat surface at some 

locations. In the present experiments the thickness of the samples used was a minimum 

of 1 mm (106 nm) and the maximum depth of indenter penetration recorded was 

approximately 1600 nm. Therefore the thickness of the crystal is sufficiently greater than 

the total depth of indenter penetration and thus the entire deformation can be 

significantly considered to be confined only to the crystal interior, which ensured that the 

hardness and the elastic modulus obtained pertained to the crystal only, i.e. there were no 

artefacts. 
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4.7.1 Pyrazine-2-carboxamide, 1 

 Pyrazine-2-carboxamide, 1 is a polymorphic compound [3.13] and the 

nanoindentation experiments in this case were concerned with Forms α and δ. 

Nanoindentation experiments on these crystals are interesting, because Form α bends on 

application of a mechanical stress, while Form δ is brittle under similar conditions. The 

crystal packing and mechanical behaviour of these two forms are discussed in detail in 

Chapter 3, Section 3.3.3. Single crystals of the Forms α (1A, 1B) and δ (1C, 1D) of the 

molecular compound 1 were selected and mounted on the sample holder, as shown in 

Figure 2a. Two types of tests were done on each of these samples: (1) depth control 

method tests using the CSM mode from which hardness, H, and modulus, E, are 

obtained; (2) load control method tests with different loads on the indenter, but each time 

involving constant load application with a 600 s hold time. In the latter method, to 

achieve a particular depth (300, 500 or 1000 nm) in the specified time, the applied loads 

were estimated using the CSM data. In the CSM method all the indentations were made 

using constant PP/
•

 loading, while a constant 
•

P  loading was used in the load control 

method (
•

P  is the rate of change of load with time). Since the hardness value of a sample 

is time dependent, it varies with the depth of penetration of the indenter and the two 

different methods gave comparable hardness at similar indenter penetration depth. 

 In the case of Form α (1A, 1B) the indents were made with the tip approaching 

the (100) face of the crystal at 90º to that face with a velocity of 10 nm s–1. The crystal 

packing shown in Figure 2b is a view along [100] direction along which the indentation 

was done. 
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(a) (b) 

Figure 2. (a) Crystals as mounted on sample holder. Arrows indicate the location of the 
crystals. (b) Crystal packing in Form α samples of 1A and 1B, viewed down [100] axis 
along which the indentation was made. 
 
 Nanoindentation data from the CSM tests are discussed here and the data from 

the load control method will be discussed in a later part of this section. The experimental 

data for all the tests on these samples are presented in Table 1. Two indentations were 

successful on each sample 1A, 1B and 1C, while all the tests failed on 1D in the CSM 

tests. The two successful tests on sample 1A are coded as 1A-t01 and 1A-t02, and 

similarly for the two tests on 1B (1B-t01, 1B-t02) and 1C (1C-t01, 1C-t02) (Table 1). 

The same method of coding is followed for the experiments on the other samples (2 to 6) 

also. In these experiments, the past experience in our laboratory has been that the 

nanoindentation data at lower depths, say up to 100-120 nm, are not reliable because of 

tip blunting and calibration errors and always the curve has to go through an initial 

transient state. This was also the case with some indentation experiments done in our 

laboratory on much stronger materials on the same machine. But, in the present study in 

all experiments “creep-like” behaviour was seen in the region below 120 nm depth also 

and hence, data in that region were also included to plot all the full curves. In addition, 

hardness-time curves pertaining to the region only above 100-120 nm depth were plotted 

separately for obtaining a really reliable analysis. The H average (HAve) and E average 

(EAve) values given in Table 1 were estimated at an indenter depth that ranged from 100 

to 200 nm (automatic machine selection) as a default option by the instrument. (It was 
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possible to change the specified range of the depth to measure the HAve value, but it was 

not done as it did not give any additional information in this particular study.) The H at 

the beginning of a test is higher and it decreases with the time because of creep. HAve was 

always greater than the H value from unload (HUnl) because the former was invariably 

measured at a lower depth (100 to 200 nm) than the latter, which was obtained from peak 

unload at maximum depth (see Table 1). This comment is valid in case of all the other 

samples examined in this thesis.  

Table 1. Pyrazine-2-carboxamide, 1. The indentation data obtained from depth control 
method with a depth limit of 1500 nm and 10 s hold time using the CSM mode. The error 
limit for each value is given in brackets, and this convention is followed through out the 
thesis. 

Sample Code 
–Test No. 

HAve (GPa) EAve (GPa) EUnl (GPa) HUnl (GPa) 

1A–t01 0.632(±0.09) 13.887 (±1.1) 10.193(±0.65) 0.29(±0.03) 

1A–t02 0.76(±0.09) 15.443(±1.1) 11.118(±0.65) 0.33(±0.03) 

1B–t01 0.585(±0.05) 15.191(±0.67) 12.897(±0.17) 0.264(±0.02) 

1B–t02 0.593(±0.05) 16.141(±0.67) 13.142(±0.17) 0.29(±0.02) 

1C–t01 0.823(±0.06) 11.814(±0.65) 6.689(±0.89) 0.335(±0.03) 

1C–t02 0.912(±0.06) 12.732(±0.65) 7.95(±0.89) 0.293(±0.03) 
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Figure 3. Pyrazine-2-carboxamide, 1A. (a) Variation of the depth of indenter penetration 
with time (displacement-time relationship). (b) Load-displacement curve including the 
10s hold segment. 
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 The displacement–time (h–t) and the load–displacement ((P–h)) curves obtained 

from sample 1A by the CSM test are illustrated in Figure 3. There was no significant 

pop-in and discontinuity was found in the curve indicating that the crystal did not crack 

during the measurements. The initial portion in Figure 3a (indicated) where the 

displacement rate is very slow, is on account of the system (specimen-indenter combine) 

slackness arising out of a lack of proper contact between the specimen and the indenter. 

This is followed by a linear region of load increase (elastic region). Then, there is a 

displacement over-shoot before the displacement becomes practically independent of 

time (Figure 3a), i.e. creep is nearly exhausted. Before exhaustion, the total displacement 

decreases slightly paralleling the corresponding stress over-shoot, as the system 

gradually reaches a state of equilibrium. This phenomenon is also reported in metals 

during creep at relatively high strain rates, during hot working or during superplastic 

flow at higher than optimal strain rates [4.14]. In all these cases, microstructural 

changes/rearrangements/evolution that accompany time-dependent deformation are 

responsible for the shape of the displacement-time/load-time curves. Recovery of 

elastic/anelastic strains commences on unloading (see Figure 3). Recovery of strain is 

due to both elastic and viscous effects [1.18c]. This type of deformation is called 

elastoviscous or anelastic deformation. The elastoviscous deformation is different from 

elastic deformation in which strain is recovered immediately on stress removal. In the 

former, the strain recovery is time dependent and takes place over significant time. In 

metals this is common at high temperatures when continuous deformation occurs on tool 

(indenter) movement arrest. In short duration tests, from a macroscopic viewpoint creep 

deformation is treated as plastic deformation and the elastic and viscous deformation is 

neglected because the former contribution is much larger than the latter ones [1.18c]. 

 The path of the unloading curve (Figure 3b) indicates (a) that there is mechanical 

hysteresis [1.18c], i.e. the unloading path is different from the loading path, and (b) that 

the material has suffered plastic deformation, i.e. some amount of strain cannot be 

recovered and is set permanently in the material. If the unloading curve is extrapolated to 

zero load, there is a residual depth of about 1250 nm. 
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 The hardness-time curve (obtained using the full data, i.e., above about 20 nm 

depth) is from the same indentation on sample 1A in the CSM mode, which is illustrated 

in Figure 4. In case of all the indentations, the hardness values obtained below 20 nm 

depth was always highly scattered, and hence were excluded. The hardness slowly 

decreases with time which indicates the strain softening behaviour of the material. Time 

dependent strain softening is indicative of viscous deformation, i.e. creep [4.15]. This is 

in contrast with work hardening in which hardness increases with time (i.e. strain 

hardening; see Scheme 5 in Section 4.5). As can be seen from the Figure 4, the 

deformation process in these molecular crystals can be treated as primary/exhaustion 

creep followed by a steady state, which has been discussed extensively in case of metals 

undergoing deformation at medium and elevated temperatures [1.18]. (It is well-known 

that hardness, H and the flow/yield stress, σy are directly related [2.2].) Initially, the 

hardness (analogous to flow stress) decreases rapidly with time, but tends to a near 

constant value after some time. The shape of the curve obtained from 1B was similar to 

that of sample 1A, but the absolute values were slightly different, which could be due to 

small local variations in the concentration of defects or experimental scatter or both. 

 The full curve in Figure 4a could be described accurately by 

   ( ) ( )eAeAyH tttt 21 /

2

/

10

−− ++=                (7)             

where y0, A1, A2, t1 and t2 are unknown (fitting) constants. 

 The near-steady state portion (i.e. the curve above 55 s that corresponds to the 

data obtained from a depth above 100 nm) of the H-t curve is plotted separately (Figure 

4b) and is fitted well by Equation (8), which was derived recently by Padmanabhan et al. 

[3.11] to understand micro-indentation creep in porous nanocrystalline Pd metallic 

compacts and Fe-63 vol% TiN and Ni-58 vol% TiN composites. 
)1ln(

max
1 +−⋅= tCmeHH                           (8) 

where H is the hardness, HMax, is a constant that matched the maximum H value at the 

start of the experiments described in reference [3.11],  m is the strain-rate sensitivity 

index, t is the time of load application and C1 is an unknown constant. The exponent m is 
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obtained as the slope of a plot of log stress vs. log strain rate (proportional to log H vs. 

log 











−

•

HH ). 

 HMax, m and C1 in Equation (8) had to be considered as fitting constants devoid 

of physical meaning to fit the experimental data presented in Figure 4b. The Hmax value 

also did not match the maximum H recorded in Figure 4b and it lay between the Hmax 

values of the full curve and the steady state curve. It is conceivable that the near-steady 

state creep commenced where the hardness equals that constant value. 
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Figure 4. Nanoindentation experiments on pyrazine-2-carboxamide, 1A. 
Hardness (H) – time (t) of load application relationship obtained in (a) using the 
full data; (b) and (c) by excluding the data below ~125 nm depth. Symbols 
represent experimental points. Line curves in (a), (b) and (c) are predictions based 
on Equations (7), (8) and (9) respectively (the corresponding constants in the 
three equations are given in boxes in respective figures). 
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 This is interesting because molecular crystals have relatively low melting points 

(463 K; 394 K) compared with metals (Fe: 1808 K; Ni: 1726 K; Pd: 1825 K) and still the 

phenomenology of the creep behaviour is similar. This may be explained by comparing 

the homologous temperatures of deformation of the molecular (T = 298 K, Tm = 463 K, 

T/Tm = 0.64) and the metallic (T = 298 K, Tm (Pd) = 1825 K, T/Tm = 0.16) crystals 

involved. Exhaustion creep (primary/logarithmic creep) sets in first at around T/Tm = 

0.05 – 0.3 and can also be present at higher homologous temperature, prior to the on set 

of steady state creep [1.18c]. The equation developed here gives a phenomenological 

explanation for the mechanical deformation of diverse classes of materials on a common 

basis. 

 The same near-steady state portion of the curve could also be fitted equally well 

with the equation 

4
32

C
t

eCCH
−

+=                           (9) 

where C2, C3 and C4 are unknown constants (Figure 4c). This expression (first order 

exponential decay) is commonly used to understand many decay processes, but here it is 

to be viewed only as an empirical fit. Both the Equations (8) and (9) have three fitting 

parameters with comparable standard deviation and suggest that they are both equally 

good fits for the near-steady state portion of the curve determined in the present 

experiment. But it is emphasized that neither equation has a physical meaning in terms of 

the operating mechanics of deformation at the molecular level. This latter aspect will be 

examined in future investigation. 

 In addition, Padmanabhan et al. [3.11] have described the domain in which creep 

at a given stress present before it ceases in terms of the power-law by plotting the log H 

– log

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 relationship (the latter derived from the predicted H – t curves obtained 

by fitting the experimental data using Equation (8); 
•

H is the time derivative of H). In all 

their experiments, a log – log plot of H (which is proportional to the uniaxial yield stress) 
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vs. (– HH /
•

) (which is proportional to the corresponding strain rate) relationship was 

linear over the one to two orders of magnitude change in strain rate obtained in 

microhardness tests. The same analytical procedure is adopted here to describe creep in 

the molecular crystals. The present creep results are interesting because the power law 

creep, so well-known in case of metallic and other inorganic crystalline materials, is seen 

in these molecular crystals also. Although the initial portion of the indentation data 

around up to 100-120 nm depth was not fully reliable (discussed earlier in this section), 

the full set of data (from 20 nm depth) was used to plot the log H – log

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 curve 

(proportional to the log stress – log strain rate relationship). Interestingly, here it was 

possible to derive the full sigmoidol curve from a single nanoindentation test (see Figure 

5) because of the very low strength and the high strain-rate sensitivity of these molecular 

crystals. This is in contrast with the limited linear region present over a strain rate range 

of 1-2.5 orders of magnitude in the ln H – ln












 •

H
H

relationship pertaining to the much 

stronger and less strain-rate sensitive nanocrystalline Pd and two other ceramic 

nanocomposites studied earlier [3.11]. It is time consuming to generate the full sigmoidol 

curve by tension testing. Therefore, the present result constitutes an interesting 

observation, because producing molecular crystals in large sizes is extremely difficult 

and even if this were possible, tensile testing at different strain rates will take a very long 

time. In contrast, the size of the specimen required for nanoindentation testing is very 

small and it is heartening that the nanoindentation technique has proven so useful in case 

of molecular crystals. 
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 The full curve in Figure 5a could be represented accurately by Equation (10), 

where y = log H and x = log


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. In this equation, A1, A2, x1 and x2 are unknown 

constants. 
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Figure 5. Nanoindentation experiments on pyrazine-2-carboxamide, 1A. H – 
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H  plots (a), (b)and (c) are derived from curves similar to that presented in 

Figures 4a (full curve), 4b and 4c (near-steady state portion, i.e. the data from 
above 100 nm depth) respectively. Symbols represent experimental points. Full 
curve in (a) is a prediction based on Equation (10) (see above). 
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 The full curve in Figure 5a shows the three regions, also reported in 

superplasticity and during the deformation of hot polymers and bulk metallic glasses 

[4.16]. The point of inflection in the sigmoidol curve is found at log (– (dH/dt)/H) ~ –

1.5. Since molecular crystals are very soft, the three regions of creep covering a strain 

rate range of about 2.5 orders of magnitude is obtained in a short time, from a single 

nanoindentation test (see the full curve in Figure 5a). The curves in Figures 5b (linear) 

and 5c (nonlinear) are derived from curves similar to that presented in Figures 4b and 4c, 

which were predicted based on Equations (8) and (9) respectively. The nonlinearity of 

the curve presented in Figure 5c suggests that for that case  

HC
HCtn

ln
)ln(

4

4+−
=                                     (11) 

(this also follows from Equation (9)) where n is the inverse of the strain rate sensitivity 

index, m. As t tends to 0 in Equation (11), n becomes a constant. As log H in Figure 5c is 

negative, it is evident that n is positive. 

 It is emphasized that as these are empirical fits, it may be possible to describe the 

curves in Figures 4 and 5 in terms of other equations also. But, the present equations are 

easy to handle, as only exponential terms are involved and standard software are 

available to handle such equations. In a future investigation, an attempt will be made to 

describe the above curves in terms of constitutive equations based on physical 

mechanisms of deformation. 

 Nanoindentation data from load control method are discussed now. To examine 

the creep behaviour in detail, indentations were also made with different indenter 

penetration depths and hold times (time of constant load application) using the depth 

control mode on the nanoindenter. In these experiments, the required load to achieve 

some particular depth (e.g., 300, 500/600 and 1000 nm) was estimated using the CSM 

tests. The nanoindentation data obtained at maximum load (PMax) on samples 1A to 1D at 

each estimated depth are given in Table 2. The presence of a positive slope (Figures 6a 

and 6c) in the displacement-time curves at constant load and continuing displacement at 

constant load (Figures 6b and 6d) are further evidence for creep. 
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Figure 6. Pyrazine-2-carboxamide. (a) Displacement-time and the corresponding (b) 
load-displacement curves obtained from two different indentations (1A-t01 and 1A-t02) 
with penetration depths up to approximately 300nm on sample 1A; (c) and (d) are from 
1B-t01 and 1B-t02 with penetration depths up to approximately 300nm on sample 1B 
(Table 2). In all the cases the hold time was 600 s. Note that the positive slope in the 
displacement-time curves at constant load indicates creep in (a) and (c) and continuing 
displacement at constant load is further indication of creep. 
 

 Comparison of the experimental results obtained from all the indentations on 

samples of Form α (1A, 1B) and Form δ (1C, 1D) (Table 2) gave important information 

related to the deformation and the local distribution of defects/dislocations. For instance, 

the data obtained from tests−01 and −02 on sample 1A (see 1A−t01, 1A−t02 in Table 2, 

estimated depths up to 300 nm) are considered to be similar, because E, H, h at PMax are 
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similar for a given PMax (0.81 mN). This suggests that the local concentration of defects 

at the two indentation positions is similar and hence, the deformation is similar. 

Whereas, although the applied load was similar in case of 1B−t01 and 1B−t02, the 

achieved indenter penetration depths reached, h, were 698 and 345 nm respectively for a 

same PMax 0.81 mN. The difference in the depths achieved in between the two tests is 

about 350 nm, i.e. one value is approximately one-half of the other. But, Figures 6d 

reveals that this difference is apparent because it is introduced almost at the beginning of 

the application of load, perhaps due to a lack of proper contact between the indenter and 

the sample. Once a proper contact is established, the indentation processes in the tow 

cases are similar (Figure 6d). When the initial portion of the 1A-t02 curve was adjusted 

to zero, the two curves nearly overlapped. This suggests that the local concentration of 

defects in the two positions of the sample is comparable. So, one has to be cautious while 

interpreting the indentation data as artefacts also are to be considered while calculating 

the E and H values. An apparent effect, similar to what was explained above was also 

found in case of tests 1A-t01 and 1A-t02 carried out to depths of about 500 nm. The data 

on samples 1C and 1D are discussed in a later part of this section where some different 

situations are discussed. 

