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ABSTRACT 
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Doctor of Philosophy 

POLYMORPHS AND SOLVATES OF SULFATHIAZOLE: X-RAY 
DIFFRACTION STUDIES 

by David Stephen Hughes 

A detailed study has been made of the crystal structures of the polymorphs and some 
solvates of sulfathiazole, one of the well-known sulfadrugs. The objective of this 
work was to attempt to gain an insight into the mechanism of the assembly of 
molecules into crystal structure forms. 

Sulfathiazole has a number of potential hydrogen bonding sites, and it was 
assumed that differences in hydrogen bonding patterns created the different assembly 
structures. Accordingly, considerable attention was paid to the connectivity and 
topology of the hydrogen bonding patterns found. 

At the heart of the study is a new approach to describing H-bonding patterns, 
that improves on approaches previously adopted and described in the literature. The 
approach introduced here follows two schemes of description. The first considers the 
chemical connectivity of the H-bonds, which is represented by a connectivity matrix. 
The second scheme considers the topology of the H-bonding pattern. For this, each 
molecule is considered as a node, and the H-bonds are drawn as connecting vectors, to 
produce a topology diagram. This allows identification of OD (isolated single 
molecule or dimers) ID (chain), 2D (sheet) or 3D (framework) structures. The 
representation can highlight symmetry relationships between connected molecules, 
where present, but also recognises connections not involving symmetry relationships. 

In this way, the four previously known polymorphs, plus one new structure, 
identified as part of this work, are found to comprise one 3D framework, with an 
interpenetrating 2D sheet structure (polymorph I) and four differently connected 2D 
sheet structures (polymorphs II, III, IV, V). Polymorph III was shown to be a hybrid 
of ID tapes present in the layers of the polymorph IV and V structures. 

The same approach was used to describe the structures of 29 solvates of 
sulfathiazole, in which the additional solvate was an oxygen-containing molecule. 
These have been shown to comprise ID chain, 2D sheet and 3D framework 
assemblies of sulfathiazole molecules, with guest, solvent molecules in channel, layer 
or cavity regions of the sulfathiazole assemblies, or, in some cases, solid solution co-
crystal assemblies, where solvate molecules isolate sulfathiazole molecules via 
heteromolecular hydrogen bonding. The binary structures show some relationships 
with the polymorph structures, but there are also many significant differences. These 
are discussed in detail. 
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"This is not the end. It is not even the beginning of the 
end. But it is, perhaps, the end of the beginning." 

[(Of victory in Egypt). Speech at tine IVIansion House, 10tli November, 1942.] 

Winston Churchill 
1 8 7 4 - 1 9 6 5 
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1. The Organic Solid State Structure and Analysis 

Chapter One 

The Organic Solid State: Structure and Analysis 

This thesis is concerned with a detailed study of the solid state structures of some 

pharmaceutically important organic compounds and, in particular, the complications 

arising during the formation of polymorphs and solvates. 

In this chapter the basic features of crystal structures are described, together with 

methods of characterisation and determination. 

1.1 Historical Background 

Crystal structure studies on organic compounds were first undertaken about 70 years 

ago by the English scientists Bemal [1927, 1928, 1929] and Robertson [1935]. In 

recent years the subject has developed rapidly due to advances in instrumentation and 

computing power. Structural analysis of compounds, as diverse as small-molecule 

pharmaceuticals and biological macromolecules, has become an almost routine 

operation. 

Knowledge of the structure of both molecular and non-molecular materials is one 

of the fundamental aims of chemistry and is essential for a proper understanding of 

their physical and chemical properties. The term structure has many definitions. For 

instance, chemists will talk in terms of molecular structure whilst crystallographers 

will refer to crystal structure. For the sake of the arguments presented here structure 

is taken to refer to the relative positions of the atoms (or ions) that make up the 

compound under study. Thus, it is a geometrical description (in terms of 

connectivity) that may be extrapolated to include bond lengths, bond angles and 

torsion angles [Clegg, 1998]. 

Many methods that probe the structure of a material are based on the absorption or 

emission of radiation. In most spectroscopic techniques, the variation of intensity is 

measured as the frequency (or wavelength) is varied. The energy changes produced 

by absorption at this frequency produce energy changes in the sample. 