 Now the nanoindentation data obtained on crystals of Form δ (brittle) are 

discussed. In this crystal packing, molecules are arranged as layers in the (012) planes 

(Figure 7). The layers are slightly tilted (slant) in the crystal when viewed perpendicular 

to the (100) face of the crystal (Figure 7b). Accordingly, the indentation direction is not 

parallel to the layers. Still, the overall creep behaviour of these crystals is similar to that 

of Form 1α (Figure 8). 
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Table 2. Pyrazine-2-carboxamide, 1. The experimental data obtained from indentations 
at different loads (applied to achieve some desired depth). 600 s hold time. Load control 
method.  

Sample Code –
Test No. 

E at PMax 
(GPa) 

H at PMax 
(GPa) 

Displ. (h) at PMax 
(nm) 

PMax 
(mN) 

Estimated depths up to 300 nm 
1A–t01 13.052(±0.55) 0.411(±0.01) 306.452(±3.89) 0.817 

1A–t02 13.759(±0.53) 0.423(±0.01) 300.944(±3.89) 0.814 

1B–t01 6.948(±5.43) 0.071(±0.16) 698.187(±249.2) 0.81  

1B–t02 14.631(±5.43) 0.304(±0.16) 345.7(±249.2) 0.811 

1C–t01 9.311(±1.13) 0.468(±0.06) 337.316(±19.39) 1.02 

1C–t02 10.911(±1.13) 0.553(±0.06) 309.896(±19.39) 1.018 

1D–t01 4.317 0.084 735.172 1.012 

Estimated depths up to 500 nm 
1A–t01 13.283(±1.43) 0.339(±0.08) 524.41(±75.81) 2.019(±0.05) 

1A–t02 11.265(±1.43) 0.227(±0.08) 631.624(±75.81) 2.013(±0.05) 

1B–t01 12.516(±1.11) 0.264(±0.03) 588.1(±32.95) 2.021(±0.05) 

1B–t02 14.081(±1.11) 0.312(±0.03) 541.5(±32.95) 2.015(±0.05) 

Estimated depths up to 650 nm 
1C–t01 10.227(±0.07) 0.367(±0.04) 687.155(±28.55) 3.545(±0.01) 

1C–t02 10.323(±0.07) 0.425(±0.04) 646.776(±28.55) 3.534(±0.01) 

1D–t01 9.305(±0.74) 0.263(±0.08) 797.132(±84.9) 3.548(±0.01) 

1D–t02 10.358(±0.74) 0.378(±0.08) 676.955(±84.9) 3.533(±0.01) 

Estimated depths up to 1000 nm 
1B–t01 13.384 0.265 1072.399 6.761 

1C–t01 9.141(±2.55) 0.279(±0.05) 1139.18(±174) 7.59(±0.04) 

1C–t02 3.454(±2.55) 0.183(±0.05) 1483.11(±174) 7.53(±0.04) 

1C–t03 7.061(±2.55) 0.281(±0.05) 1157.99(±174) 7.51(±0.04) 

1C–t04 8.518(±2.55) 0.295(±0.05) 1113.78(±174) 7.54(±0.04) 

1D–t01 5.734(±3.04) 0.101(±0.13) 1827.349(±438) 7.56 

1D–t02 9.539(±3.04) 0.275(±0.13) 1143.676(±438) 7.60 
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(a) (b) 

Figure 7. Pyrazine-2-carboxamide, Form δ. (a) A layer in the crystal packing. (b) 
Packing along the indentation direction, i.e. perpendicular to (100) face. 
 
 The serrations in the load–displacement curve (Figure 8) indicate the possibility 

of cracking or discontinuous yielding [1.18d] in the crystal at a molecular level during 

the measurement. As these crystals display limited ductility (brittle), this observation is 

very significant. When the indenter penetrates into the sample, the increase in the local 

concentration of defects will obstruct further indenter movement. As the load 

continuously increases on the indenter, the defects are moved away at some point, and 

then a sudden change in displacement takes place at a higher load. Further deformation 

will be easier and at a lower stress for a while, before obstruction causes into play once 

again. In brittle materials, the sudden movement away of defects may also lead to the  
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Figure 8. Pyrazine-2-carboxamide, Form δ, sample 1C (see 1C-t01 in Table 1). (a) 
Variation of the depth of indenter penetration with time (displacement-time relationship). 
(b) Load-displacement curve including the 10s hold segment. 
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Figure 9. Pyrazine-2-carboxamide, Form δ, sample 1C. Hardness-time relationship from 
CSM tests show (a) full curve; (c) and (e) obtained by excluding the data below 125 nm 

depths. (b), (d) and (f) are log H – log 
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those presented in (a), (c) and (e) respectively. Symbols in (a), (c) and (e) represent 
experimental points while continuous curves are predictions based on Equations 7, 8 and 
9 respectively. 
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creation of local nanoscale cracks. Both these alternatives will have to be examined 

quantitatively before a preference can be exercised for one or the other 

hypothesis/conjecture. The indentations on the (100) face of the crystals of Form 1δ 

(samples 1C and 1D) reveal that the hardness of these crystals is also close to that of the 

Form α (see Table 2) and Equations 7 to 9 fit the experimental data well (Figure 9). 

 In tests with estimated depths up to 300 nm, the data obtained from 1C-t01 and 

1C-t02 are similar for a given PMax value (1.02 mN) (see Table 2). But, in case of 1D-t01 

the depth reached, h, is significantly greater than on 1C, which again is only an apparent-

effect due to the lack of proper contact between the indenter and sample 1D. So, in such 

cases the E and H values can not be taken directly into account, as they are influenced by 

the error in the h values estimated. In tests with estimated depths up to 1000 nm, 

although the applied PMax was nearly equal (7.5 mN), the achieved h in 1C-t02 (indicated 

in Figure 10b) was 1483 nm which is nearly 300 nm more than the h in 1C-t01, 1C-t03 

and 1C-t04 (see Table 2). Figure 10b suggests that this is not an artefact because the 

difference in depth was present at the beginning of load application. In fact it was 

accumulated gradually throughout the indentation process. This is indicative of the 

difference in the local concentration of defects in the crystal. 
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Figure 10. Pyrazine-2-carboxamide, Form δ, sample 1C. (a) Displacement–time, and (b) 
load-displacement curves, obtained at an estimated depth of 1000 nm with a peak hold 
time of 600 s from four different indentations on sample 1C. Load control method (see 
Table 2). 
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 The experiments on Form α (bending) were done on the bending face (100) 

along which molecules are arranged in a zigzag fashion (Figure 2b) and hence this face is 

expected to be hard compared to the other faces. Experiments on the other faces were 

difficult to perform due to the roughness of those faces. The indentation experiments on 

Form δ (limited ductility) were carried out perpendicular to the (100) face of the crystal 

along which molecular layers are present with a small slant. The packing along the 

indentation direction for the two crystal forms is not very different, and hence the 

hardness of the crystals is nearly the same. In this study, the indentations were made on 

only the (100) faces of both Form 1α and Form 1δ. The mechanical behaviour of the 

other two pairs of faces was not assessed, as that requires a large number of indentations 

to be made and analyzed and that is a time consuming process. Therefore, machine 

availability determined the number of experiments that could be performed. 

4.7.2 2-(Methylthio)nicotinic Acid, 2 

 Indentations on 2-(methylthio)nicotinic acid samples, 2A (one test) and 2B (two 

tests) were made in the depth control method using the CSM mode. The indentations 

were made on these crystals with the tip approaching the (010) face, i.e. the bending face 

of the crystal was at 90º to the indenter, with a velocity of 10 nm s–1. Figure 11 illustrates 

the indentation direction as well as crystal packing. 
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COOH

 

Figure 11. 2-(Methylthio)nicotinic acid, 2. Packing diagram view down [101] shows the 
arrangement of molecules and the arrow shows the direction of indenter penetration 
through the (010) face of the crystal. 
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Figure 12. 2-(Methylthio)nicotinic acid, 2. Hardness (H) – time (t) of load application 
relationship from (a) full set of data, and (c) near-steady state portion data obtained from 
crystals of 2B (test 02) using the CSM mode. Symbols represent experimental points. 
Full curves (continuous line) in (a) and (c) are predictions based on Equations (7) and (9) 

respectively. (b) And (d) show log H – log 
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the curves presented in (a) and (c) respectively. Full curve (continuous line) in (b) is a 
prediction based on Equation (10). 

 In these crystals, the near-steady state was reached very rapidly after the initial 

linear portion as can be seen from the hardness-time or the displacement-time curves 

(Figures 12a and 13a). The measured average hardness value from the unloading curves 

was slightly lower for these crystals (~ 0.20 GPa) than for sample 1 (~ 0.29 GPa). The 

overall mechanical deformation and creep behaviour of these crystals was similar to that 

of sample 1 (Figures 4 and 5) and the full set of data could be fitted by Equations (7) and 
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(10) (Figures 12a, b). The hardness-time curve reaches a near-steady state approximately 

after 50 s of the commencement of the experiment, i.e. at a depth of about 125 nm of 

indenter penetration. This portion of the curve is fitted well by Equations (8) and (9), and 

only the latter one is depicted (see Figure 11c, 11d). 

 The creep behaviour is evident from the positive slope in the displacement-time 

curves present in the indentations made to different indenter penetration depths and 

different hold times using the depth control mode available on the nanoindenter (Figure 

13). Nine indentations were successfully made with the maximum penetration depths 

ranging from 450 nm to 950 nm. The hardness values and the corresponding 

experimental details for samples 2A and 2B are given in Table 3. The appearance of the 

positive slope in the displacement-time curves at constant load and displacement at 

constant load, as function of time are evidence for creep (Figure 13). 
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Figure 13. 2-(Methylthio)nicotinic acid. (a) Displacement–time and (b) the 
corresponding load–displacement curves obtained by load control method on sample 2B 
(see 2B-t01 to 2B-t05 in Table 3b). 
 

 In the indentations produced in tests 2B-t01 to 2B-t05 (Table 3b), the indenter 

penetration depths practically fall on the same curve for all specimens in the loading part 

of the curve. Difference in h develops during the hold period (see Figure 13b), i.e. the 

creep resistance differs in different parts of the same sample. As a result, the E and H 
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values are different as they are measured from the peak unload at hMax. Further work is 

necessary to understand this intriguing result, although location-dependent density 

gradient below 650 nm depth is a possible explanation. In the absence of a detailed 

study, other possibility cannot be ruled out. 

 
Table 3. 2-(Methylthio)nicotinic acid. The nanoindentation data obtained on samples 2A 
and 2B 
(a) with the depth limit of 1000 nm by depth control method using the CSM mode 

Sample Code – 
Test No. 

EAve 
(GPa) 

HAve 
(GPa) 

E from Unload 
(GPa) 

H from Unload 
(GPa)  

2A–t01 6.449 0.344 5.453 0.204 

2B–t01 15.173 0.432 12.201 0.194 

2B–t02 15.517 0.459 12.584 0.212 

(b) with estimated depth limit of 650 nm and 600 s hold time by load control method 

Sample Code 
– Test No. 

E at PMax 
(GPa) 

H at PMax 
(GPa) 

Displacement (h) 
at PMax (nm) 

PMax  
(mN) 

2A-t01 5.473 (±0.15) 0.167(±0.17) 749.438(5.634) 1.968(±5.64) 

2A-t02 5.683 (±0.15) 0.17 (±0.17) 741.47 (±5.63) 1.97 (±5.64) 

2B-t01 10.683 (±3.76) 0.148 (±0.08) 827.063(±131) 2.331(±0.01) 

2B-t02 10.018 (±3.76) 0.136 (±0.08) 860.577(±131) 2.322(±0.01) 

2B-t03 9.218 (±3.76) 0.137 (±0.08) 861.889(±131) 2.316(±0.01) 

2B-t04 8.757 (±3.76) 0.128 (±0.08) 893.348(±131) 2.332(±0.01) 

2B-t05 8.723 (±3.76) 0.12 (±0.08) 917.055 (±131) 2.316(±0.01) 

 

4.7.3 Hexachlorobenzene, 3 and Hexabromobenzene, 4 

 The nanoindentation tests on hexachlorobenzene, 3 and hexabromobenzene, 4 

were made on the bending faces (001) of the crystals (Figure 14). These results on the 

isostructural compounds (Chapter 3) are interesting because the internal packing along 

the indentation direction is similar, while the strength of the Cl···Cl and Br···Br 

intermolecular interactions in the two compounds are different. The differences in the 

mechanical properties of these two compounds can be correlated directly to the Cl···Cl 

and the Br···Br interactions. Two types of tests were done on the bending face, i.e. (001), 
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indenter indenter 

of these crystals: tests in (1) the depth control (CSM), and (2) the load control modes. 

The crystal packing diagrams in Figure 14 show the direction of indenter penetration into 

the crystal. 

 

  
(a) (b) 

Figure 14. Packing diagram, a view along [100], in (a) hexachlorobenzene, 3, (b) 
hexabromobenzene, 4. The arrow mark indicates the indentation direction on the bending 
face (001) of the crystals. 
 

 The nanoindentation results obtained from these samples are given in Table 4. It 

is interesting to note that the hardness values obtained in the CSM mode for sample 3 

(average HUnl ~ 0.22 GPa) is clearly less than that of sample 4 (average HUnl ~ 0.31 GPa). 

This difference in HUnl accounts for the stronger Br···Br interactions in 4 compared with 

the weaker Cl···Cl interactions in sample 3. The mechanical deformation and creep 

behaviour of these samples are similar to that of sample 1. Equations (7) and (10) fit the 

hardness-time (Figures 15a and 15c) and the log H – log (–( HH /
•

)) (Figures 15b and 

15d) curves well. In case of the two samples 3 and 4 also the H–t curve reaches a steady 

state nearly at around 100-120 nm depth and the set of data is fitted well by Equations 

(8) and (9), as in the case of samples 1 and 2. Therefore, those figures are not shown 

here. 
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Figure 15. (a) and (c) show hardness (H) – time (t) relationships obtained from 
nanoindentations on crystals of 3A (test 01) and 4A (test 02) respectively using the CSM 
mode. Symbols represent experimental points. Full curves are predictions based on 

Equation (7). (b) and (d) are log H – log 
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Table 4. The experimental data obtained from indentations on hexachlorobenzene, 3 
(samples 3A, 3B), and hexabromobenzene, 4 (samples 4A, 4B) 

(a) with maximum depth limit of 1000nm by depth control method using CSM module 
Sample Code 

– Test No. 

EAve 

 (GPa) 

HAve 

 (GPa) 

EUnl  

(GPa) 

HUnl  

(GPa) 

3A-t01 8.603 (±0.44) ±0.35 (0.02) 7.569(±1.49) 0.226(±0.02) 

3A-t02 7.979 (±0.44) ±0.327 (0.02) 5.455(±1.49) 0.199(±0.02) 

3B-t01 8.624 ±0.353 7.927 0.246 

4A-t01 12.226 ±0.44 11.907 0.33 

4A-t02 11.921 ±0.44 11.907 0.33 

4B-t01 12.596 (±1.01) ±0.332(0.04) 12.765(±0.44) 0.274(±0.01) 

4B-t02 14.031 (±1.01) ±0.39(0.04) 13.388(±0.44) 0.291(±0.01) 

 
(b) with maximum estimated depth of 650 nm with 600 s hold period by load control 
method 

Sample Code  
– Test No. 

E at PMax  
 (GPa) 

H at  PMax  
(GPa) 

Displacement 
(h) at PMax (nm) 

PMax  
(mN) 

3A-t01 7.569 0.193 731.321 2.841 

3B-t02 7.428 (±0.01) 0.174 806.422 (±6.47) 2.726(±0.01) 

3B-t01 7.416 (±0.01) 0.178 797.262 (±6.47) 2.716(±0.01) 

4A-t01 12.233(±0.08) 0.299(±0.01) 717.4 (±7.2) 3.735 

4A-t02 12.344(±0.08) 0.308(±0.01) 707.202 (±7.2) 3.735 

4B-t01 13.054(±0.85) 0.246(±0.02) 724.689(±37.22) 3.225(±0.01) 

4B-t02 11.357(±0.85) 0.21(±0.02) 789.515(±37.22) 3.243(±0.01) 

4B-t03 12.18(±0.85) 0.248(±0.02) 725.399(±37.22) 3.236(±0.01) 

 
 
4.7.4 1,3,5-Tribromobenzene, 5 

 The nanoindentation experiments on 1,3,5-tribromobenzene, 5, were done on the 

(100) and (010) faces of the crystal. Figure 16a is a view of the crystal packing along 

[100], i.e. the longitudinal axis of the (needle shaped) crystal. The crystal packing along 

the indentation direction, i.e. a view down perpendicular to the (100) and (010) faces are 
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shown in Figures 16b and 16c respectively. In the nanoindentation experiments on these 

samples, both the hardness measurement and the creep tests were done by the depth 

control method using the CSM mode and a hold time of 600 s. The average hardness 

value from unload on the (100) face was 0.0588 GPa, while on the (010) face it was 

0.0606 GPa, a difference of just 3.06 % (Table 5). Thus the difference in the hardness 

values of both the faces of the crystal is small and is less than the average error 

associated with the hardness value, 0.0157 GPa (given in brackets for each H value). So 

the H value for the two faces is similar. This is not surprising. Although the arrangement 

of the molecules along the [100] and [010] are different (Figures 16b, 16c), the 

intermolecular interactions (Br···Br and C−H···Br) in both the directions are comparable. 

 

  

 
(a) 

 
(b) 

 
(c) 

Figure 16. 1,3,5-Tribromobenzene, 5. Crystal packing view along (a) [001], (b) [010] 
and (c) [100]. 
 
 
 The indentation data for sample 5 are scattered (see Table 5), which was not 

because of lack of proper contact between the indenter and sample 5 in the initial stage 

of load application. In fact, the increase in displacement, h, was not similar throughout 

the experiment. This complex deformation process is evident from the P–h and H–t 
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curves in Figures 17a and 17b. Although there is pop-in in some of the P–h curves, the 

pop-in appears to be smooth or broad which suggests that the crystal did not break. The 

scatter therefore, may be due to an inhomogeneous distribution of imperfections in 

different locations of the crystal. 

 
Table 5. The nanoindentation data obtained on 1,3,5-tribromobenzene, 5, by depth 
control  method (hMax = 650 nm) using the CSM mode with 600 s hold time.  The 
indentions on 5A, 5B correspond to the (100) face and 5C, 5D, 5E to the (010) face.  

Sample Code 
– Test No. 

EAve HAve EUnl HUnl 

5A-t01 5.737(±1.29) 0.134(±0.08) 3.272(±1.54) 0.030(±0.04) 

5A-t02* 8.203(±1.29) 0.28(±0.08) 6.117(±1.54) 0.080(±0.04) 

5A-t03*  6.306(±1.29) 0.166(±0.08) 5.737(±1.54) 0.101(±0.04) 

5B-t01 6.822(±2.65) 0.232(±0.14) 4.885(±1.11) 0.055(±0.02) 

5B-t02 3.075(±2.65) 0.037(±0.14) 3.315(±1.11) 0.028(±0.02) 

5C-t01 10.152(±2.06) 0.411(±0.12) 6.525(±0.28) 0.103(±0.01) 

5C-t02 7.243(±2.06) 0.241(±0.12) 6.133(±0.28) 0.095(±0.01) 

5D-t01 6.924(±0.17) 0.251(±0.03) 4.786(±0.81) 0.044(±0.01) 

5D-t02 7.237(±0.17) 0.217(±0.03) 6.267(±0.81) 0.067(±0.01) 

5D-t03 7.206(±0.17) 0.205(±0.03) 6.109(±0.81) 0.071(±0.01) 

5E-t01 4.572(±3.03) 0.066(±0.09) 5.026(±0.72) 0.033(±0.02) 

5E-t02 6.177(±3.03) 0.206(±0.09) 5.413(±0.72) 0.062(±0.02) 
 

* The inconsistency in the E and H values, i.e. less E value for a greater H and vise- 
versa, for tests 5A-t02 and 5A-t03 is not tenable. But, when the error limits are taken 
into account, rationalization is possible. 
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Figure 17. (a) Load-displacement curves from tests done on (100) (red) and (010) (blue) 
faces. (b) Hardness-time relationship obtained from test 2 on sample 5A (5A-t02) by 

indentation on (100) face. (c) Hardness-time, and (d) log H – log 











−

•

HH  

relationship based on values presented in (c). Lines in (c) and (d) represent the predicted 
curves based on Equations (7) and (10) respectively and the symbols represent the 
experimental data. 

 The near-steady state portion of the H-t curves (starting around at 100-120 nm 

depth) was not smooth in most of the samples as can be seen from the curve in Figure 

18a, which corresponds to the data from 5A-t01. Therefore, Equations (8) and (9) were 

not useful. For 5B-t02 it was found that H increased slowly with the time after an 

indentation depth of 200 nm (i.e. after ~ 40 s) (Figure 18b) and the relationship could be 

fitted reasonably well by  
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2
213 tBtBAH ++=                                  (12) 

where A3, B1 and B2 are unknown constants. This may be an indication of work 

hardening. The reason is unknown at this stage, particularly because another crystal of 

the same compound (Figure 18a) exhibited strain softening and creep effect. The HAve 

and HUnl were found to be low in 5A-t01, 5B-t02 and 5E-t01 compared to the other 

samples (see Table 5). 
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Figure 18. Hardness-time relationship after about 200 nm depth from the beginning of 
indentation on (a) sample 5A test 01 (5A-t01). Notice that this curve is not smooth; (b) 
sample 5B, test 02 (5B-t02). Symbols represent the experimental data and the continuous 
curve in (b) is a prediction based on Equation (12). 

4.7.5 Molecular Complex: 135B246I:135I246M, 6 

 135B246I:135I246M, 6, is a molecular complex, which is obtained by 

dissolving the 135B246I and 135I246M compounds in a 1:1 ratio in tetrahydrofuron 

(THF) solvent and evaporating the solvent at ambient temperature. Crystal structure 

determination confirmed the 1:1 molecular complex 6, in which the molecules are 

disordered statistically with approximately 50% occupancy. But it is always very 

difficult (or even impossible) to say from the X-ray data whether the molecular 

distribution in the crystals is homogeneous or heterogeneous. This aspect may be 

examined by nanoindentation experiments. 
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(a) 

 
 

(b) (c) 
Figure 19. 135B246I:135I246M, 6. (a) Crystal packing view along [100]. The arrows 
indicate the indentation direction onto (or perpendicular to) the (001) (black) and (010) 
(grey) crystal faces respectively. (b) and (c) show the slight slant of the layers and the 
direction of indentation into the crystal. 

 Crystals of sample 6 are needle-shaped and the molecules form layers via I3-

synthons (Section 5.4.2). These layers are stacked along the crystal length, i.e. [100]. The 

(010) and (001) faces of the crystals are perpendicular to the crystal length and the 

indentations were made perpendicular to these faces (Figure 19). The layers are slightly 

slanted when viewed perpendicular to the (010) and the (001) faces. This means that the 

indenter penetration direction is not exactly parallel to the layers in the crystal as seen in 

Figure 19a. Although the two faces (010) and (001) are crystallographically different, the 

crystal packing is similar when viewed perpendicular to these faces (Figure 19b and 

19c). 
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 The deformation behaviour of these crystals was found to be different for 

different indentations made at different locations of the same sample (Figure 20). Two 

different types of hardness-time relations were found in this sample. In first case, 

hardness decreases initially from ~ 1.6 GPa to reach a steady state with a hardness in the 

range of ~0.60 – 0.23 GPa (Figure 20c), which is analogous to that of samples 1 to 5 and 

predictions could be made using Equations (7) and (10). In the second case, the hardness 

increased from ~ 0.05 GPa to ~ 0.23 GPa and reached a near-steady state (Figures 20a 

and 20b) which is in contrast with the observations made on samples 1 to 5. The second 

case appears to be complicated, because the two H-t curves in Figures 20a and 20b 

follow two different paths to reach a near-steady state portion where absolute values are 

also different. The differing mechanical behaviour of these crystals at different locations 

indicates the complex mechanical deformation behaviour in this molecular complex 6. 

The crystal packing in sample 6 is layered and is different from that of samples 1 to 5. It 

is difficult to give a particular reason for the variation in the mechanical behaviour, 

because there are many variables in this case, say slanted layers in the crystal with 

respect to the front side corner of the pyramidal tip, differing local distribution of the two 

components/compounds and defect density. If the tip of the pyramidal indenter is along 

the direction of slant of the layers in the crystal (Figure 19), the initial hardness would be 

low and then slowly increase as the indenter penetrates into the sample. If the tip of the 

indenter and the slant of the crystal plane are directed in opposite direction, the initial 

hardness would be more and then slowly decrease as the indenter proceeds. But, the 

orientation of the slant of the layers with respect to the tip could not be taken into 

account while making the indentation and hence it is not possible to explain the effect. 

The other possibility for the variation in the deformation resistance at different locations 

is the heterogeneous distribution of the two compounds, 135B246I and 135I246M, in the 

crystals of solid solution 6. Although the mechanical behaviour (hardness values) of the 

parent compounds was not determined because of non-availability of the machine, it may 

be noted that the deformation seen in 6A-t01 (Figure 20a) is possible when the softer 

component is present in the top portion of the crystal and the harder one below. In this 

case, the indenter has to penetrate into the softer part of the crystal first and then the 
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harder one, and hence the work hardening behaviour could be observed. If the harder 

component were present at the on top and the softer compound below, the material 

would show strain softening and appears as seen in Figure 20c. It is likely that the reason 

for the variation in the mechanical behaviour is the heterogeneous distribution of the two 

compounds in the crystal. Since the crystal packing is similar on the two faces (010) and 

(001) of 6, they also have similar hardness values, as revealed by the nanoindentation 

measurements (Table 6). 

 Hardness – time relationship in these samples does not follow Equation (7) but 

agrees with Equations (12) and (13) (Figure 20). 

 ( )tata ee
aa

aH 12

21

1 −− −
−

=                    (13) 

where a1 and a2 are unknown constants. The near-steady state portion in Figure 16c 

could be fitted by both Equations (8) and (9), and the deformation process appears to be 

similar to that of sample 1. 

 Although the hardness values obtained from the unloading curves were similar 

for all the tests except 6D-t01, the initial hardness-time relationship was not similar due 

to the possible reasons discussed above (Figure 20). This indicates that the distribution of 

the molecules 135B246I and 135I246M could be in domains of differing composition in 

the crystal. If the domains are large enough (>100 nm), then it may be possible to 

differentiate the domains by nanoindentation. So in a heterogeneous distribution, the 

different molecular domains display a difference in the deformation process during 

nanoindentation. To verify this idea, the deformation of the parent single component 

crystals of 135B246I and 135I246M needs to be examined and the results combined in 

different ways to generate the distinctly different hardness-time curves obtained. 
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Figure 20. Hardness-time relationship in (a) sample 6A test-01 (6A-t01) (b) sample 6C 

test-02 (6C-t02) and, (c) sample 6B test-01 (6B-t01). (d) log H – log 
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derived from curve that presented in (c). Symbols represent experimental points. Full 
curve in (a), (b) and (c) are predictions based on Equations (13), (12) and (7) 
respectively. 

 Another possible reason for the variation in the H – t curves may be due to the 

differences in the orientation of the layers with respect to the pyramid shaped diamond 

tip. (This is likely to be a less significant contribution than the reason advanced in the 

preceding paragraph). As the layer arrangement is not completely parallel to the indenter 

penetration direction, the initial hardness is expected to change depending on the 

orientation of the layers with respect to the direction of movement of the pyramid shaped 

indenter. Although the projection of the layers towards the indenter is nearly identical for 

a particular sample, variations are still observed in the H – t curves. That perhaps 

indicates heterogeneous distribution of the component/compounds in the molecular solid 
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solution. Presence of small pop-ins in the load – displacement curves in these crystals 

indicates the disruption of layers at the molecular level. This is also evident from the 

discontinuity in the hardness – time curves (Figure 20a to 20c). The load – displacement 

curves of 6D-t01 in Figure 21 reveal the unusual deformation behaviour of these layered 

molecular crystals. But, in the curve 6C-t03 the initial large displacement at near-zero 

load is an artefact. 
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Figure 21. Load – displacement curves for the tests recorded on samples 6A and 6B on 
the (010) face and 6C, 6D into the (001) face. Test codes for the unusual curves are 
indicated in Table 6. 

Table 6. Nanoindentation data obtained on 135B246I:135I246M, 6 by the depth control 
method using the CSM mode. The indentations on 6A, 6B correspond to the (010) face 
and the ones on 6C, 6D to (001) face. 

Sample Code 
– Test No. 

EAve HAve EUnl HUnl 

6A-t01 12.895(±1.42) 0.318(±0.09) 12.185(±1.28) 0.235(±0.03) 

6A-t02 14.909(±1.42) 0.452(±0.09) 14.003(±1.28) 0.282(±0.03) 

6B-t01 14.852(±1.31) 0.440(±0.06) 14.602(±1.37) 0.289(±0.03) 

6B-t02 13.044(±1.31) 0.357(±0.06) 12.661(±1.37) 0.239(±0.03) 

6C-t01 12.859(±1.34) 0.368(±0.02) 12.145(±1.17) 0.224(±0.06) 

6C-t02 13.278(±1.34) 0.388(±0.02) 12.709(±1.17) 0.259(±0.06) 

6C-t03 0.367 0.001 8.699 0.131 

6D-t01 27.315 0.498 9.43 0.158 
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4.8 Conclusions 

 Nanoindentation experiments on molecular crystals have been carried out for the 

first time. Experiments on bending (molecular crystals 1 to 5) and shearing (molecular 

complex 6) crystals revealed that the mechanical behaviour largely depends on the 

packing of molecules in the crystals. The crystals show near-exhaustion creep behaviour 

at room temperature on nanoindentation, which has been accounted for quantitatively in 

phenomenological terms. In these experiments it was tried to measure the difference in 

the mechanical properties of different faces of the crystals as was done in Section 3.3.8, 

but it was not successful due to the large experimental error. This is traceable to the poor 

quality of the surfaces of the crystals in this chapter. Polymorphic crystals of sample 1 

are interesting because there was no pop-in or discontinuity in the P – h curves of the 

bending crystals (Form 1α). Pop-in is significant in the brittle crystals (Form 1δ), and is 

an indication of molecular level cracking in the crystal. Characterization of such 

differences in the mechanical properties of polymorphic crystals is very advantageous, 

particularly for pharmaceutical formulation. In sample 3, the P – h curves are very 

smooth, which indicates that the crystals have high ductility. Indentation data from the 

isostructural samples 3 and 4 give a good estimate of the difference in the strength of the 

Cl···Cl and the Br···Br intermolecular interactions. Differences in the mechanical 

properties of these two compounds reveal the relative weakness of the Cl···Cl 

interactions compared with the stronger Br···Br interactions. The nanoindentation data on 

sample 5 are very scattered and indicate the presence of imperfections in the crystals. 

The results from the crystals of the molecular complex 6 (layered structure) are 

interesting, because the H – t curves indicate the possibility of heterogeneous distribution 

of the two components, 135B246I and 135I246M, i.e. the 135B246I and 135I246M 

molecules occupy separate domains in the crystal. These results clearly demonstrate the 

advantages in measuring the mechanical properties of molecular crystals at this nm level 

with the aid of a nanoindenter. 

 The present state of development in the understanding of creep in molecular 

crystals is similar to the state of affairs that prevailed in the early days of experiments on 

creep in metallic materials [1.19]at the beginning of the last century, when useful 
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empirical equations to describe creep flow were developed. Detailed mechanistic models 

based on the dislocation theory assigned the earlier observations physical meaning at a 

later stage. 

 In general, creep deformation in metals is explained in terms of dislocation 

movement, diffusion and grain boundary sliding. It may be noted that in the deformation 

of molecular crystals by indentation, the molecules behave like atoms in metals and 

generally do not undergo any change in their chemical composition and the arrangement 

of covalent bonds. That is, only the intermolecular bonds are broken and rearranged by 

the deformation process, while the chemical bonds between the atoms within a molecule 

remain intact. But it is not possible to state unequivocally at this stage whether every 

individual molecule or a small group of molecules, say molecular aggregates, move 

around during deformation. It is possible that both types of motions are present at the 

same time. From the present experiments, it is also clear that the deformation of 

molecular crystals depends on the directionality of the intermolecular interactions and 

the crystal packing. It is more than likely that molecular movement during deformation is 

influenced by the anisotropy of the intermolecular interactions present along the three 

directions of crystal packing. 

 Further studies in greater depth are necessary to acquire a more accurate and 

detailed understanding of the mechanical properties of molecular crystals. The use of 

techniques like TEM, SEM, STEM and AFM will definitely help in the detailed 

characterization of the deformation process. 

 

4.9 Experimental 

Crystallization 

 Crystallization of the samples was done by dissolving the material in hot organic 

solvents like carbon tetrachloride (CCl4), tetrahydrofuran (THF), ethyl acetate (EtOAc) 

or 1,4-dioxane followed by slow evaporation of the solvent at ambient temperature. The 

single crystals were obtained from the solution within a week and the crystals taken from 

the mother liquor were blotted dry on a filter paper.  
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Sample Preparation 

 Single crystals, with well grown smooth faces, were selected from the bulk 

samples for the nanoindentation experiments by viewing the crystals under a microscope 

to avoid samples with unwanted crystal imperfections. The dimensions of the selected 

crystals were approximately 0.2 to 0.5 mm thickness and 1 to 2 mm length. Araldite glue 

was spread (approximately to the crystal size) as a thin layer on a flat surface of an Al-

sample holder and the selected crystal was slowly moved on to the glue with a metal 

needle and forceps. The crystal was then carefully adjusted on the glue to make sure that 

its top horizontal face was parallel to the surface of the sample holder. The fixing process 

of each crystal was finished before the glue got dry, i.e. within five to six minutes. Three 

to four crystals were fixed at different positions of a sample holder. The sample holders 

were carefully fixed on the X-Y motorized tray by adjusting the screws. 

 

Nanoindentation  

 Nanoindentation experiments were done using a nanoindenter model XP, 

supplied by MTS Systems Corporation, USA. The diamond indenter had a Berkovich 

three-sided pyramidal geometry. Test positions were targeted using an optical imaging 

system with a 250X display. All the experiments were carried out at room temperature 

using either the load control mode or the depth control method. Poison’s ratio was fed as 

0.33 as input in these experiments, as the actual values for the crystals studied were not 

known. Indenter velocity was 10 nm s−1. 



CHAPTER 5 

HALOGEN···HALOGEN INTERACTIONS IN HEXAHALOGENATED 

BENZENES 

 

5.1 Introduction 

Kitaigorodskii suggested in 1955 in “The theory of close-packing of molecules” [5.1], 

that organic molecules in crystals tend to close pack to fill spaces as tightly as possible. 

Accordingly, for a given molecule, the actual crystal structure is the one that corresponds 

to the most densely packed arrangement of all possible structures. The close-packing 

principle considers all organic molecules as spheres with characteristic atomic radii 

(geometrical fit). This assumption leads to a simple model applicable to a wide range of 

molecular crystals. In course of time, many exceptions to the model were found and the 

importance of intermolecular interactions in further understanding of the packing of 

molecular crystals was realized (chemical factors) [1.2]. In other words, the recognition 

between molecules during crystallization is governed by geometrical or chemical factors, 

that is because of shape complementarity and size compatibility (short range repulsion) 

[5.1, 5.2], or specific anisotropic interactions of electrostatic or polarization origin (long 

range attraction) [5.3, 5.4]. In the process of minimization of total free energy, a balance 

between these geometrical and chemical factors needs to be reached, i.e. the final 

structure is the result of the minimization of the internal energy, the entropy term and 

electrostatic, polarization and van der Waals interactions. But the nature of this balance 

between geometrical and chemical factors is poorly understood. Halogen···halogen 

intermolecular interactions appear to be particularly problematic [1.2, 1.14a]. 