Diffraction studies may use one of several types of radiation - X-rays, neutrons 

and electrons being the main sources. In most cases, single crystal X-ray diffraction 

is the method of choice, both in terms of availability and scope. Here, the wavelength 

is fixed, i.e. it is monochromatic, and the variation of intensity due to changes of 
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direction is measured. This process yields the raw data from which the structure is 

determined. It is this technique that is used exclusively for the work described in this 

thesis. 

Single crystal X-ray diffraction is capable of providing much more detailed 

information than spectroscopic methods but there are times when alternatives or 

combinations of methods are required, the study of polymorphism being a good 

example. 

1.2 Crystal Structures 

A perfect crystal is composed of a number of atoms, ions or molecules arranged in a 

periodic manner that is repeated, by translation, in all directions to yield a highly 

ordered, close packed structure. Even the smallest of crystals will contain this 

periodic repetition. This concept is nicely demonstrated in the Figure 1.1 below. 

Z:CSD O F ACSALA01 

Figure 1.1 A simpHfied packing diagram of aspirin (2-(acetyloxy)-benzoic acid). 
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No matter what type of crystal structure is being considered it is always possible to 

identify the repeat unit. Each group of atoms or molecules that constitute the repeat 

unit may be represented by a point {i.e. a particular atom centre, the "centre of 

gravity" etc). As the crystal structure is repetitive it creates a three-dimensional array 

of points called the lattice. One of the lattice points may be chosen as an (arbitrary) 

origin and the three axes x, y and z are defined to coincide with that point. Along each 

of the rows the lattice points repeat at regular intervals a, b and c. These repeat 

intervals are termed the unit translations. In order to define the repeat geometry of 

the structure a parallelepiped, defined by eight lattice points, is chosen and called the 

unit cell. There will always be different unit cell choices for a particular lattice but 

there are rules that govern this choice. The conventional unit cell is chosen to have 

sides that are as short as possible, with angles as close to 90° as possible (yet still 

retaining the full symmetry of the crystal system) as shown in Figure 1.2. 

• y 

Figure 1.2 A 3-dimensional unit cell showing the notations used for the axes and 
angles. The faces of the unit cell opposite a, b, c (the base vectors) are denoted by A, 
B and C respectively. 

Lattice planes are defined as sheets of lattice points. They are expressed by the 

indices h, k, I where a/h, b/k and c/l are proportional to the intercepts made on the a, b 

and c unit cell axes respectively. Lattice planes are synonymous with the Miller 

indices used in crystal morphology. Since the crystal (and therefore the lattice) 

structure is infinite, for a given lattice plane definition hkl, there will be an infinite 

stack of parallel planes with a constant inter-planar spacing dm-
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1.2.1 Symmetry 

Symmetry is an organising principle that can simplify the analysis of many problems. 

Crystallography makes much use of symmetry, in fact, an understanding of crystals 

and crystal structure is impossible without knowledge of the underlying symmetry. 

The analysis of intermolecular interactions invariably utilises symmetry of some 

form. The collection of data, the solution of a structure and its refinement all make 

extensive demands on crystallographic symmetry. 

1.2.2 Crystallographic Symmetry 

Symmetry elements are centres of inversion, rotation axes or mirror planes, with 

respect to which symmetry operations are performed. The clusters of atoms, or 

molecules, that comprise the contents of the unit cell invariably contain symmetry 

elements. The fact that the unit cell has to reproduce itself regularly on a lattice 

restricts the number of symmetry elements that may be present in a crystal structure. 

There are two systems of nomenclature currently employed for the labelling of 

symmetry operations, the Hermann-Mauguin (International) system, as used in 

crystallography, and the Schoenfliess system of spectroscopy. 

It would be ideal if there was only one universal system but this development is 

unlikely since; 

• spectroscopy uses a more extensive range of point symmetry elements. 

• crystallography requires elements of space symmetry. 

• both systems are independently well-estabUshed. 

Simple operations such as rotations, inversions and reflections are analogous in 

both systems but described using different symbols. These operations are shown in 

Table 1.1. 

Proper rotations Improper rotations 

International Schoenfliess International Schoenfliess 

1 Ci (identity) 1 or Sj Ci or /(inversion) 

2 C2 2 or mS\ Cs or o(reflection) 

3 C3 3 ^6 

4 C4 4 ^4 

6 Ce 6 S3 or C3/! 

Table 1.1 Analogous crystallographic and spectroscopic symmetry operations. 
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The most significant difference between the two systems is in the description of the 

complex operations. These are combinations of two simple or compound operators. 

An example of a complex operation, composed of two simple operations, is a 

rotation of 180° applied twice. This operation effectively returns the system to 

identity (its original location). 

An example of a complex operation involving two compound operations is a roto-

inversion using Hermann-Mauguin notation or a roto-reflection using the Schoenfliess 

system. 

The above examples relate to point symmetry. Point symmetry operations can be 

combined in many different ways, resulting in the definition of 32 crystallographic 

point groups. In crystal structures, however, space (compound) symmetry 

operations involving translation with either rotation or reflection are possible. 

The symmetry operation (rotation + translation) relates homochiral molecules and 

is called a screw axis operation symbolised by nr. The screw axis involves a rotation 

of (360°/n) and a translation parallel to the axis by the fraction r/n of the identity 

period along that axis. Screw axes are only possible for 2-, 3-, 4- and 6-fold rotations. 

Thus, for 2-fold symmetry a 2i screw is possible, for 3, 4 and 6-fold the following are 

possible, 3i and 3%, 4i, 4%, 4] and 6i, 62, 63, 64 and 65. Note that 3% and 43 and 65 are 

left handed (or "anti clockwise") analogues of their right handed (clockwise) 

counterparts (3i, 4% and 61 etc.). 

The second type of compound operation involves translation in combination with 

reflection. Here, there are several translation possibilities, all being parallel to the 

plane of reflection. "Simple glide operations", involve reflection followed by a 

translation of V2 x one cell vector, producing a, b and c types. An n glide involves a 

double shift of V2 in each of the cell vectors parallel to the glide, whilst a d glide 

requires movement of Va in each of the three directions. The translation component is 

dependent on the crystal system. 

In practice screw axes and glide planes are common in crystal structures, as they 

help molecules pack in a staggered arrangement relative to one another. 
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1.2.3 Crystal Systems 

The presence of symmetry in a repeating structure has significant imphcations for the 

geometry of the unit cell. Those symmetry operations that involve rotations or 

reflections combined with translations must have lines or planes (inherent in the 

symmetry elements) aligned along or perpendicular to lattice vectors. Detailed 

consideration provides the rationalisation for the occurrence of just seven types of unit 

cell geometry, leading to the seven crystal systems. 

The way in which symmetry elements can be combined is explored by the practical 

application of group theory. Point groups infer particular types of constraint on the 

unit cell geometry. In particular, combinations of rotation axes require inter-axial 

angles of 90° (e.g. D2 groups), 120° (D3 groups), 109.5° (T groups) etc. and rotation 

axes and planes of reflection must combine at 0 and 90°. In crystal structure, the 

lattice translations are symmetry operations and constraints must occur when a 

structure contains axes or planes of symmetry. It is, therefore, possible to derive the 

particular unit cell geometry that corresponds to one of the seven crystal systems. For 

example, a rotation axes must be parallel to one and perpendicular to two lattice 

vectors for the lattice geometry to contain at least two 90° angles. 

A full summary is given in Table 1.2 below together with details of the resultant 

lattice type discussed in the next section. 

Crystal system Unit cell shape^ 
Essential 
symmetry 

Lattice Types 

Triclinic aitb^c, None P 

Monoclinic* 
a^b^c, o^y=90°. One twofold axis or 

mirror plane 
P,C 

Orthorhombic a^bitic, #=/3=)^90° 
Three twofold axes 

or mirror planes 
P, F,I, A{B or C) 

Tetragonal a=b^, a=p=y=90° One fourfold axis P,I 

Trigonal 
a=i)=c, 0^/5^90°, 

}<120° 
One threefold axis R 

Hexagonal 
a=b^c, 0(=p=-9Q°, 

}^120° 
One sixfold axis P 

Cubic a=b=c, (x=l}=y=9Q° Four threefold axes P,F,I 

Table 1.2 Definition of the crystallographic symmetry for the seven crystal systems. 
* Two settings of the monoclinic cell are used in the literature. The P angle unique 
setting is used throughout this work. ' The symbol means not necessarily equal to 
in this context. 
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Notes on lattice definitions; 

1. A rotation axis can be a normal rotation or a screw axis of defined order. A 

reflection plane can be a mirror plane or glide plane. 

2. C-face centring is abbreviated to C. The C face is defined by the a and b lattice 

axes. Face centering is also compatible with monoclinic geometry but a simple 

convention is usually applied that if "one-face centring" is present, the cell is 

defined such that the centred face is C. 