 

5.2 Halogen···Halogen Interactions 

 The weak intermolecular interactions between halogen atoms have been a 

subject of interest and debate for many years because of their complexity in geometrical 

and chemical terms [5.5, 1.2]. Two hypotheses have been proposed to explain the 
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halogen···halogen interactions (Scheme 1). One explanation is that the shape of the 

atomic charge densities of halogen atoms is spherical and specifically attractive which 

produces short contacts in certain directions [5.6]. This view has been strengthened by 

Desiraju [5.5g] and Williams [5.5f] and variously referred to as a “donor-acceptor”, or 

“charge-transfer” interaction, or “electrophilic and nucleophilic attack”. The alternative 

model is the anisotropic repulsion hypothesis [5.5h, d]. According to this, shorter X···X 

contacts are observed in certain directions due to the nonspherical shape of the atomic 

charge densities which produce a decreased repulsion between the atoms. Based on 

theoretical investigations, Price et al. [5.5d] argued that the Cl···Cl interactions are best 

explained by the latter hypothesis. They predicted that the most important contributions 

to the X···X intermolecular interactions are the repulsion, electrostatic and dispersion 

terms and that the contributions from charge-transfer type interactions is negligible. 

Although an increase in the intermolecular attraction or a reduction in the repulsion can 

both account for short van der Waals contacts in certain directions, the two are not 

equivalent and have different implications. 

  
Scheme 1 

 According to the increased attraction force explanation, the C–X···X–C 

interactions (X = Cl, Br, I) are classified into two types based on the values of the two 

C–X···X angles, θ1 and θ2  [5.5i, 5.5e]. The type-I interactions (θ1 ≈ θ2) represent close 

packing of X-atoms in a geometrical model because identical portions of the halogen 

atoms make the nearest approach. The type-II interactions (θ1 ≈ 180°, θ2 ≈ 90°) are 

understood based on the X-atom polarization, X(δ+)···X(δ–), and represent a chemical 

model with each halogen atom polarized positively in the polar region and negatively in 

the equatorial region (Scheme 2). Type-II interactions are included in a larger category 
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of X(δ+)···Y(δ–) “halogen bonds” in which electrophilic halogen is involved [5.7]. 

 
 

       Scheme 2 

 One of the reasons for the difficulty in understanding the nature of X···X 

interactions arise from the fact that the halogens are of low to high electronegativity (I to 

F) and polarizability (F to I). They act, depending on the circumstances, as either 

electropositive or electronegative entities in an intermolecular interaction, or in some 

cases with no particular electrostatic character [5.8]. Iodine is somewhat easier to 

understand, in the context of halogen bonding, when compared to the other halogens 

because it is more readily polarized as I(δ+). Accordingly, contacts such as I···Cl and I···Br 

may be represented as I(δ+)···Cl(δ–) and I(δ+)···Br(δ–) and they generally have the type-II 

geometry. Fluorine is very hard and non-polarisable, and it is still not really possible to 

deduce the nature of its interactions with other halogens [5.9]. Desiraju and co-workers 

have stated in their study that the F···F interaction is not really viable [5.10]. Perhaps the 

I···F interaction is polarization induced. Chlorine and bromine belong to an intermediate 

region and various workers analyzed them using one of the two models given above, and 

have attributed the observed geometries of X···X contacts to either a van der Waals (non-
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spherical atoms) or polarization (δ+···δ–) character of the interaction [5.5]. What is 

possible is that the type-I contacts formed by Cl and Br are of the van der Waals variety 

while the type-II contacts are polarization induced. If all contacts in a crystal were of the 

van der Waals type, one would expect a greater degree of isotropy in the packing—a 

Kitaigorodskii solid [5.1]. 

 There are several reports on halogen interactions in the literature, and in some of 

the cases the discussion has been raised in the context of halogen···halogen interactions. 

Trihalomesitylene structures (135X246M, X = Cl, Br, I) [2.16] are isostructural with 

space group P 1 and Z = 2. In each structure, the molecules are arranged as layers of 

two-dimensional sheets which are formed via attractive trigonal X3-synthons. Each 

halogen atom is part of the triangular X3-synthons as shown in Figure 1. 
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(a) (b) 

Figure 1.  (a) Plot showing electrostatic potential in iodobenzene with maxima of 
negative and positive electrostatic potential indicated. This figure is reproduced from 
reference [2.16]. (b) Layer constituted of Br3-synthons in 135B246M. 
 
 Bosch et al. [2.16] analyzed the X3-supramolecular synthons in their 

investigation on 135B246M, 135I246M and some other reported structures. Their 
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theoretical calculations on iodobenzene revealed the polarization of the iodo group in the 

molecule that supports the attractive donor-acceptor model (Figure 1). The nonspherical 

atomic charge distribution on the halogens results in the formation of donor-acceptor 

interactions in which each halogen atom is simultaneously a donor and an acceptor. In 

their investigation they strongly felt that the X···X interactions must be considered as 

being of the attractive donor-acceptor type as suggested by Desiraju and Williams 

[5.5g,f]. 
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Figure 2. (a) Supramolecular X3 synthon in the inclusion complexes of X-POT. (b) 
Hexagonal host framework formed through Br3-synthons in the crystal structure of Br-
POT•collidine. Disordered collidine molecules are shown in space filling model. 
 
 Nangia and co-workers [5.11] employed the halogen interactions for 

constructing hexagonal host frameworks in C3 symmetric molecules, 2,4,6-tris(4-

halophenoxy)-1,3,5-triazines (X-POT, X = Cl, Br, I)). The halogen groups on trigonal X-

POT molecule, reproducibly self-assemble via the X···X trimer (X3) synthon to form 

hexagonal cavities that include various aromatic guest molecules (Figure 2). The 

architectural isomerism from channel to cage framework and the persistent 

crystallization of trigonal X-POT molecule in high-symmetry host networks is 

exemplified in these host-guest complexes. 
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 As the intermolecular contacts acquire some distinctiveness, anisotropy enters 

the crystal with a change in properties [1.2]. In a one-dimensional structure involving 

halogen atoms, molecules are held relatively strongly in this direction [5.12]. In a layered 

or two-dimensional crystal structure, the interactions within a layer (intralayer) are 

stronger and more directional than the interactions between layers (interlayer) [2.18]. 

Whether the layered structures arise on account of type-II halogen interactions or the 

ubiquitous π···π stacking interactions [5.13] is hard to say from the distance-angle 

criteria. However, there is a fundamental distinction between two-dimensional stacked 

(2D + 1D) and three-dimensional cross-linked (3D, Kitaigorodskii type) structures with 

respect to the nature of the intermolecular interactions. In general terms, the default 

packing for all organic molecular solids is the three-dimensional Kitaigorodskii packing. 

Therefore when a stacked structure is obtained, there must be specific reasons for its 

formation [1.2]. 

 
5.3 Halogen Bonding 

 Halogen bonding, D···X─Y, is the noncovalent interaction where X is the 

halogen atom (Lewis acid) and D is any electron donor (neutral or anionic Lewis bases) 

[5.7]. In general halogen bonds are formed between a halogen atom and more 

electronegative atoms like oxygen, nitrogen or sulfur. In recent years, Resnati and 

Pennington have extensively (and independently) used halogen bonding to engineer 

various crystal structures [5.7]. 

 Resnati et al. [5.7c] used halogen bonding in the context of a co-crystal system 

to induce stereoselective photocyclization of olefins (Scheme 3). The pentaerythritol 

derivative, I4-PETol, molecules (Scheme 3) co-crystallize with a dinitrogen spacer 

(reactant), trans-1,2-bis(4-pyridyl)ethylene (4,4'-bpe), in 1:2 ratio. The I4-PETol behaves 

as a tetratopic halogen-bonding donor, while the dinitrogen spacer is ditopic acceptor. In 

this molecular complex, I4-PETol molecules are connected to spacers through C─I···N 

halogen bonds (Scheme 3). The tetrafluorophenyl rings of I4-PETol lying on the same 

side pair up in a quasi-parallel fashion due to face-to-face π···π intramolecular 
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interactions [5.7a] (distances ranging from 3.524 to 3.897 Å; cutoff distance is 3.915 Å). 

As a result, the double bonds of the spacers come closer into the allowable distance 

range for photochemical reactivity. These crystals on photoirradiation at 300 nm undergo 

a photochemical cycloaddition under topochemical control to produce tetrakis(4-

pyridyl)cyclobutane. These experiments prove the robustness of halogen bonding in the 

use of solid state templated reactions. 

 

 
Scheme 3 

 Halogen bonds are also found in the biological molecules and are known to play 

an important role in natural systems. Thyroid hormones represent a class of naturally 

iodinated molecules for which halogen bonds appear to play a role in their recognition, 

as evident by the short I···O contacts between tetraiodothyroxine and its transport protein 

transthyretin [5.14]. In addition, more than 3,500 halogen-containing metabolites are 

currently known. In these systems, halogen atoms belonging to halogenated nucleotides 

or drugs, dominantly interact with the oxygen atoms that are present in the nucleic acids, 

proteins or ligands bound to nucleic acids or proteins. Recently Auffinger et al. [5.15] 

surveyed the PDB (Protein Data Bank) and calculated the electrostatic potentials for the 

different halogen atoms in various biological molecules. A clear trend of increasing 
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electropositive potential along the C─X bond was found when going from fluorine to 

iodine with the increasing polarizability of the halogen atoms. Fluorine atoms were 

found to remain entirely electronegative, whereas the other halogen atoms show the 

emergence of an electropositive charge along the C─X axis, which is surrounded by an 

electroneutral charge and, farther out, an electronegative charge. The size of the 

electropositive charge was found to be increased with the radius or polarizability of the 

halogen atoms. This suggests that iodines would form the strongest X···O halogen bonds. 

 The crystallographic and mechanical properties of some halogenenated benzenes 

and the relevance of these properties to the elucidation of the nature of halogen···halogen 

interactions is discussed in this chapter [2.15]. The results on these crystals enable us to 

identify the geometrical and the chemical features of the X···X interactions. 

 

5.4 Results and Discussion 

Table 1. IUPAC names and codes of the molecules. 

IUPAC Name Code 

1,2,3,4,5-pentabromo-6-chlorobenzene 12345B6C 
1,2,4-tribromo-3,5,6-trichlorobenzene 124B356C 
1,2,4-trichloro-3,5,6-triiodobenzene 124C356I 
1,2,4-tribromo-3,5,6-triiodobenzene 124B356I 
1,3,5-trifluoro-2,4,6-triiodobenzene 135F246I 
1,3,5-trichloro-2,4,6-tribromobenzene 135B246C 
1,3,5-trichloro-2,4,6-triiodobenzene 135C246I 
1,3,5-tribromo-2,4,6-triiodobenzene 135B246I 
1,3,5-tribromo-2,4,6-trimethylbenzene 135B246M 
1,3,5-triiodo-2,4,6-trimethylbenzene 135I246M 
1,2,3-tribromo-4,5,6-trichlorobenzene 123B456C 
1,2,3-trichloro-4,5,6-triiodobenzene 123C456I 
1,4-dichloro-2,3,5,6-tetraiodobenzene 14C2356I 
1,4-dibromo-2,3,5,6-tetraiodobenzene 14B2356I 
1,4-dibromo-2,3,5,6-tetrachlorobenzene 14B2356C 
1,4-dibromo-2,3,5,6-tetraiodobenzene 14I2356C 
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 Several hexahalogenated benzenes C6Cl6-nBrn, C6Cl6-nIn, C6Br6-nIn, were 

synthesized (Table 1, Scheme 4) and their crystal structures were examined (Appendix 

2). These compounds adopt two broad packing modes, triclinic (P 1) and monoclinic 

(P21/n). Some of the compounds are polymorphic and some co-crystallize to form mixed 

crystals. 
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Scheme 4 
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5.4.1 Monoclinic Structures: Hexachlorobenzene 

 Most of the hexahalogenated compounds in this study crystallize in the 

monoclinic crystal system and have a similar crystal packing to the classical 

hexachlorobenzene structure [3.7, 5.16]. The C6Cl6 structure has been introduced briefly 

in Chapter 3 to describe its mechanical behaviour, and full structural details and 

implications of these mechanical properties to the halogen interactions are discussed in 

this chapter. 

 
Scheme 5 

 
 

 
(a) (b) 

Figure 3. Monoclinic form for hexahalogenated benzenes: (a) Corrugated layer in C6Cl6; 
(b) Cl···Cl distances between stacks in C6Cl6.  
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 The unit cell of C6Cl6 at 100 K is a = 7.967(3), b = 3.7609(14), c = 14.670(5) Å, 

β = 92.459(6)º. The space group is P21/n, with two molecules in the unit cell. The 

molecule lies on an inversion centre in the crystal. The planar molecules form π···π 

stacks; within these stacks, the molecules are 3.44 Å apart (perpendicular distance) and 

tilted 63.3º to the stack direction so that π···π interactions are optimized (Figure 3a). The 

rest of the structure is close-packed in the usual way. In all the monoclinic structures, 

there are three distinct sites for the halogen atoms, which are referred to as X1, X2 and 

X3 (Scheme 5). There are two categories of Cl···Cl interaction in the overall distance 

range of 3.44-3.67 Å. The type-I contacts at sites X1, X2 and X3 (only the last lies on an 

inversion centre) have Cl···Cl distances of 3.8165(18) Å (107.48(13)°), 3.6246(17) Å 

(119.52(13)°) and 3.6343(19) Å (124.51(13)°) and are unremarkable. The second 

category does not appear to be type-I and the distances are in the van der Waals range 

(3.4434(15) Å, 175.05(15)°, 116.79(13)°; 3.4697(17) Å, 174.56(13)°, 124.47(13)°; 

3.6664(16) Å, 171.25(13)°, 123.18(13)°) but the smaller angle θ2 is not so close to 90°, 

which is more characteristic of type-II (Figure 3b). No Cl···Cl interaction appears to be 

particularly important and π···π stacking dominates this packing. C6Br6 and C6I6 also have 

a similar packing and hence are isostructural [5.17, 1.23] to C6Cl6. The unit cell volume 

increases uniformly in these three structures with the size of the halogen substituent 

(C6Cl6 439.2(3) Å3 at 100 K, C6Br6 501.46(17) Å3 at 100 K and C6I6 618.642 Å3 at 

298 K) which is not surprising. For molecules that lack inversion centre, and adoption of 

the monoclinic structure leads to crystallographic disorder.  

 The mechanical behaviour [1.18] of C6Cl6 crystals (Chapter 3) has implications 

to the nature of Cl···Cl interactions [1.28]. The direction of bending shows that the strong 

interaction in C6Cl6 is the π···π stacking. The fact that the crystal bends on (001) suggests 

that the Cl···Cl contacts that emerge from this face are weaker, and thus, they are 

expected to undergo some rearrangement (breaking and making) in the bending process. 

From the geometry of Cl···Cl interactions a question arises “are these contacts type-I or 

type-II?” Ideal type-I and type-II geometries are distinctive but these Cl···Cl geometries 

in C6Cl6 (3.4434(15) Å, 175.05(15)°, 116.79(13)°; 3.4697(17) Å, 174.56(13)°, 

124.47(13)°) are intermediate and difficult to classify. The results on crystal bending 
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indicate, however, that these Cl···Cl interactions are weak and non-specific. They are 

easily deformed as the stacks of molecules slide against each other during bending. 

Distance and angle criteria are particularly poor indicators of the nature of Cl···Cl 

interactions especially when the geometry is ambiguous and does not correspond strictly 

to type-I or type-II. For a type-I interaction that lies on an inversion centre, a shortening 

below the van der Waals separation would be repulsive. For a type-II geometry, 

however, such shortening might be moderately attractive. By merely inspecting the 

crystal structure of C6Cl6 and noting the Cl···Cl distances and C−Cl···Cl angles, it would 

be very difficult to ascribe any particular chemical character to these quasi type-II 

interactions. In contrast, the bending results show that these interactions are weak and of 

low importance in the crystal packing. These results suggest that terminologies like type-

I and type-II might permit some kind of classification but they cannot be used to draw 

definitive chemical inferences about the nature of the respective intermolecular 

interactions. 

 

1,2,4-Trisubstituted Compounds 

 The 1,2,4 trisubstituted compounds 124B356C, 124B356I and 124C356I also 

have the same monoclinic structure. These molecules lie on the inversion centre and as 

mentioned above, they must be disordered. However, the disorder is not statistical over 

the three positions; the site occupancy factors for Br at X1/X2/X3 are 0.76/0.34/0.40 in 

124B356C, for I in 124B356I they are 0.76/0.35/0.39 and for I in 124C356I they are 

0.82/0.64/0.04. All three structures prefer to have the biggest atom in the X1-position 

where it can avoid a type-I contact with itself. There is a big increase in cell volume 

going from 124B356C (473 Å3) to 124C356I (539 Å3) while the exchange of Cl by Br in 

124B356I (544 Å3) has only a small effect on the volume. This is distinct from the 

uniform volume increases in C6Cl6, C6Br6 and C6I6 and shows that in the 1,2,4 

compounds the biggest substituent determines the cell volume. A fully statistical disorder 

would perhaps lead to more uniform cell volume increments in going from 124B356C to 

124C356I to 124B356I. Perhaps these structures have ordered domains of I-atom 

clusters that cannot be resolved in the X-ray experiment. It is clear that the 1,2,4 
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substitution pattern leads only to the monoclinic disordered packing in these structures  

irrespective of the substituent halogen atoms. 

  

(a) (b) 

Figure 4. 1,2,4-Trichloro-3,5,6-triiodobenzene, 124C356I. (a) ORTEP diagram with 
50% probability. (b) Disordered (I/Cl) molecules in the common monoclinic packing. 
 

1,2,3-Trisubstituted Compounds 

 The 1,2,3 compounds also give the same monoclinic structure but the two 

disordered orientations in 123B456C and 123C456I are equally occupied as shown in 

Figure 5. This type of disorder could be linked to the molecular shape [5.18].  