3. All face centring is denoted by F. 

4. A body centred lattice is denoted by I (from the German "Innenzentriert"). 

5. A primitive trigonal lattice is equivalent in geometry to primitive hexagonal 

lattice. The geometries for trigonal and hexagonal systems are analogous; the 

difference lies in the internal symmetry. 

6. Rhombohedral (R) is a special form of "doubly centred" trigonal lattice. 

It must be stressed that the parametric definitions are not exclusive. For example, a 

crystal structure may have a unit cell for which a = b = c; a= y- 90° and yet still 

belong to the triclinic system - the real definition will involve the symmetry of the 

crystal structure. The above list simply represents the minimum geometrical 

requirements for each system. 

1.2.4 Bravais Lattices 

In view of the relationships outlined above it is logical to consider all symmetry 

present when defining the crystal system and space group. In order to do this in a 

satisfactory way it is often necessary to define the lattice in such a way that some of 

the lattice points are omitted. The concept of the lattice is important when diffraction 

by a crystal is considered. Only 14 distinct types of lattices, the Bravais lattices, may 

be considered consistent with the condition that the view from each lattice point has 

the same connectivity in every direction. 

These lattices have seven different unit cell shapes with different symmetry 

properties, corresponding to the seven crystal systems [Glusker, J. P. and Trueblood, 

K. N., 1985] and are shown in Table 1.2 above. 
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1.2.5 Space Groups 

The complete presentation of a crystal structure comprising the lattice type and 

collection of symmetry elements defines the space group. The form of a space group 

symbol is often an abbreviation consisting of the Bravais lattice type, followed by the 

point group symbol altered to indicate the translation symmetry elements present. As 

the presence of some symmetry operations necessarily implies the presence of others, 

not all symmetry needs to be indicated. There are conventions about which take 

precedence in the symbols chosen. 

The rules for doing this are summarised below: 

• Triclinic: groups PI and P 1. 

• Monoclinic: symmetry referred to b given: 2, m or 2/m but showing screw axes 

and glide planes. 

• Orthorhombic: symmetry referred to a, b and c axes: 2/m abbreviated to m. 

• Tetragonal, trigonal and hexagonal: symmetry referred to c, [referred to a and b 

then the ab diagonal]. Axes are parallel to and reflections perpendicular to b. 

• Cubic: symmetry first referred to a, b and c, then the body diagonals [followed by 

face diagonals]. 

The combination of the fourteen Bravais lattices together with possible point and 

space symmetry produces a total of 230 possible space groups. These 230 space 

groups represent the distinct ways in which objects (such as molecules) can be packed 

in three dimensions. Using this method the contents of one unit cell are arranged in 

the same way as the contents of every other unit cell in the crystal structure. All space 

groups are listed in the International Tables for X-ray Crystallography, Volume A, 

Space Group Symmetry [Ed. Hahn, 1989]. 

Space groups are far from equally common. Molecular solids (pharmaceuticals) 

tend to crystaUise in only a few space groups. Table 1.3 and Figure 1.3 present 

frequency data derived from the April 2001 version of the Cambridge Structural 

Database (CSD). The CSD [Allen and Kennard, 1993] contains crystal structure 

information for over 224,400 organic and metal organic compounds. All of these 

crystal structures have been analysed using X-ray or neutron diffraction techniques. 
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Rank 
Space 
group 

Crystal 
system 

Point 
group 
(Sch) 

Special 
Positions 

Totals % 

1 f2 i / c MonocUnic Cih T 78998 35^ 
2 P 1 Triclinic Ci 1 45764 2 0 4 

3* f2i2i2i Orthorhombic Di - 19474 8.7 
4 C2/c MonocUnic Cih 1 , 2 16509 7.4 
5* P2i Monoclinic C2 - 12513 5.6 
6 Pbca Orthorhombic Dvi T 8347 3.7 
7 Pnma Orthorhombic Djh 1, m 3320 1.5 
8 Pnal\ Orthorhombic Civ - 3362 1.5 
9 Cc Monochnic Cs - 2282 1.0 

10* P\ Triclinic Ci - 2023 0.9 
11 Pbcn Orthorhombic Djh 1 , 2 1989 0.9 

12* C2 Monoclinic C2 2 1878 0.8 
13 Pcali Orthorhombic Civ - 1597 0.7 
14 P2\lm Monochnic Cih 1, m 1447 0.7 

15 C2/m Monoclinic Cih 1, 2, m, 2/m 1148 0.5 

16 f 2 / c MonocUnic Cih 1,2 1150 0.5 

17 R 3 Trigonal s. 1,3, 3 1147 0.5 

18* f2 i2 i2 Orthorhombic Di 2 1033 0.5 

19* 
f 4 i 2 i 2 
f432i2 

Tetragonal Da 2 882 0.4 

20 Pc MonocUnic Cs - 832 0.4 

21 Pccn Orthorhombic Dih 1,2 780 0.4 

22 ^ 2 Orthorhombic Civ 2 734 0.3 

23 IA\la Tetragonal Q/i 1,% 4 725 0.3 

Table 1.3 Frequency data concerning crystal systems and space groups derived from 
the Cambridge Structural Database (CSD). The April 2001 version of the CSD 
contains 224400 entries. * Space groups possible for optically pure, chiral molecules. 

Analysis of the CSD in terms of Crystal System 
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Figure 1.3 Analysis of the Cambridge Structural Database (April 2001) in terms of 
crystal system. Pharmaceutical compounds are found mainly in the three lowest 
crystal systems i.e. triclinic, monoclinic and orthorhombic space groups. 
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1.2.6 Atomic Positions and Symmetry Operations 

For any given lattice, there are many possible choices of unit cell. Normally, the unit 

cell translations are selected so that there is one unit cell for each lattice point. Any 

such unit cell would be a primitive unit cell. In the rest, the repeat unit may be a 

defined fraction of the unit cell, for example, one half for A, 5, C or / centering, one 

third for rhombohedral R structures described on a conventional trigonal cell and one 

quarter for F centering. If inversion, rotation or reflection symmetry is also present in 

the structure then these additional symmetry elements will relate atoms or molecules 

to each other both within and between unit cells. In this way, the unique symmetry 

independent part of the structure becomes only a fraction of the repeating lattice unit. 

This fraction is dependent on the amount of symmetry present. The unique structural 

portion is called the asymmetric unit of the structure and may consist of a single 

molecule, a group of molecules or, indeed, a fraction of a molecule. Operation of all 

the space group symmetry elements (translation, inversion, rotation and reflection) 

will generate the complete crystal structure from this asymmetric unit. The details of 

the asymmetric unit, together with the unit cell parameters and the space group 

constitute a full description of the crystal structure. 

Any point in a crystal structure that does not lie on a rotation axis, a mirror plane or 

an inversion centre has point group symmetry 1 (identity) and will be related by 

symmetry to a number of other equivalent points in the same unit cell. This is termed 

a general position and each space group has a fixed number of equivalent general 

positions. 

For a point residing on a symmetry element (one that does not contain a translation 

component), operation of that element will leave the point unchanged. The number of 

equivalent points in the unit cell will, therefore, be lowered by a fraction depending 

on the nature of the symmetry element e.g. 2, 3, 4 or 6 for a rotation axis or 2 for a 

reflecfion or inversion centre. Such positions are called special positions and can 

only be occupied by molecules that possess the appropriate point group symmetry. 

In some space groups there are no special positions whilst in others they occur where 

two or more symmetry elements intersect. The point group symmetry of such special 

positions becomes higher whilst the number of equivalent points becomes 

correspondingly lower. Screw axes and glide planes are not responsible for special 

positions due to their translation component. Atoms on special positions may need 

10 
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symmetry-imposed constraints during refinement but these are generally catered for 

by modem refinement software. 

1.2.7 External Morphology and Symmetry 

The external appearance of crystals was the first indication of their atomic nature. 

Chemists grew crystals carefully, in order to obtain characteristic morphologies and 

then determined physical properties such as colour, interfacial angle, indices of 

refraction, melting point and even taste [Bernstein, 2002]. Unfortunately, beautiful 

crystals of gem-like quality are often the exception for the chemical crystallographer. 

A low power microscope with a polarising attachment may indicate whether or not a 

crystal is single and give some indication of the underlying symmetry. Amorphous 

material, on the other hand, will have no effect on polarised light and so appear dark 

from all directions. Under these conditions all triclinic, monoclinic and orthorhombic 

crystals (biaxial crystals) when viewed from any direction will move the plane of 

polarised light in all orientations except for two that are at right angles to one another. 

Under the microscope the crystal will appear bright in all directions except the two 

extinction positions. The absence of such a well-defined extinction position usually 

indicates twinned (or multiple) crystals. Tetragonal, trigonal or hexagonal crystals are 

uniaxial when viewed down their unique axis under polarised hght. In other words 

they will appear isotropic in this position. Cubic crystals are optically isotropic and 

therefore do not exhibit extinction in any position. 