 
Figure 5. 1,2,3-Trichloro-4,5,6-triiodobenzene, 123C456I. ORTEP diagram with 50 % 
probability. Notice the differences in the relative positions of halogens and ring C-atoms 
in 124C356I and 123C456I. 
 
1,4-Disubstituted Compounds 

 The 1,4-disubstituted compounds 14B2356C, 14C2356I, 14B2356I and 

1245C36I show a slightly different behaviour. The first is isostructural to C6Cl6 and 

(although the molecule has Ci symmetry) is disordered like the 1,2,4-trisubstituted 
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compounds The site occupancy factors for Br are 0.73/0.12/0.14 in positions X1/X2/X3 

respectively. The position X1 is again favoured for the biggest substituent. (A refinement 

has been published but did not include the disorder [5.19]). The second and the third take 

a variant of the C6Cl6 structure but they are ordered (Figure 6). The Cl (or Br) and I 

positions might well have been disordered in this packing, but they are not. The reason 

for the ordering is suggested by the fact that the Cl···Cl (or Br···Br) interaction is 

exclusively type-I while the I···I interactions are both type-I and quasi type-II. So, even 

among these marginal X···X contacts, there seems then to be some preference for the 

Cl···Cl (or Br···Br) interactions to be more dispersive than the other interactions. There is 

just a hint therefore that Cl (or Br) and I are chemically distinguishable in these two 

structures. 1245C36I, however, has two polymorphs. For the first, which occurs as 

needles, only a cell could be found that matches C6Cl6 (8.6484(6) Å, 4.1259(3) Å, 

15.7424(11) Å, 90°, 92.1300(10)°, 90°) but the structure could not be solved adequately. 

The second crystallized from CCl4 as monoclinic rhombs with cell dimensions of a = 

6.5276(6), b = 5.9682(5), c = 13.3913(11) Å and β = 98.7720(10)°. The packing is not 

dominated by π···π stacks; instead there is a herringbone arrangement of molecules to 

form a zigzag chain of type-II I···I interactions (3.8957(3) Å, 170.52(6)º, 79.48(6)º; 

Figure 7). In this respect, 1245C36I-M2 is closer to 1,4-diiodobenzene rather than any of 

the other hexahalogenated benzenes. Specific bending properties for this last compound 

could not be distinguished from waxy flow. Here, it may be noted that the introduction of 

iodine group takes the lead in driving the crystal structure. 

 
Figure 6. Ordered structure of 1,4-dichloro-2,3,5,6-tetraiodobenzene (14C2356I). Notice 
the type-I Cl···Cl interaction. 
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Figure 7. 1,2,4,5-Tetrachloro-3,6-diiodobenzene (1245C36I). Notice the herringbone 
arrangement of molecules to form a zig-zag chain of type-II I···I interactions. 
 
 In 14C2356I there is a weak I···Cl (3.792 Å) type-II interaction in which the 

more electronegative Cl-atom is more acute (125°), while the less electronegative I-atom 

is less acute (168°) showing its correct polarization nature. Again, in 14B2356C the 

interaction is acute more at the Cl-atom (117º) than at the Br-atom (173°). However, in 

14B2356I the more acute angle is at the less electronegative I-atom (118°) rather than at 

the Br-atom (162.5°). Perhaps with a larger electronegativity difference between the 

halogen atoms there would be a greater likelihood for a small angle (closer to 90º) at the 

more electronegative halogen, but the CSD (Cambridge Structural Database) is equivocal 

on this issue possibly because of lack of a sufficient number of examples. 

 The C6Cl6, C6Br6, C6I6 and the above mentioned mixed hexahalogenated 

benzenes adopt the same monoclinic structure, which indicates that there is a specific 

reason. It is known that when molecules with similar shape and size adopt the same 

crystal structure, geometrical factors operate [5.20]. When molecules of different sizes 

and shapes adopt the same crystal packing, chemical factors are supposedly more 

dominant. However, these generalizations are not very helpful here. Cl (18.1 Å³), Br 

(24.4 Å³) and I (33.0 Å³) are clearly of different sizes. But, all the experimental 

observations on bending and crystallographic disorder in the monoclinic group seem to 

indicate that geometrical factors are more important. There is, however, a hint of the 

importance of chemical factors from the different site occupation factors and varying 
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volume increments and perhaps there are ordered domains, especially when iodine is 

introduced. The molecules 14C2356I and 14B2356I have an inversion centre and adopt 

the ordered structure of the C6Cl6 type. This suggests that there are definite chemical 

differences between Cl (or Br) and I. These chemical factors come out clearly when the 

geometrical arrangement of the halogen atoms (inversion centre or symmetrical 

arrangement of X atoms) permits the chemical factors to dominate. In the end, however, 

it is the bending experiments that provide the clinching evidence; they show that most of 

the X···X interactions in these structures are weak and non-specific. 

 
5.4.2 The Triclinic Structure Type 

1,3,5-Trisubstituted Compounds. Supramolecular Synthons 

(a) (b) (c) 

Figure 8. Planar layer in (a) 135C246I; (b) 135B246I-T; (c) 135I246M. The three I-
atoms in the I3-synthon are in close contact in each case, but the Cl, Br and Me-groups 
are not. This indicates the structural importance of the I3-synthons. 

 The crystal structure of 135C246I has been introduced in Chapter 2 to elucidate 

the mechanical shearing of layers and twinning and now the full structural details of the 

similar triclinic compounds are discussed in this chapter in the context of the halogen 

interactions and rationalized the formation of supramolecular synthons. 1,3,5-Tribromo-

2,4,6-triiodobenzene (135B246I) provides an excellent example  for the triclinic 

compounds. 135B246I crystallizes from THF concomitantly in the C6Cl6 monoclinic 

form 135B246I-M1 (thin needles) and a triclinic form, 135B246I-T, which was obtained 

as thick blocks, some of which are boomerang shaped (twinned). A third polymorph was 

also obtained from THF and has the same structure as 14B2356I, but quality of the X-ray 

data was poor. The molecules in the triclinic form are arranged in planar layers parallel 
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to (100) and in a nearly hexagonal arrangement with clusters of three I-atoms from three 

neighbouring molecules and correspondingly, clusters of three Br-atoms (Figure 8). The 

I3 clusters are distinctive with particularly short I···I distances of 3.7548(4) Å 

(174.24(12)°, 119.68(13)°), 3.7762(4) Å (176.56(12)°, 119.68(12)°) and 3.7979(5) Å 

(170.06(12)°, 119.06(12)°) [5.11, 5.21]. The θ2 values are all close to 120° and despite 

the short I···I distances, it would once again not be possible to say whether these contacts 

are type-II which ideally has θ1 ≈ 180º and θ2 ≈ 90º. The I3 cluster or synthon is 

supposedly stabilized cooperatively as I(δ+)···I(δ–). The Br3 clusters have Br···Br distances 

of 4.0660(7), 4.0937(7) and 4.0946(7) Å and are somewhat loosely packed because of 

the bigger size of the I-atoms. Successive planar layers are inversion related and stacked 

so that bumps in one layer fit into the hollows of the next. The interlayer interactions are 

non-specific in that they are based on close-packing of spheres in hollows. 

 One may distinguish here between “synthon” and “cluster” [1.13]. The synthon 

has chemical relevance (short intermolecular distances, favorable geometries) and 

repeats in a number of related crystal structures. A cluster, as seen in these structures, is 

any association of atoms from different molecules in a crystal with no particular 

supramolecular significance. 

 An important aspect of chemically directed recognition is the repeated 

appearance of specific supramolecular synthons, which are sub-structural units 

containing directional interactions [1.13]. The planar layer structure in 135B246I-T is 

reproduced in other related hexasubstituted benzenes. In the corresponding chloro 

derivative 135C246I, the intralayer I···I distances are 3.7985(6), 3.8250(6) and 

3.8646(8) Å (nearly the same as in 135B246I-T). Because of this, the Cl···Cl distances 

are pushed apart as far as 4.3360(17), 4.3667(17) and 4.3697(18) Å (longer than the 

Br···Br distances in 135B246I-T) and the Cl-atoms are not even in contact. In 135I246M 

[2.16] the I···I distances in the I3 synthon are 3.851, 3.897 and 3.933 Å and the Me-

groups are well separated, a case of Cl/Me exchange [5.7a]. 135C246M and 135B246M 

wherein the Cl3 and Br3 synthons are, respectively, structure determining, are also 

isostructural. The I-atom is crucial in all these cases, and its size determines the overall 

layer structure. It may be suggested that the Br-clusters in 135B246I-T, the Cl-clusters in 
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135C246I and the Me-clusters in 135I246M are mere spectators in a layer structure that 

is determined by the robustness of the I3 synthons. In 135F246I a simple geometrical 

calculation showed that the F···F distances would need to be at an unrealistic distance of 

5.01 Å if the layered structure of 135B246I-T were adopted with the I3 synthons 

conserved. Instead, the experimental structure is three-dimensionally corrugated and not 

layered, with I and F-atoms at van der Waals separation (I···F, 3.53, 3.59 Å). 

 A necessary (but not sufficient) condition for the appearance of the layered 

triclinic structure is the presence of the three halogen atoms in a 1,3,5 arrangement. For 

example, 135I246M and 135B246M also contain this pattern and form layered 

structures. Compounds that lack this substitution pattern take the monoclinic disordered 

structure and do not show layer packing. 135F246I which has the same substitution 

pattern but takes a different (ordered) monoclinic structure (Appendix 2) which is not 

layered, also does not shear but bends (Chapter 3). From this, it is clear that the trigonal 

1,3,5 arrangement of X-atoms favour the formation of X3-supramolecular synthons. But 

135B246C is an exception to this generalization since it adopts the disordered 

monoclinic structure of C6Cl6. 

 
Implications of Shearing and Twinning 

 The mechanical shearing behaviour of these crystals explicates the importance of 

the X3-synthons in the triclinic structures (Chapter 2). As explained previously, these 

crystals undergo shearing by sliding of the bc-planes past one another on application of a 

mechanical stress in a direction perpendicular to the crystal length. In the context of 

X···X interactions, the key factor obtained from these experiments is that in 135B246I-T 

the intralayer I···I interactions are much more important than the interlayer I···I and I···Br 

interactions, because these interactions hold the layers tightly and are preserved while 

shearing. Thus, the intralayer interactions are considered to be synthon forming and 

chemically significant, as they arise from the polarization of the I-atoms. The crystal 

breaks when it is attempted to shear or cut it in other directions. The difficulty in so 

doing is due to the disruption of the layers which confirms the fact that the intralayer 

interactions are strong and directionally specific and synthon forming. 
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Scheme 6. Cross sectional view of the two layers in the triclinic structures shows the 
stages in the shearing process. Notice the rearrangement of the interactions between 
atoms from the two layers. Arrow indicates the direction of movement of the top layer 
over the bottom one. 
 
 In the shearing process, the X···X interactions between any two sliding layers 

undergo continuous rearrangement, i.e. breaking and making (Scheme 6). This indicates 

that the interactions between these layers are non-specific, and hence, they are stable 

(non-repulsive) in all the intermediate stages of the rearrangement. Twinning in the 

crystals of these layered structures gives the final confirmation for the non-specificity of 

the interlayer interactions (Chapter 2). X-ray data on these crystals confirmed that the 

twinning occurs due to the stacking faults of the (100) layers. In general, twinning is 

observed when the normal and twinned stacking energies are comparable. The twinning 

[5.22] in these structures suggests that the interlayer I···I, Br···Br and I···Br interactions 

are non-specific and comparable to the easily deformable Cl···Cl interactions in the bent 

crystals of C6Cl6. The variable cell measurements on these crystals also indicate that the 

interlayer interactions are weak when compared to the intralayer interactions (Chapter 2). 

 
5.4.3 Solid Solutions 

A series of solid solutions [5.23] was prepared to see whether the halogens 

exchange with each other and still preserve the layered structure. The solid solutions 

were prepared using equimolar concentrations in the crystallization solvent, 1,4-dioxane. 

All take the triclinic packing of 135B246I-T, with the heavier atom forming the X3 

synthon. Molecules in these structures are disordered statistically (Figure 9). The solid 

solutions 135B246I:135C246I, 135B246I:135I246M and 135C246I:135I246M are 

rather close to equimolarity in the solid state (57:43, 46:56 and 41:59, respectively) and 

have nearly the same cell volumes (553, 564 and 556 Å³). With the same method, a solid 
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solution of 135C246I:135B246M with a molar ratio of 8:92 was obtained. The 

crystallographically determined ratio was also confirmed by HPLC. Perhaps the lack of 

I-atoms in one of the constituents prevents a more equimolar crystallization product, 

once again hinting at the importance of I in forming these layered structures. The 

importance of I in this regard is also shown by the fact that 135B246C adopts the 

disordered monoclinic structure of C6Cl6.  

  
(a) (b) 

  
(c) (d) 

Figure 9. Disorder model of the molecules in the triclinic structures of solid solutions, 
(a) 135B246I:135C246I; (b) 135B246I:135I246M; (c) 135C246I:135I246M; (d) 
135C246I:135B246M. 
 
5.4.4 Polymorphism  

 Occurrence or non-occurrence of polymorphs in some of the 1,3,5/2,4,6 

substituted compounds is in order. 135B246I is trimorphic, with triclinic layered 

(135B246I-T), monoclinic C6Cl6 type (135B246I-M1) and monoclinic as in 14B2356I 

(135B246I-M2) form. 135C246I gives only the triclinic layered structure and 135B246C 

only the C6Cl6 form. Despite repeated and exhaustive attempts the absent polymorphs 

135B246C-T and 135C246I-M were never obtained. The monoclinic C6Cl6 structure 

(and the attendant disorder) is favoured when the two halogen atoms are similar in size 
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as Cl and Br are. The triclinic structure is tolerated even with large differences in 

halogen size as in Cl and I. In the combination Br/I both situations occur, but the cell 

volume of the triclinic form (563 Å³) is higher than that of the monoclinic form (536 Å³) 

because of the empty spaces in the Br3 clusters in the former. 

 
5.5 Conclusions 

 Halogen···halogen interactions (X···X) have been investigated in a series of 

hexahalogenated benzenes. These compounds occur in two broad structural groups. The 

more common one is a monoclinic packing that is isostructural with C6Cl6. The less 

common one is a layered triclinic packing that is exclusive, although not mandated, to 

compounds where different halogen atoms occupy the 1,3,5 and 2,4,6 positions 

respectively. Compounds C6Cl(6-n)Brn adopt the disordered monoclinic structure 

irrespective of their substitution pattern. For molecules that lack inversion symmetry, 

adoption of this monoclinic structure would necessarily lead to crystallographic disorder. 

The 1,3,5/2,4,6 arrangement of distinct halogen atoms is compatible with a threefold-

symmetrical X3-synthon based pseudo-hexagonal layer structure. X···X interactions have 

been traditionally classified using geometrical criteria as type-I and type-II. While there 

might be a general consensus that the symmetrical type-I interactions are of the van der 

Waals type and the unsymmetrical type-II contacts are polarization induced, some of the 

interactions in these structures do not lend themselves easily to this classification. Some 

of the monoclinic C6Cl6 type crystals undergo bending but only along certain planes: this 

can happen only when interactions in a direction orthogonal to these planes are 

particularly weak. Because it is the X···X interactions that emerge at the bending faces, it 

may be concluded that these interactions are weak and non-specific despite their 

geometry, which is more like type-II than type-I. The triclinic crystals shear along layers 

within which the X···X interactions, mostly I···I, are much stronger than X···X 

interactions between layers. The strong and specific intralayer I···I interactions assemble 

to form I3 supramolecular synthons, which are the most important structural elements in 

the triclinic group. Accordingly from this study, it is clear that X···X interactions (X = 

Cl, Br, I) are of several types and that it is sometimes difficult to characterize them using 



   Chapter 5 150 

geometrical criteria only. The use of an independent technique, like observation of the 

mechanical behaviour of the crystal, offers a clearer insight into their nature. These 

results prove that both chemical and geometrical models need to be considered for X···X 

interactions in hexahalogenated benzenes. 

5.6 Experimental Section 

Materials: All reagents and solvents employed were commercially available (Lancaster) 

and were used as supplied without further purification. All these compounds were 

characterized with NMR and IR spectra. The 1H NMR spectra were recorded on Bruker 

Avance at 400 MHz instrument. IR spectra were recorded on a Jasco 5300 spectrometer. 

All melting points were measured in Fisher-Jones melting point instrument. 

Synthesis 

 All the mixed halogenated compounds were synthesized by either bromination 

or iodination of the corresponding halogenated starting materials. The general 

bromination and iodination procedures used to prepare these compounds are given for 

135B246C and 135C246I in Section 2.9, Chapter 2 [2.23]. 

Characterization: 1H NMR (400 MHz, [D6]DMSO, 25 °C, TMS): No peaks were found 

in the spectrum for all the hexahalogenated compounds. IR (KBr, cm–1): 135F246I: 

1560, 1404, 1323, 1049, 702, 652; 1245C36I: 1309, 1282, 1246, 679, 582; 14B2356C: 

1325, 1286, 686, 623; 135B246I:1263, 1224, 1028; 124C356I: 1539, 1516, 1288, 1269, 

632, 555; 135C246I:135B246I: 1292, 1255, 1222, 1026; 135C246I:135B246M: 2948, 

1120, 1020, 949, 644, 559, 470. 

Crystallization: All the compounds were crystallized from either CCl4, THF or 1,4-

dioxane by slow evaporation at ambient temperature. 

X-ray crystallography 
 Intensity data were collected on a Bruker Nonius Smart Apex CCD with graphite 

monochromated Mo-Kα radiation. Gaussian face-indexed absorption corrections by 

Xprep were applied before empirical data correction by Sadabs 2.10. The structures were 

solved by direct methods and refined anisotropically by full-matrix least-squares method 

using the Shelxtl 6.14 software package. Crystal data are given in Appendix 2. Further 

details (CIF) are available via www.ccdc.cam.ac.uk/conts/retrieving.html. 



APPENDIX 1 

ENGINEERING OF A WEAK N−H···Π INTERACTION AND CONTROLLING IT 

THROUGH GUEST SELECTION IN HOST 4-(TRIPHENYLMETHYL)BENZAMIDE 

 
1. Introduction 

Crystal engineering deals with the understanding of intermolecular interactions and the 

design of new solids with desired physical and chemical properties [1]. In this context, 

strong hydrogen bonds have been studied extensively in the past few decades while the 

importance of weak interactions for fine tuning of the crystal structures in crystal 

engineering is realized now [2]. The importance of weak C–H···O hydrogen bonds in 

protein–ligand binding has been demonstrated by Pierce et al. in a recent study of 200 

liganded kinase structures [3]. Whereas the strong hydrogen bonds (energy 5-15 

kcal/mol) are excellent tools for crystal design, the weak C–H···O and related 

interactions (energy 1-4 kcal/mol) too have been successfully used in recent years [4-6]. 

X–H···π (X = O, N, C, π = phenyl ring) is the interaction of a hydrogen atom with the π-

system of an aromatic ring in either an intermolecular or an intramolecular fashion. X–

H···π interactions are important not only in the stabilization of α-helix and β-sheet motifs 

of macromolecular proteins but also in the design of organic and organometallic crystal 

structures [4]. For example, weak N–H···π hydrogen bonds have been identified between 

(i+2) and (i+1) peptide residues when stronger O acceptors are not accessible [7]. 

Neutron diffraction crystal structure of vitamin B12 coenzyme shows a N–H···π 

interaction (2.58 Å) from amide donor to benzimidazole acceptor group [8]. The 

existence of these types of interaction has gained considerable attention in recent years. 

 The investigation of Malone et al. revealed the preferred geometry and 

interaction strength for O–H, N–H, N–H+, S–H, sp2 C–H and sp1 C–H interactions with 

phenyl rings. This is done through searches of the Cambridge Structural Database 

(CSD), combined with semi-empirical and ab initio molecular orbital calculations. The 

database analyses [9] of small molecule organic and organometallic crystal structures 

shown that the T-shaped orientation, with the hydrogen bond donor pointing towards 
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phenyl ring centroid, is preferred in N–H···π interactions at short distance (dH,π ≤ 3.0 Å) 

whereas the H-atom interacts with a ring carbon at longer separation (3.0 ≤ dH,π ≤ 4.0 Å) 

(Scheme 1). The calculated energy of N–H···π interaction is estimated to be 1-4 kcal/mol 

depending on the geometry of the interaction, it being stronger when the H atom is 

positioned above the ring centroid in a close to linear approach. The bond is much 

stronger with NH4
+ donors (9-16 kcal/mol) [9b]. 

 
(a) (b)                                            (c) 

Scheme 1. (a) Definition of approach of interacting hydrogen atom to aromatic ring. (b) 
T-shaped orientation of N–H···π interaction to centroid (πc) at short distance (dH,π ≤ 3.0 
Å). (c) Common geometry of N–H···π interaction to ring C atom at longer distance (3.0 ≤ 
dH,π ≤ 4.0 Å). 
 

2. Wheel-and-Axle Compounds 

 One of the rational approaches in host molecule design is to exploit the 

awkwardness in molecular shape to avoid close packing in a host material.  Toda, Hart 

and others have employed this strategy to synthesize wheel-and-axle compounds [10]. 

Some examples of wheel-and-axle host compounds are shown in Scheme 2. 

Conventionally, a wheel-and-axle host molecule contains a long linear axle in the middle 

bearing large rigid substituent groups, the wheels being at both the ends [1.2]. The 

typical organic molecule has an unsymmetrical even irregular shape, but these molecules 

cross the normal bounds of shape irregularity and because of this, they are unable to pack 

properly as single component crystals. The wheels prevent the close packing of the axles 

and voids are created, there by promoting inclusion of guest molecules.  
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Scheme 2. Some examples of wheel-and-axle host compounds. 

O

OHO

O H

I II  
Scheme 3. Host II is designed to resemble I at supramolecular level. 

 Synthesis of compound I is difficult and it is insoluble in common organic 

solvents, hence the compound 4-(Triphenylmethyl)benzoicacid, II (Scheme 3) was 

previously designed in our group to achieve the similar type of wheel-and-axle host 

framework through robust supramolecular acid dimer synthon (Scheme 4) [11]. Here, a 

molecular synthon (phenyl ring) in a wheel-and-axle host is replaced by an equivalent 

supramolecular synthon (acid dimer) to obtain a supramolecular host. Molecule II 

crystallizes via the carboxylic acid dimer supramolecular synthon to produce a wheel-

and-axle host lattice (Scheme 4) that includes various aromatic solvents   like PhCl, 

PhBr, PhNO2, o-xylene, m-xylene, p-xylene and anisole in its microporus framework. 

Solvents like chlorobenzene, xylene and anisole are included with 2:1 host guest 

stoichiometry while mesitylene as 1:1 clathrate [11]. 
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O

O

H O

OH
 

Acid dimer synthon  

Scheme 4. Wheels and ‘supramolecular axle’ in host framework II. 

 
Figure 1. X-ray crystal structure of II•p-xylene (2:1). It shows the wheel and supra 
molecular axle host architecture and the inclusion of guest molecule in the void in (102) 
plane. 
 The crystal structure of acid II•p-xylene shows centrosymmetric carboxylic acid 

dimer synthon (Figure 1). These dimers are packed as zigzag tapes through phenyl-

phenyl interactions. The dimer synthon and the phenyl-phenyl interactions produce the 

target wheel-and-axle architecture with the voids being occupied by guest molecules. 

The robust carboxy dimer supramolecular synthon produces an isomorphous series of 

clathrates for guests of similar size/shape, while the pore volume is adjusted by the 

multiple phenyl-phenyl motifs. This work showed that the supramolecular synthesis can 

be used in conjunction with molecular synthesis to gain rapid and convenient access to 

systems and functions that are often difficult and tedious to obtain with molecular 

synthesis alone. 
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3. Inclusion Complexes of 1 

 In continuation to the host II, the 4-(triphenylmethyl)benzamide, 1 was 

synthesized to employ the amide functional group to achieve the wheel-and-axle host 

framework [12]. In this structure, N–H···π interaction is expected to be present. Schemes 

5 and 6 illustrate the design strategy of the N–H···π interaction. In general, primary 

amides form amide dimer synthon through the N–H···O interaction. And the second NH 

of the amide group forms another N–H···O interaction with the O atom of the adjacent 

(translation related) dimer, and hence extends as a tape (Scheme 5). In this tape, the 

distance between any two repeat atoms from adjacent translation related molecules will 

be ca. 5.1 Å (Scheme 5) which is the characteristic feature of the primary amides. The 

primary amide 1 with bulky triphenylmethyl groups, will hydrogen bond via the N–H···O 

dimer synthon but the second NH is unable to form the characteristic 5.1 Å axis tape 

structure [13] because of steric factors (Scheme 6). The large van der Waals radius of 

Ph3C group (6.5 Å) [11] will prevent the formation of amide tape and the presence of 

adjacent phenyl ring acceptor should promote an intermolecular N–H···π(phenyl) 

interaction. 

 

 

O

O

N H

NH

H
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Amide dimer synthon 
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Characteristic 5.1 Å short 

axis of primary amides. 

Scheme 5 
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Scheme 6. The large size of trityl group (vdW diameter 13 Å) will sterically hinder 
formation of amide tape (repeat distance 5.1 Å), which should lead to the expected 
intermolecular N−H···π interaction with a neighboring phenyl ring. 

  

O

N H
H

1.p-xylene
1.m-xylene
1.p-chlorotoluene
1.p-bromotoluene
1.CH2Br2
1.CH2Cl2
1.CH3NO2
1.CH3COOEt
1.CH3COCH2COCH3
1.anisole
1.CH2I21

 
 The host compound 1 was prepared using the literature procedure and 

crystallized from p-xylene and m-xylene solvates. As anticipated, in the crystal structure 

of 1•p-xylene (P 1 ), carboxamide molecules are N–H···O hydrogen bonded (1.90 Å, 

175º, neutron-normalised geometry) as dimers. The triphenylmethyl groups of inversion-

related molecules are interlocked through numerous edge-to-face and face-to-face 

aromatic–aromatic interactions (Figure 2a). The host molecules form zigzag tapes along 

[11 1 ] which are in turn packed along [010] to form voids of 42 Å2. Ordered p-xylene 

molecules occupy the cavity. The second NH group of the primary amide approaches the 

phenyl ring of a translation-related molecule. Interestingly, the N–H···π geometry is 

shorter to the nearest ring C-atom (2.89 Å, 165º) compared with the centroid approach 
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(3.58 Å, 166º). Notwithstanding that the approach of donor hydrogen to the phenyl ring 

centroid is preferred in statistical distributions [14] a H atom pointing towards a C atom 

or a C≡C bond midpoint is not uncommon. For example, in the host–guest structure of 

2,4,6-tris(4-chlorophenoxy)-1,3,5-triazine–1,3,5-tribromobenzene (1:1) determined by 

neutron diffraction, the C–H···π geometry is better to a C=C bond midpoint (2.81 Å, 

174º) than to the phenyl ring centroid (3.46 Å, 164º) [15]. To complete the structure of 

1•p-xylene, guest molecules are bonded to the host carboxamide group by a C–H···O 

hydrogen bond (2.84 Å, 172º). The weak N–H···π (host–host) and C–H···O (guest–host) 

hydrogen bonds are displayed in Figure 2b. 

 

 

 

(a) (b) 

Figure 2. Crystal structure of 1•p-xylene (2:1). (a) Molecules shown are in (102) plane. 
Note the similarity with Figure 1 in the arrangement of host and guest molecules. 
Intermolecular N–H···π interaction approaching the phenyl C atom. Molecules shown are 
in (011) plane. H atoms bonded to C are omitted for clarity. 
 
 The crystal structure of 1•m-xylene is isomorphous with the p-xylene clathrate 

except that the guest molecules are disordered. This is not surprising because m-xylene 

molecules do not have an inversion centre and guest disorder is one way to conform to 

the higher inversion symmetry of the host framework. Such behaviour is with precedent 

in host–guest systems [11, 16]. A perspective view of guest molecules included in the 

channels formed by the host lattice is shown in Figure 3. The N–H···π geometry in this 

structure is long (3.19 Å, 169º), presumably because the cavity is enlarged by the 

alternate orientations of disordered guest molecules, but what is significant from a design 

viewpoint is that this crystal is isomorphous with the p-xylene solvate. It may be noted 
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that N–H···π contacts up to 4 Å were considered in a detailed statistical analysis of these 

interactions in the CSD [9]. 

 
Figure 3. Perspective view of the channel down [100] in 1•m-xylene. Guest molecules 
are disordered about the inversion centre. The N–H···O bond geometry is 1.90 Å, 171º. 

 And then, crystallization studies of host system 1 with several guest species were 

carried out to find out: (1) if the weak interaction persists in other inclusion structures; 

(2) whether the N–H···π geometry is within the accepted range of dH,π = 2.4-3.0 Å; [9, 

17] (3) the effect of guest structure on hydrogen bonding and crystal packing. The 

studies revealed that the engineered N–H···π interaction is present in structures with 

aromatic guests (p-xylene, m-xylene, p-chlorotoluene, p-bromotoluene) whereas it is 

absent for guest molecules that contain stronger C=O type acceptor groups (EtOAc, 

acetylacetone, MeNO2) because of preferential N–H···Oguest hydrogen bonding. Inclusion 

crystal structure of the host 1 with anisole contains two symmetry-independent amide 

dimers, one that engages in N–H···π interaction and the other forms conventional N–

H···Ohost hydrogen bond. These results show that the designed N–H···π interaction may 

be controlled by the nature of included guest within the robust wheel-and-axle 

framework [18] of 4-(triphenylmethyl)benzamide, 1 [12]. 
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N–H···π present: guest 1  = p-xylene, m-xylene, p-chlorotolune, p-bromotolune, 
CH2Br2 
N–H···π absent:   guest 2 = CH3COEt, CH3COCH2COCH3, CH3NO2, CH2Cl2 
Both N–H···π and N–H···O: guest 3 = anisole, CH2I2 

Scheme 7. 4-(Triphenylmethyl)benzamide host 1. The three categories of guest 
molecules control the engineered N–H···π interaction. 

 4-(Triphenylmethyl)benzamide 1 was crystallized from solvents of different 

types: xylenes and haloaromatics (hydrophobic); EtOAc, MeNO2, AcCH2Ac (C=O type 

acceptor), and halogenated CH2X2 molecules (X = Cl, Br, I). Diffraction quality single 

crystals were obtained from the appropriate guest solvent at ambient temperature. 

Inclusion of these solvents in the host lattice gave three types of host•guest structures as 

summarized in Scheme 7. These crystals were generally found to be stable under 

ambient conditions except the CH2Cl2 adduct which was bathed in perfluoropolyether 

and sealed in a capillary tube. X-ray data were collected at low temperature to minimize 

guest disorder and decomposition of the host•guest adduct. Crystallographic data are 

listed in Appendix 2 and information about host•guest structures and hydrogen bonds is 

summarized in Table 1. 



Table 1. Hydrogen bond distances (neutron normalized) in 1•guest crystal structures. The e.s.d. of H-bond distances is 0.003-

0.010 Å. 

N–H···O N–H···π Entry Guest Guest 
type 

Guest  
order/ 

disorder H···O /Å ∠N–H···O /º N–H···π /Å ∠N–H···π /º 

X-ray 
data T/K 

1 p-xylene 1 ordered 1.90 174.6 2.89 165.0 293 
2 m-xylene 1 disordered 1.90 171.4 3.19 168.8 293 
3 m-xylene 1 disordered 1.70 171.6 3.16 170.3 123 
4 p-chlorotoluene 1 disordered 1.89 175.6 2.89 165.1 293 
5 p-chlorotoluene 1 disordered 1.87 175.3 2.82 163.1 123 
6 p-bromotoluene 1 disordered 1.88 175.4 2.86 163.7 203 
7 CH2Br2 1 disordered 1.94 165.4 2.96 164.9 123 
8 CH2Cl2 2 disordered 1.95 165.2 --- --- 293 
9 CH2Cl2 2 disordered 1.94 166.6 --- --- 123 
10 EtOAc 2 disordered 1.88 170.2 --- --- 293 
11 acetylacetone 2 disordered 1.88 166.9 --- --- 123 
12 CH3NO2 2 ordered 1.89 171.7 --- --- 123 
13 CH2I2 3 disordered 1.95 

1.98 
164.9 
155.9 

--- 
2.97 

--- 
160.5 

123 
 

14 anisole 3 disordered 1.91 
1.89 

171.6 
173.1 

--- 
2.92 

--- 
173.2 

123 
 

 

 

 



3.1. Guest type 1 

 The crystal structure of 1•(p-chlorotoluene)0.5 (2:1, P 1 , 123 K data) (Figure 4a) 

is similar to that of 1•(p-xylene)0.5 and shows the supramolecular axle of amide dimer 

(N–H···O: 1.87 Å, 175.3º) and trityl group wheels flank both sides to form cavities of ca. 

40 Å2 area. Disordered C7H7Cl guest molecules occupy channels along the a-axis to 

complete the close packing. The second NH donor participates in the designed N–H···π 

interaction (2.82 Å, 163.1º) with a phenyl ring of translation-related molecule. The N–

H···π interaction is shorter and more linear to a phenyl carbon atom (Figure 4b) 

compared to the ring centroid, as noted in the CSD trend [9]. Even though approach of 

donor NH away from the phenyl ring centroid is energetically less favored, there are 

examples of N–H···π hydrogen bonds being directed towards a C atom or the C=C bond 

midpoint of phenyl ring [9b, 19]. Entries 2-6 in Table 1 (guest 1 in Scheme 7) have near 

identical arrangement of host molecules and 2:1 stoichiometry as observed in the fully 

ordered structure of 1•(p-xylene)0.5. [12]. The N–H···π interaction is present in seven 

entries given in Table 1. Structures of CH2X2 type (X = Cl, Br, I) lattice inclusion 

adducts will be discussed later in this chapter. 

 

 

 

(a) (b) 

Figure 4. Crystal structure of 1•(p-chlorotoluene)0.5. (a) Disordered guest molecule 
bonded to the host via C–H···O interaction (2.76 Å, 160.8°). (b) Intermolecular N–H···π 
interaction approaching the phenyl C atom of 1. H atoms bonded to C are omitted for 
clarity. 
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3.2. Guest Type 2 

 Non-aromatic guests with C=O type acceptor group (entries 10-12, guest 2) have 

an isomorphous triclinic cell and similar packing of host molecules compared to guest 1. 

However, the conformation of amide group is different, in that the second NH points into 

the cavity (Figure 5a) and not towards another phenyl ring as in Figure 5b. Figures 5b 

and 5a may be viewed as the ON and OFF structures of the engineered N–H···π 

interaction. Now the intermolecular N–H···π interaction is absent because of strong N–

H···Oguest hydrogen bonding (N···O: 3.0-3.3 Å). A remarkable feature in the crystal 

structure of 1•(acetylacetone)0.5 is the anti conformation of guest dicarbonyl groups.  

 
(a) (b) 

 Figure 5. (a) N–H···π OFF (1•CH3NO2)0.5. (b) N–H···π ON (1•p-xylene)0.5. Notice the 
difference in the orientation of the NH group of amide dimers in (a) and (b). 

 
Figure 6.  Crystal structure of 1•(acetylacetone)0.5. The orientation of the CONH2 group 
is different from Figure 5b because of N–H···Oguest hydrogen bonding. Anti conformation 
of the disordered guest stabilized by N–H···O and C–H···O hydrogen bonds with 
different host molecules. Only one orientation of the disordered guest is shown (below 
and above) for clarity. 
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 Notwithstanding the stabilization from N–H···O (1.96 Å, 155.3º; 2.25 Å, 169.8º) 

and C–H···O (2.25 Å, 171.0º) hydrogen bonds with different host molecules; and the fact 

that reflections are collected at 123 K, the guest species is disordered with 50% site 

occupancy factor (Figure 6). This is the first isolation of acetylacetone in its less stable 

anti diketone tautomer in the solid state [20]. The energy difference between anti 

diketone and keto-enol forms of acetylacetone is 5.0 kcal/mol from DFT calculations 

performed in DMol3 [21]. The presence of N–H···π interaction in 1•(guest 1)0.5 is similar 

to the observation with short peptides [7]: the weak interaction is formed only when it is 

impossible to engage the NH donor in bonding with stronger, conventional acceptors. 