1.3 The Interaction between Crystals and X-rays 

1.3.1 The Generation of X-rays 

X-rays are electromagnetic radiation of wavelength ~1A (10'^°m). They occur in 

the part of the electromagnetic spectrum between y rays and the ultraviolet. X-rays 

are produced when electrons (high-energy charged particles) are accelerated and 

collide with matter. The electrons are slowed down or stopped and some of their 

energy is lost and converted to electromagnetic radiation termed "white radiation". 

A different process yields the monochromatic X-rays that are used in diffraction 

experiments. A beam of electrons is, again, accelerated. This time, however, they 

strike a metal target that may be copper or molybdenum. In the case of copper the 

incident electrons will have sufficient energy to ionise some of the copper Lv (K shell) 

11 
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electrons. An electron in an outer orbital {2p or 3p) immediately drops down to 

occupy the vacant U level and the energy released in the transition appears as X-

radiation. The transition energies have fixed values and thus a spectrum of 

characteristic X-rays results, [West, 1984] as shown in Figure 1.4. 

Intensity 

radiat ion 

Wavelengtin 

Figure 1.4 X-ray emission spectrum of a metal e.g. copper. 

For copper the 2 p ^ l s transition is called K^and has a wavelength of 1.5418A. 

The Ka is more intense than the and is therefore used in diffraction experiments. 

In fact the K« is a doublet as the transition has a slightly different energy for the 

possible spin states of the 2p electron. In some experiments K^i and K^z radiation are 

not resolved. In others the weaker Kca may be removed from the incident radiation. 

1.3.2 Crystals and the Diffraction of X-rays 

By analogy with the diffraction of light by an optical grating, crystals, with their 

regularly repeating structures, are capable of diffracting radiation that has a 

wavelength similar to the interatomic separation of ~1 A. The three types of radiation 

used for crystal diffraction studies are X-rays, electrons and neutrons. When crystals 

diffract X-rays it is the electrons that produce the scattering. 

12 
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1.3.3 The Geometry of X-ray Diffraction 

To fully describe the diffraction of X-rays by crystals, it is first necessary to consider 

diffraction by a single row of regularly spaced points (diffraction in one dimension). 

The situation in one dimension is shown in Figure 1.5 below. 

Figure 1.5 Diffraction in one dimension. 

The radiation scattered by each point will only interfere constructively if it is in 

phase. Since all diffracted rays have different path lengths then they must be equal to 

whole numbers of wavelengths if they are to stay in phase. 

For rays scattered by two adjacent points in a row: 

path difference = a sin y/i + sin y/d = hX Equationl.l 

where: 

y/i and y/^ are the angles of the incident and diffracted beams as shown. 

X is the wavelength of the radiation. 

a is the one dimensional lattice spacing. 

/z is an integer (positive, negative or zero). 

13 
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For a given value of y/i (a fixed incident beam) each value of h corresponds to an 

observed diffraction maximum and the equation can be used to calculate the permitted 

values of y/tx, the directions in which intensity is observed. The result is a set of bright 

fringes. For a significant diffraction effect the spacing a must be comparable to A, of 

the X-ray (~1 A). This explains why X-rays can be used for diffraction by crystals 

whose atomic distances are ~1A. 

For diffraction by a 3D lattice there are three such equations, corresponding to the 

three lattice vectors and all have to be satisfied simultaneously. Thus, each allowed 

diffracted beam (each spot on the diffraction pattern) is labelled by three integers, or 

indices, hkl which uniquely specify it. These three equations for diffraction 

geometry, the Laue conditions, although physically rigorous, are cumbersome to use 

in this form. 

An alternative description was derived by W. H and W. L. Bragg [1933], who 

showed that every diffracted beam produced by an appropriate orientation of a crystal 

in the X-ray beam can be regarded, geometrically, as if it were a reflection from sets 

of parallel planes passing through lattice points. This situation is analogous to that of 

light in a mirror in that the angles of incidence and reflection must be equal. Also, the 

incoming and outgoing beams and the normal to the reflecting planes must themselves 

all lie in one plane. The reflection by adjacent planes in the set gives interference 

effects equivalent to those of the Laue equations as, in order to define a plane, three 

integers are needed to specify its orientation with respect to the three unit cell edges. 

These are the indices h, k and /. The spacing between successive planes is determined 

by lattice geometry and so is a function of the unit cell parameters as represented in 

Figure 1.6. 