This is achieved in the present system by the bulky Ph3C wheel groups. 

 
3.3. Guest Type 3 

 The dual structure type of host 1 is obtained with anisole guest (guest 3), which 

has two symmetry independent molecules whose amide group conformations resemble 

those in the structure types discussed above. Crystallographically distinct amide dimers 

are connected via N–H···O, N–H···π and C–H···O hydrogen bonds (Figure 7, Table 1). In 

contrast to guest 2, the second N–H···O hydrogen bond is long (ca. 2.50 Å) and with 

another host molecule instead of anisole guest. 

 Thus, guest-induced self-assembly [22] leads to three different host−guest 

structure types of 1 in which the designed N–H···π interaction is present (ON), absent 

(OFF), or shows dual behavior. A view down the uninterrupted channel axis in the three 

structure types shows near identical arrangement of host and guest molecules (Figure 8), 

except for differences in amide group conformations of 1, which determine the three 

categories of structures. Attempts to obtain single crystals of guest-free amide host 1 

were not successful whereas the solvent-free form of 4-tritylbenzoic acid was 

characterized by X-ray diffraction [11]. 
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Figure 7.  Crystal structure of 1•(anisole)0.5 in which symmetry independent amide 
dimers participate in N−H···O, N−H···π and C−H···O hydrogen bonds. Guest molecules 
are not shown for clarity. 

  
(a) (b) 

 
(c) 

Figure 8. Perspective view of the uninterrupted channel axis in (a) 1•(p-chlorotoluene)0.5 
down [100], (b) 1•(acetylacetone)0.5 down [100], and (c) 1•(anisole)0.5 down [110]. 
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3.4. Dihalomethane (CH2X2) Guests 

 The CH2X2 guests, in effect, cover the three structure types observed with 

aromatic species, highlighting the role of solvent in guiding the N–H···π interaction as 

well as the final adduct structure. Electron density in the host cavity is diffuse for CH2X2 

type guests because guest atoms are disordered and conatin much heavier halogens in a 

small molecule. It is therefore difficult to reliably determine the host•guest stoichiometry 

from X-ray data alone. The R factors for these channel inclusion structures are slightly 

higher because of heavy guest disorder. However, host atoms are well-ordered and the 

position of N–H···π interaction can be ascertained in CH2Br2 (entry 7, type 1) and CH2I2 

(entry 13, type 3) inclusion structures whereas the interaction is absent in CH2Cl2 adduct 

(entry 9, type 2). The packing in these structures is otherwise identical to that described 

above except for CH2Cl2 inclusion adduct, which is now discussed. The structure of 

1•(CH2Cl2)1.5 (space group C2/c) is different from other structures in that: (1) host•guest 

stoichiometry is 1:1.5 instead of 1:0.5, (2) CH2Cl2 guest (one molecule, ordered) resides 

in channels between supramolecular axles and the other (half molecule, disordered) 

occupies channels between trityl groups of inversion-related host molecules (Figure 9) 

[23]. The higher electronegativity of Cl compared to Br and I means that it is able to 

activate N–H···Cl (2.84 Å, 120.3º) interaction with a guest molecule, thereby engaging 

the hydrogen that could have participated in the N–H···π interaction. Ordered CH2Cl2 

guest molecules in the wider channel are connected via C–H···Cl interactions in the 

shape of a linearly fused supramolecular polycyclohexane (Scheme 8). This is the first 

occurrence of CH2Cl2 molecules assembled in an infinite linear tape [24]. Inclusion of 

CH2Cl2 in hydrophobic channels between Ph3C groups could be due to the small size of 

guest and weak C–H···Cl interactions (2.9-3.2 Å). 

 CH2Br2 behaves like an aromatic, hydrophobic guest because of less 

electronegative and softer bromine atom, and the N–H···π interaction is present in this 

structure. Large size and hydrophobic nature of the iodo groups of CH2I2 result in dual 

nature of the NH interaction (N–H···π, N–H···O) in its crystal structure which is similar 

to the 1•(anisole)0.5 structure. 
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Figure 9.  Crystal structure of 1•(CH2Cl2)1.5 down [010] to show two types of channels. 
Ordered guest molecules are present in the voids between amide dimer axles and 
disordered molecules are included in the smaller cavity between aromatic residues. 
CH2Cl2 molecules in the larger channel extend along the b-axis via C−H···Cl interactions 
to form the infinite tape of supramolecular cyclohexane rings shown in Scheme 8. 
 

H
Cl

H

Cl
HH
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Cl
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2.92 Å 2.82 Å

 
Scheme 8. Linearly fused supramolecular polycyclohexane of C–H···Cl interactions in 
the channel framework of 1•(CH2Cl2)1.5. This is the first occurrence of tape motif in the 
solid state. 

 
Figure 10. Crystal structure of 1•(CH2Br2)0.5. Molecules shown are in (102) plane. 
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4. Lattice Energy Calculations 

 The presence of both amide group conformations as symmetry-independent 

molecules in anisole and CH2I2 inclusion compounds, showing N–H···π and N–H···O 

interactions in the same structure, suggested that the energies of these host•guest crystals 

should be compared. Miminized crystal lattice energies (Cerius2, Dreiding 2.21 force 

field) [25] for the host portion of crystal structure are listed in Table 2. The total energy, 

per molecule of 1 in the crystal, is in the range −76 to −89 kcal/mol. Crystal lattice 

energy of host•guest structure type 3 < type 2 < type 1, in accordance with fewer number 

of strong hydrogen bonds and this trend is reflected in the hydrogen bond and 

electrostatic energy components also.  

 
Table 2. Minimized crystal lattice energy of 1 (kcal/mol) per host molecule. Guest 
molecules are excluded from the calculation. 

Inclusion 
Compound 

Total van der 
Waals 

Electrostatic Hydrogen 
bond 

1•(anisole)0.5 −89.27 −63.30 −17.95 −8.03 

1•(p-xylene)0.5 −76.84 −57.09 −13.28 −6.45 

1•(p-Cl-toluene)0.5 −81.67 −63.20 −11.10 −7.36 

1•(acetyl-acetone)0.5 −86.19 −63.46 −15.69 −7.03 

1•(EtOAc)0.5 −88.52 −64.90 −16.05 −7.56 

1•(CH3NO2)0.5 −87.85 −64.61 −16.07 −7.16 

5. Conformations of Host Molecule 

 An overlay diagram of amide group conformations in crystal structures of 1 

shows that C=O and NH2 fragments adopt different orientations (Figure 6). The robust 

synthon in the persistent wheel-and-axle framework is the strong N–H···O hydrogen 

bond dimer between amide groups and numerous aromatic edge-to-face and offset face-

to-face interactions between phenyl rings [11], whereas host···guest interactions and 

amide group orientation control ON, OFF and DUAL structures of the engineered N–

H···π hydrogen bond.  
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 There have been a few reports on characterization of weak N–H···π hydrogen but 

these are mostly single structure examples [6, 17]. Short C–H···O interactions were 

identified in phosphonium aryloxide salts [5]. The stronger N+–H···π hydrogen bond 

(energy 16 kcal/mol) is persistent in ammonium tetraphenylborate. This study is the first 

report on the designed recurrence and tuning of N–H···π interaction in a family of 

host·guest crystal structures making it possible to analyze structure correlation trends. 

 
Figure 11.  Overlay diagram of 4-(triphenylmethyl)benzamide host 1 to show CONH2 
and trityl group conformations in its inclusion structures with different guest molecules. 
Blue = guest type 1, N–H···π; red = guest type 2, N–H···Oguest; green = guest type 3, both 
N–H···π  and N–H···Ohost. 

6. FT-IR Spectroscopy 

 Strong N–H···O and weak N–H···π hydrogen bonds have been studied by 

infrared spectroscopy [19]. The stronger the hydrogen bond, the greater is the 

bathochromic shift in solid state IR spectrum compared to stretching frequency in CCl4 

solution. Infrared N−H stretching frequencies for selected 1•(guest)0.5 compounds are 

listed in Table 3. Two intense bands correspond to the strong and weak hydrogen-bonded 
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NH groups corresponding to syn NH and anti NH groups, with the former being red 

shifted because of weaker N−H bond. The bathochromic shift in IR spectrum and shorter 

N–H···π hydrogen bond distance in 1•(p-chlorotoluene)0.5 and 1•(m-xylene)0.5 when 

crystal data are collected at 123 K compared to 293 K (Table 1) is consistent with the 

hydrogen bond nature of this interaction. 

 

Table 3.  IR stretching frequency (cm−1) of amide NH groups in the solid state. 

Sample N–H···π N–H···O 

1•(anisole)0.5 3478 3418 

1•(p-xylene)0.5 3476 3150 

1•(p-Cl-toluene)0.5 3474 3150 

1•(acetylacetone)0.5 3447 3169 

1•(CH3NO2) 3462 3171 

1•(CH2Br2)0.5 3468 3159 

 

7. TGA and DSC Measurements 

 Thermochemical data provide valuable information about the robustness of the 

host lattice and the strength of host···guest interactions [26]. In cases of heavy guest 

disorder (e.g. CH2X2 type guests), TGA measurements give an independent and accurate 

estimate of host·guest ratio in addition to the X-ray structure. DSC confirms the phase 

purity of solid adducts and quantifies the energy change associated with guest release 

and melting of host compound. TGA and DSC trace for selected guest inclusion adducts 

of 1 are shown in Figure 12 and Tonset values for guest release are listed in Table 4. The 

host•guest ratio determined from X-ray structures is in agreement with weight loss for 

guest release in TGA measurements, within experimental error. The second endotherm in 

DSC corresponds to melting of host 1. The strength of host lattice 1 in trapping volatile 

guest species is evident from Tonset values for CH2Cl2 and CH2Br2, which are well above 

their respective boiling points. Two types of CH2Cl2 guests are released from the host 

structure at different stages: first disordered solvent molecules between triphenyl groups 
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Figure 12. TGA/DSC trace for inclusion compounds. The first endotherm corresponds to guest loss and the second endotherm is 
melting of 1. Weight loss in TGA is consistent with host·guest stoichiometry from X-ray structures. 



are evolved and then ordered hydrogen-bonded tape of solvent molecules (connected via 

C–H···Cl interactions) is released from the channel between amide dimers. The overall 

weight loss corresponds to 1.5 solvent molecules as determined from the X-ray structure. 

Enthalpy change during guest release (∆H values listed in Table 4) is difficult to 

determine accurately because it depends on particle size distribution and several other 

factors [26]. 

 

Table 4. Thermal analysis (TGA and DSC) on some inclusion compounds of 1. 

Inclusion complex Observed 
weight 

loss from 
TG (%) 

Calculated 
weight loss 
from X-ray 

Guest 
release 
Ton / °C 

Boiling 
point of 

guest 
(°C) 

∆H (J g-1)  
(for guest 
release) 

1•(p-Cl-toluene)0.5 14.65 12.92 (1:0.5) 153 162 −65.79 

1•(p-xylene)0.5 12.26 11.3 (1:0.5) 130 138 −66.05 

1•(p-Br-toluene)0.5 19.16 16.01 (1:0.5) 146 184 −64.24 

1•(anisole)0.5 12.67 11.4 (1:0.5) 146 154 −56.54 

1•(CH2Cl2)1.5 24.53 28.46 (1:1.5) 85-160 40 −56.73 

1•(CH2Br2)0.5 16.56 16.20 (1:0.5) 168 97 −43.68 

 

8. Conclusions 

 Crystal engineering is concerned with the study of intermolecular interactions, 

the design of new solids and architectures, and the development of functional materials. 

The present study combines all these aspects in the title host system 1. While there are 

several examples of wheel-and-axle architectures, the present study is the first report on 

using strong host···host recognition to provide a robust framework within which the 

occurrence of a weak interaction is directed through host···guest hydrogen bonding. 

Three categories of host·guest structures are observed for a wide selection of guest 

molecules. The interplay of strong N–H···O and weak N–H···π hydrogen bonds is 

important in the stabilization of protein and drug·enzyme structures. The weak N–H···π 

hydrogen bond has been introduced in the persistent N–H···O framework of 1 through 
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deliberate design rather than observed as a serendipitous result. The presence of two 

symmetry-independent amide groups in anisole and CH2I2 inclusion compounds means 

that the energies of these conformations and host·guest adducts are comparable and so 

the guest is important in directing the final crystal structure. Two types of host channels, 

one hydrophilic and another hydrophobic include ordered and disordered CH2Cl2 guest 

molecules, respectively. The high Tonset temperature in TGA for CH2Cl2 and CH2Br2 

confirms the ability of host channels surrounded by hydrogen bonding donor/acceptor 

groups to trap guest molecules tightly in the crystal lattice. The presence and 

absence of N–H···π interaction is shown to be related to the conformation of the amide 

group in isomorphous crystal structures having comparable lattice energies. DSC and 

TGA measurements confirm the functional behavior of host 1. 

 

9. Experimental Section 

Synthesis and Crystallization 

 4-(Triphenylmethyl)benzamide 1:  A mixture of 4-(triphenylmethyl)benzoic acid 

[11] ( 37 mg, 0.1 mmol) and SOCl2 (1 mL, 1 mmol) was refluxed under nitrogen for 1.5 

h, excess SOCl2 was removed at reduced pressure. Dry ether (1 mL) was added and the 

reaction mixture treated with 2 mL of 25% aq. NH3 at 0 ºC and then stirred at ambient 

temperature for 45 min. The precipitated solid was collected by filtration and dried in 

vacuum to give amide 1 (30 mg, 80%), which was purified by column chromatography. 

The amide was crystallized from CH2Cl2. M.p. 224-225 ºC. 1H NMR (CDCl3, δ): 8.08 (d, 

J 7 Hz, 2 H), 7.46 (d, J 7 Hz, 2 H), 7.31-7.28 (m, 15 H), 6.00 (br s, 2 H, NH2). 

Crystalline adducts were grown by dissolving 1 in the corresponding pure solvent and 

slow evaporation at ambient temperature. All crystals are needle shaped and melt at 223-

225 ºC. IR (KBr, cm−1):  1•p-xylene: 3476, 3283, 3157, 1670, 1612, 1489, 1440, 1033, 

893, 846, 750, 702, 630, 493; 1•p-chlorotoluene: 3474, 3150, 1674, 1612, 1491, 1440, 

1381, 1018, 746, 700, 630, 486; 1•CH2Br2: 3468, 3159, 1668, 1610, 1489, 1440, 1381, 

1016, 746, 700, 630; 1•anisole: 3477, 3418, 1674, 1606, 1491, 1385, 746, 700, 630; 

1•acetylacetone: 3447, 3169, 1670, 1616, 1491, 1388, 746, 700, 630; 1•CH3NO2: 3462, 
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3171, 1670, 1614, 1558, 1489, 1440, 1381, 1082, 746, 700, 628, 522; 1•CH2Cl2: 3438, 

3350, 3210, 1670, 1649, 1616, 1558, 1489, 1386, 1033, 846, 750, 702, 630, 520. 

 
X-ray Crystallography 

 Reflections were collected on single crystals of 1 with p-xylene, m-xylene, p-

chlorotoluene, CH2Cl2 and EtOAc guests included on Bruker SMART 1000 CCD 

diffractometer using Mo-Kα radiation (λ = 0.71073 Å) at 293(2) K. Structure solution 

and refinement were carried out with SHELX-97 [27]. Refinement of coordinates and 

anisotropic thermal parameters of non-hydrogen atoms were carried out by the full-

matrix least-squares refinement. All H-atoms except methyl protons of p-xylene, p- 

chlorotoluene and EtOAc, and methylene protons on EtOAc and CH2Cl2 were located 

experimentally from the electron density difference maps. Methyl and methylene protons 

were generated geometrically (C–H distance fixed at 0.96 Å) and allowed to ride on their 

parent atoms. m-xylene, EtOAc, p-chlorotoluene and CH2Cl2 molecules reside on the 

special position and are disordered about the inversion centre; these atoms have an 

occupancy of 0.5.  

 X-ray intensity for 1 with m-xylene, p-chlorotoluene, CH2Br2 and anisole at 

123(2) K and p-bromotoluene at 203(2) K were measured on Bruker SMART CCD area-

detector diffractometer equipped with graphite monochromator and Mo-Kα radiation (λ 

= 0.71073 Å). Intensities were corrected for absorption effects using the multi-scan 

technique SADABS [28]. All or some hydrogen atoms on disordered guest molecules 

could not be located and these are omitted from the refinement. The methyl protons of 

the m-xylene, p-chlorotoluene and p-bromotoluene were generated geometrically (C–H 

distance fixed at 0.96 Å) and allowed to ride on their parent atoms and the guest disorder 

in these cases is mentioned as above. 

 Reflections were collected for single crystals of 1 with CH2Cl2, CH2I2, CH3NO2 

and acetylacetone guests at 123(1) K on Bruker SMART APEX CCD area detector 

system equipped with graphite monochromator and Mo-Kα fine-focus sealed tube (λ = 

0.71073 Å). Intensities were corrected for absorption effects using the multi-scan 

technique SADABS [28]. Structures were solved and refined using Bruker SHELXTL 
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(version 6.14) [29]. All H-atoms except protons of guest molecules were located 

experimentally from electron density difference maps. Methyl and methylene protons of 

acetylacetone, CH3NO2 and CH2Cl2 were generated geometrically (C–H distance fixed at 

0.96 Å) and allowed to ride on their parent atoms. Acetylacetone and CH2Cl2 molecules 

reside on the special position and are disordered about the inversion centre; these atoms 

have occupancy of 0.5. 

 Hydrogen atoms on host molecules are fully ordered in all crystal structures. 

Crystallographic details are summarized in Appendix 2. 

 
Thermal Analysis 

 Differential scanning calorimetry (DSC) was performed on Mettler Toledo DSC 

822e module and thermal gravimetry (TG) was performed on Mettler Toledo 

TGA/SDTA 851e module. Crystals taken from the mother liquor were blotted dry on 

filter paper and placed in open alumina pans for TG experiment and in crimped but 

vented aluminum sample pans for DSC experiment. Sample size in each case was 5-7 

mg. The sample was heated from 30-300 °C at a rate of 10 °C/min. The samples were 

purged with a flow of dry nitrogen at 150 ml/min for DSC and 50 ml/min for TG runs. 

 
FT-IR Spectra 

Recorded on JASCO 5300 spectrophotometer using KBr pellet. 
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APPENDIX 2 
 
 

Table 1. Salient crystallographic details of the compounds discussed in this thesis. 
Appendix 1 

 1.p-xylene 1.m-xylene 1.m-xylene 1.p-chloro-
toluene 

Empirical 
formula 

(C26H21NO) 
0.5(C8H10) 

 

(C26H21NO) 
0.5(C8H10) 

(C26H21NO) 
0.5(C8H10) 

2(C26H21NO) 
(C7H7Cl) 

Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group  P 1  P 1  P 1  P 1  
T [K] 293(2) 123(2) 293(2) 123(2) 
a [Å] 7.1811(9) 7.191(2) 7.2363(8) 7.0859(13) 
b [Å] 9.0550(12) 8.904(2) 9.057(1) 8.9501(16) 
c [Å] 18.990(3) 18.455(5) 18.701(2) 18.916(3) 
α [deg] 85.197(3) 88.182(5) 88.480(2) 85.270(4) 
β [deg] 88.438(3) 86.014(6) 86.264(2) 88.925(4) 
γ [deg] 66.912(3) 68.243(6) 68.876(2) 67.076(3) 
Volume [Å3] 1131.9(3) 1094.8(5) 1140.8(2) 1101.0(3) 
Z 2 2 2 1 
Dcalc [g/cm3] 1.222 1.263 1.212  1.287 
θ Range[deg] 1.08-26.04 2.21 - 22.50 1.09- 24.01 2.16 – 28.30 
Range h -8 ≤ h ≤8 -7 ≤ h ≤7 -8 ≤ h ≤8 -9 ≤ h ≤9 
Range k -10 ≤ k ≤11 -8 ≤ k ≤9 -10 ≤ k ≤10 -11 ≤ k ≤11 
Range l -23 ≤ l ≤21 -17 ≤ l ≤19 -21 ≤ l ≤15 -25 ≤ l ≤25 
N-total 6923 5611 5941 

 
14288 

N-Unique 1994 1544 2089 3809 
Parameters   375 325 326 298 
R1 [I>2σ(I)] 0.0628 0.0550 0.0514 0.0621 
wR2 0.1423 0.1160 0.1293 0.1512 
GOF 0.892 1.010 0.973 1.061 
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Table 1. Continued…  
Appendix 1 

1.p-chloro-
toluene 

1.p-bromo-
toluene 1.anisole 1.CH2Cl2 1.CH2Cl2 

2(C26H21NO) 
(C7H7Cl) 

2(C26H21NO) 
(C7H7Br) 

2(C26H21NO) 
0.5(C14H16O2) 

2(C26H21NO) 
3(CH2Cl2) 

2(C26H21NO) 
3(CH2Cl2) 

Triclinic Triclinic Triclinic Monoclinic Monoclinic 
P 1  P 1  P 1  C2/c C2/c 
293(2) 203(2) 123(2) 123(2) 298(2) 
7.1718(5) 7.110(3) 8.9167(6) 16.326(2) 16.554(2) 
9.0439(6) 9.014(4) 13.6556(9) 7.2044(4) 7.3012(9) 
19.0301(13) 19.008(7) 19.746(1) 40.212(2) 40.639(5) 
85.179(2) 84.945(7) 104.198(1) 90 90 
88.276(2) 88.467(8) 98.331(1) 96.288(2) 95.785(3) 
66.8150(10) 66.981(7) 105.067(1) 90 90 
1130.61(13) 1116.8(8) 2194.1(2) 4701.4(7) 4886.7(11) 
1 1 2 4 4 
1.253 1.335 1.264 1.401 1.332 
1.07 - 26.03 2.15 - 25.50 2.18 - 28.30 2.04 – 27.13 1.01 - 24.02 
-8 ≤ h ≤8 -8 ≤ h ≤8 -11 ≤ h ≤11 -20 ≤ h ≤20 -18 ≤ h ≤17 
-11 ≤ k ≤ 11 -10 ≤ k ≤10 -18 ≤ k ≤18 -9 ≤ k ≤9 -8 ≤ k ≤8 
-20 ≤ l ≤23 -22 ≤ l ≤23 -25 ≤ l ≤26 -51 ≤ l ≤51 -42 ≤ l ≤46 
6947 11479 27001 36062 11538 
2598 2986 5774 4161 2422 
298 292 625 375 301 
0.0505 0.0565 0.0676 0.0918 0.1077 
0.1301 0.1377 0.1603 0.2452 0.3016 
0.987 1.029 0.998 1.061 1.051 
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Table 1. Continued…  

Appendix 1 
1.CH2Br2 1.CH2I2 1.EtOAc 1.MeNO2 1.acetylacetone 
2(C26H21NO) 
(CH2Br2) 

(C26H21NO) 
0.112(C2H4I4) 
0.428(CH2I2) 

(C26H21NO) 
0.5(C4H8O2 

(C26H21NO) 
(CH3NO2) 

2(C26H21NO) 
(C5H8O2) 

Triclinic Triclinic Triclinic Triclinic Triclinic 
P 1  P 1  P 1  P 1  P 1  
123(2) 123(2) 298(2) 123(2) 123(2) 
7.0754(17) 9.2416(11) 7.322(2) 7.3288(6) 7.291(1) 
8.885(2) 13.3370(16) 8.895(2) 8.8318(7) 8.870(1) 
18.643(4) 19.739(2) 18.468(4) 18.235(1) 18.337(3) 
91.334(4) 105.381(2) 94.117(5) 94.864(1) 93.998(3) 
91.807(5) 96.041(2) 90.902(5) 90.316(1) 90.416(3) 
111.700(4) 104.497(2) 112.977(4) 114.166(1) 113.873(3) 
1087.6(4) 2232.4(4) 1103.5(4) 1071.9(1) 1081.0(3) 
1 4 2 2 1 
1.375 1.874 1.226 1.315 1.270 
2.74 - 25.0 1.65 – 26.09 1.11 - 25.01 2.24 - 25.66 2.23 – 26.37 
-8 ≤ h ≤8 -11 ≤ h ≤10 -8 ≤ h ≤8 -8 ≤ h ≤8 -9 ≤ h ≤8 
-5 ≤ k ≤10 -16 ≤ k ≤16 -10 ≤ h ≤10 -10 ≤ k ≤10 -11 ≤ k≤10 
-20 ≤ l ≤18 -24 ≤ l ≤22 -21 ≤ h ≤16 -22 ≤ l ≤22 -18 ≤ l≤22 
3447 15180 6262 15791 10301 
1768 5589 2240 3508 3520 
289 563 308 385 391 
0.0940 0.0765 0.0493 0.0473 0.0521 
0.2650 0.1740 0.1046 0.1103 0.1213 
1.122 1.047 0.914 1.059 1.027 
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 Table 1. Continued…  
 

Chapter 5 
 C6Br6 C6Cl6 124B356I 124C356I 
Empirical 
formula 

C6Br6 C6Cl6 C6Br3I3 C6Cl3I3 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group  P21/n P21/n P21/n P21/n 
T [K] 100(2) 100(2) 100(2) 100(2) 
a [Å] 8.3262(16) 7.967(3) 8.5007(6) 8.7025(7) 
b [Å] 3.9491(8) 3.7609(14) 4.0812(3) 4.1087(3) 
c [Å] 15.271(3) 14.670(5) 15.6911(10)   15.0989(12) 
α [deg] 90 90 90 90 
β [deg] 92.929(3) 92.459(6) 92.6560(10) 93.5890(10) 
γ [deg] 90 90 90 90 
Volume [Å3] 501.46(17) 439.2(3) 543.79(7) 538.82(7) 
Z 2 2 2 2 
Dcalc [g/cm3] 3.653 2.153 4.229 3.446 
F (000) 492 276 600 492 
µ [mm-1] 23.957 1.884 19.588 9.388 
2θmax. 2.73–26.07 2.78–26.03 2.67–26.07 2.63–26.03 
Range h –10≤ h ≤ 10 –9≤ h ≤ 9 –10≤ h ≤ 10 –10≤ h ≤ 10 
Range k –4 ≤ k ≤ 4 –4 ≤ k ≤ 4 –4 ≤ k ≤ 5 –5 ≤ k ≤ 4 
Range l –16 ≤ l ≤ 18 –18 ≤ l ≤ 18 –19 ≤ l ≤ 19 –18 ≤ l ≤ 18 
Parameters 56 55 68 68 
N-total 4469 3112 5470 4377 
N-independent 986 861 1059 1051 
N-observed 913 812 1015 1033 
R1 [I>2σ(I)] 0.0218 0.0449 0.0199 0.0195 
wR2 0.0519 0.1097 0.0492 0.0469 
Rmerge 0.0317 0.0317 0.0253 0.0159 
GOF 1.098 1.15 1.093 1.105 
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 Table 1. Continued…  
 

Chapter 5 
124B356C 123B456C 123C456I 14C2356I 14B2356I 
C6Br3Cl3 C6Br3Cl3 C6Cl3I3 C6Cl2I4 C6Br2I4 
Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 
P21/n P21/n P21/n P21/n P21/n 
100(2) 293(2) 293(2) 293(2) 293(2) 
8.1454(8) 8.2578(17) 8.720(4) 8.7829(19) 9.3109(19) 
3.8704(4) 3.9429(8) 4.1170(19) 4.2989(9) 4.2609(9) 
15.0160(15) 15.137(3) 15.582(7) 15.320(3) 14.776(3) 
90 90 90 90 90 
92.385(2) 92.34(3) 92.667(7) 94.908(4) 93.33(3) 
90 90 90 90 90 
472.98(8) 492.46(17) 558.8(4) 576.3(2) 585.2(2) 
2 2 2 2 2 
2.936 2.82 3.323 3.749 4.197 
384 384 492 564 636 
13.575 13.038 9.053 11.225 17.426 
2.72–26.03 2.69–28.13 2.73–25.97 2.58–27 2.52–29.06 
–10≤ h ≤ 10 –10≤ h ≤ 10 –7 ≤ h ≤ 10 –6 ≤ h ≤ 11 –12≤ h ≤ 12 
–4 ≤ k ≤ 4 –4 ≤ k ≤ 4 –5 ≤ k ≤ 5 –5 ≤ k ≤ 5 0 ≤ k ≤ 5 
–16 ≤ l ≤ 18 –19 ≤ l ≤ 9 –19 ≤ l ≤ 19 –19 ≤ l ≤ 19 –19 ≤ l ≤ 19 
67 73 74 56 41 
6318 2542 2733 2977 2676 
923 1075 1079 1243 1340 
880 822 946 1168 1142 
0.0162 0.0765 0.0536 0.0397 0.0401 
0.0397 0.1994 0.1512 0.1055 0.1031 
0.0301 0.0759 0.0721 0.0662 0.0462 
1.09 1.013 1.108 1.099 1.084 
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 Table 1. Continued…  
 

Chapter 5 
14B2356C 1245C36I-

M1 
1245C36I-
M2 

12345B6C 135B246C 

C6Br2Cl4 C6Cl4I2 C6Cl4I2 C6Br5Cl C6Br3Cl3 
Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

P21/n P21/n P21/n P21/n P21/n 
100(2) 100(2) 100(2) 100(2) 100(2) 
8.0578(6) 8.6484(6) 6.5276(6) 8.2742(14) 8.1859(9) 
3.8484(3) 4.1259(3) 5.9682(5) 3.9205(7) 3.8619(4) 
14.9122(1) 15.7424(1) 13.3913(1) 15.196(3) 15.0355(1) 
90 90 90 90 90 
92.1900(1) 92.1300(1) 98.7720(1) 92.729(2) 92.766(2) 
90 90 90 90 90 
462.08(6) 561.34(7) 515.60(8) 492.39(15) 474.77(9) 
2 2 2 2 2 
2.686 2.767 3.012 3.42 2.925 
348 420 420 465 384 
9.86 6.499 7.076 20.613 13.524 
2.73–26.20 2.59–26.01 3.08–26.03 2.68–26.04 2.78–26.01 
–9≤ h ≤ 9 –10≤ h ≤ 10 –8 ≤ h ≤ 8 –10≤ h ≤ 10 –10≤ h ≤ 10 
–4 ≤ k ≤ 4 –5 ≤ k ≤ 5 –7 ≤ k ≤ 7 –4 ≤ k ≤ 4 –4≤ k ≤ 4 
–17 ≤ l ≤ 18 –19 ≤ l ≤ 16 –16 ≤ l ≤ 16 –18 ≤ l ≤ 16 –18 ≤ l ≤ 18 
68 59 56 67 56 
5435 5638 9332 4060 4781 
919 1089 1007 965 932 
896 1012 1000 904 891 
0.0147 0.034 0.0136 0.0209 0.0172 
0.037 0.0866 0.0324 0.0504 0.0409 
0.0183 0.0204 0.0220 0.0319 0.0273 
1.092 1.09 1.105 1.051 1.091 
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 Table 1. Continued…  
 

Chapter 5 
135C246I 135B246I-

T 
135B246I-
M1 

135B246I-
M2 

135F246I 

C6Cl3I3 C6Br3I3 C6Br3I3 C6Br3I3 C6F3I3 
Triclinic Triclinic Monoclinic Monoclinic Monoclinic 
P 1  P 1   P21/n P21/n P21/n 
100(2) 100(2) 100(2) 100(2) 298(2) 
7.7131(11) 7.9452(3) 8.5045(16) 9.3129(50) 13.937(4) 
9.4269(13) 9.4962(4) 4.0444(8) 4.1977(20) 4.7919(15) 
9.4299(18) 9.5119(6) 15.608(3) 14.7054(80) 15.488(5) 
60.213(2) 60.1370(10) 90 90 90 
66.116(3) 66.202(2) 92.842(3) 93.296(6) 107.486(3) 
85.575(2) 85.5120(10) 90 90 90 
537.43(15) 562.61(5) 536.17(18) 573.9(5) 986.6(5) 
2 2 2 2 4 
3.455 4.088 4.289 4.007 3.432 
492 600 600 600 888 
9.413 18.933 19.866 18.56 9.493 
2.52–26.01 2.50–26.00 2.61–26.03 2.52–26.02 1.73–26.03 
–9≤ h ≤ 9 –9 ≤ h ≤ 9 –10 ≤ h ≤ 9 –4 ≤ h ≤ 11 –17 ≤ h ≤ 

15 
–11≤ k ≤ 11 –11≤ k ≤ 11 –4 ≤ k ≤ 4 –5 ≤ k ≤ 5 –5 ≤ k ≤ 5 
–11 ≤ l ≤ 11 –11 ≤ l ≤ 11 –19 ≤ l ≤ 19 –14 ≤ l ≤ 15 –19 ≤ l ≤ 18 
110 110 55 25 109 
7213 8971 5041 1470 5283 
2116 2195 1049 1000 1923 
2091 2104 993 912 1642 
0.0284 0.0213 0.0242 0.1455 0.0317 
0.0754 0.0528 0.0687 0.3945 0.0799 
0.0315 0.0297 0.0256 0.1369 0.0241 
1.224 1.102 1.107 1.697 1.049 
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 Table 1. Continued…  
 

Chapter 5 
135C246I: 
135B246I 

135B246I: 
135I246M 

135C246I: 
135B246M 

135C246I: 
135I246M 

0.863(C6Cl3I3) 
1.137(C6Br3I3) 

0.922(C6Br3I3) 
1.078(C9H9I3) 

0.154(C6Cl3I3) 
1.846(C9H9Br3) 

0.154(C6Cl3I3) 
1.846 (C9H9I3) 

Triclinic Triclinic Triclinic Triclinic 
P 1  P 1  P 1  P 1  
100(2) 100(2) 100(2) 100(2) 
7.8534(8) 7.9146(5) 7.6549(9) 7.8342(8) 
9.4683(9) 9.5156(6) 9.0787(10) 9.4966(10) 
9.4810(9) 9.5282(6) 9.1025(10) 9.5031(10) 
60.1420(10) 60.1830(10) 60.0510(10) 60.2820(10) 
66.2530(10) 66.6090(10) 67.6180(10) 66.7010(10) 
85.656(2) 85.9680(10) 85.0940(10) 86.2450(10) 
552.69(9) 564.10(6) 502.49(10) 556.34(10) 
1 1 1 1 
3.814 3.458 2.461 3.12 
553 516 348 463 
14.887 13.147 11.837 8.666 
2.51–26.04 2.50–26.03 2.61–26.04 2.50–26.12 
–9 ≤ h ≤ 9 –9 ≤ h ≤ 9 –9 ≤ h ≤ 9 –9 ≤ h ≤ 9 
–11 ≤ k ≤ 11 –11 ≤ k ≤ 10 –11 ≤ k ≤ 11 –11 ≤ k ≤ 11 
–11 ≤ l ≤ 10 –11 ≤ l ≤ 11 –11 ≤ l ≤ 11 –11 ≤ l ≤ 11 
120 123 131 123 
7021 6198 7763 7617 
2178 2216 1991 2211 
2127 2150 1821 2178 
0.0244 0.0173 0.0208 0.0177 
0.0641 0.041 0.0518 0.0433 
0.0283 0.0152 0.0242 0.0167 
1.175 1.134 1.028 1.175 
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Arrangement of molecules and directionality of the 
intermolecular interactions in the lattice is a key factor for 
bending and shearing in molecular crystals. 

 
 

 