For rays reflected by two adjacent parallel planes: 

path difference = 2dm sin0= nX, Equation 1.2 

In practice n can always be set to one by considering planes with smaller spacing 

(n=2 for planes hkl, corresponds to a second order reflection and is equivalent to n=l 

for 2h, 2k, 21 which have exactly half the spacing), simplifying the equation to: 

A = 2dm sin0 Equation 1.3 

14 
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It is in this form that the Bragg equation is always used for practical purposes. 

Each observed diffracted beam (commonly known as a 'reflection') can now be 

uniquely labelled with its three indices and for its net scattering angle (20 from the 

direction of direct beam) to be calculated from the unit cell geometry of which dm is a 

function. 

Rearrangement of the Bragg equation gives: 

sin0 = Equation 1.4 

The distance of each spot from the centre of the diffraction pattern is proportional 

to sin 6 and hence to \/dm for some set of lattice planes. 

This demonstrates mathematically the reciprocal nature of the geometrical 

relationship between a crystal lattice and its diffraction pattern. 

lattice 

path difference = 2dsin0 = 

Figure 1.6 Geometry of diffraction and its relationship to Bragg's Law. 
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1.3.4 The Reciprocal Lattice 

The reciprocal relationship shown in the Bragg equation together with the associated 

geometrical conditions, lead to a mathematical construction known as the reciprocal 

lattice. The reciprocal lattice provides an elegant and convenient basis for 

calculations involving diffraction geometry. The direct lattice is defined by three 

vectors a, b and c (this description encompasses the six unit cell parameters as vectors 

have both magnitude and direction). The reciprocal lattice, however, is defined by 

three vectors a*, b*, c* and is related to the direct lattice by the following equations: 

A* = bxc / V b* = exa / V c* = axb / V Equation 1.5 

V = a'(b x c ) = b ( c x a ) = c'(a x b) Equation 1.6 

a a* = b'b* - cc* = 1 Equation 1.7 

a b* — a c* = b a* = b e* c a* = c b* = 0 Equation 1.8 

The reciprocal lattice is a convenient representation of the geometry of the 

diffraction pattern, with each reciprocal lattice point representing one Bragg 

reflection. The three co-ordinates of a reciprocal lattice point counting from the 

centre along a*, 6* and c* are the reflection indices h, k and / respectively. 

The distance of a reciprocal lattice point from the origin is the length of the vector: 

{ha*+kh*+lc*) = l/diM = 2(sin^/A Equation 1.9 

from the Bragg equation. 

Reciprocal cell parameters are used in diffractometer control programs to 

manipulate the diffraction geometry allowing the derivation of crystal orientation 

parameters from selected observed reflections. The crystal orientation parameters are 

then used to predict the positions of all reflections for subsequent measurement of 

intensity. 
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1.3.5 The Structure Factor 

In the previous section, the diffraction process was described in terms of a simple 

atomic lattice. If the repeat unit (i.e. unit cell) of the whole structure contains N 

atoms then there will be N interpenetrating atomic lattices that form a compound 

lattice. The size, shape and orientation of these lattices will be the same for all 

atomic lattices. Their displacement will depend on the chemical identity of the crystal 

(i.e. on the molecular structure) and the arrangement of molecules in the unit cell. 

Diffraction produced from the whole crystal is, therefore, the sum of the contributions 

from all the atoms within that crystal. 

The amplitude of scattering for an atom is known as the atomic scattering factor 

or atomic form factor and is symbolised as/j-. 

The phase (0 ) of the wave scattered by one hkl set of planes by an atom situated at 

X, y, z in the unit cell relative to the phase of a wave scattered in the same direction by 

an atom at the origin is given by: 

O = 27t{hx+ky + lz) radians Equation 1.10 

The structure factor Fm is a summation over all N atoms in the unit cell and is 

shown below: 

Fhki +kyj +lzj)] Equation 1.11 
J=i 

Thus, the structure factor Fi,ki represents the amplitude and phase of the X-rays 

scattered by a unit cell for a particular reflection, hkl. 

It can be partitioned into real and imaginary components by: 

Equation 1.12 

The values A and B are the products of the individual atomic scattering factor 

amplitudes ( f j ) , cosines and sines of the phase angles of the waves scattered from 

individual atoms. 
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Thus; 

^hki -f j j + ky J + k j ) Equation 1.13 
7=1 

= X 2/r(/!A-̂  + ky'j + izj) Equation 1.14 
;=i 

The structure factor has both magnitude (amplitude) and phase (relative to the 

origin of the unit cell). 

The magnitude of the structure factor |F| is the ratio of the amplitude of the 

radiation scattered, in a particular direction, by the contents of one unit cell to that 

scattered by a classic point electron at the origin of the unit cell under the same 

conditions: 

|f| = (/^-+ S-)"- Equation 1.15 

The intensity. /. of the scattered radiation is proportional to the square of the 

structure factor amplitude, |F|'. The intensity scattered at any angle can be calculated 

from the sum of the waves scattered from different atoms taking into consideration 

their relative phases. 

The amplitude of the scattered wave \Fim\ is related to the structure factor by: 

f-'hu - E q u a t i o n 1.16 

The phase angle 0^/ associated with F/,;/ is given by: 

tan (A,,;., = ^ Equation 1.17 

Under normal circumstances the intensities of the diffracted X-rays from planes hkl 

and Ti k Tare identical (Friedel's Law) and the resultant structure factors Fm and 

F Ti k ^differ in phase but not magnitude. Anomalous scattering from a crystal arises 

when a constituent atom, such as bromine, appreciably absoibs the X-rays used. A 
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phase change of 90° occurs for the X-rays scattered by that atom relative to the phase 

of X-rays that would be scattered by a non-absorbing atom at the same site. Atomic 

scattering factors are modified to allow for this anomalous scattering. 

Thus, it can be seen how the intensities of the diffracted beams are related to the 

crystal structure. Using these principles it should be possible to solve the crystal 

structure. All that is needed is to choose values of x, j and z for each atom, calculate 

A and B and thus Fi,ki for each reflection and compare the observed values of F 

obtained from the intensities to their calculated counterparts. Unfortunately, even for 

small structures, this is a huge task so the answer must be found by other means. 

1.4 The Determination of the Crystal Structure 

1.4.1 The Fourier Synthesis 

As suggested by Bragg [ 1929) the solution may be found as a result of successive 

approximations utilising the fact that the repeating structure and the diffraction pattern 

are related by Fourier summations. Bragg summarised the situation as: 

structure diffraction pattern 

known cell contents known amplitudes 

unknown positions unknown phases 

The appearance of the diffraction pattern will always provide some information 

about the arrangement of atoms. In particular those planes that scatter strongly 

indicate that the arrangement of electrons in the unit cell is something approaching the 

arrangement of those planes. In principle, the reconstruction of the electron density 

by Fourier synthesis is simply the smearing out of electron density within the unit 

cell. This is followed by modulation using the waves of spacing and the orientations 

of the crystal planes corresponding to the diffraction pattern. 

For the 3-dimensional case, the general expression for the Fourier synthesis is: 

p = 1/V Fi,kiexp[-2m{hx+ky+lz)]} Equation 1.18 

or 

Pw: = 2/V \Fi,u\cos[2nilLx+ky+l:)-(^i,ki]} Equation 1.19 
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Where: 

p is the relative electron density at a point x z in the unit cell. 

and V is the volume of the unit cell and (j) is the phase of the reflection hkl. 

The "phase" of a diffracted beam may be defined as follows using the analogy of 

the X-ray microscope. Suppose it was possible to generate all diffracted beams from 

a crystal simultaneously using an "X-ray microscope" which would then focus them 

to give a magnified image of the crystal structure. Each focused beam, upon reaching 

the image position would have some particular "phase" difference relative to other 

beams. Using an "X-ray microscope" all the phase information would be retained and 

the "mixing" of the diffracted beams to give the magnified image would occur in the 

correct way. The electron density equation represents a mathematical formulation of 

this "mixing" (focusing) procedure, which can not be carried out physically since no 

material exists from which an X-ray focussing lens could be constructed. Also, it is 

impossible to develop an instrument for routinely measuring the phases of the 

diffracted beams (even by comparison) since these beams are obtained sequentially. 

If this were possible, however, the electron density function for various points in the 

unit cell could be computed and the atomic positions found by inspection. 

It is peilinent to note. here, that phases (that, at best, are only known 

approximately) are vital to Fourier summations, while the amplitudes make relatively 

little difference. 

The process of structure determination is thus one of "Phase Determination". In 

order to achieve this, methods have been developed that derive from a detailed 

analysis of the properties of the structure factor. 

The next section indicates how this is achieved. 

1.4.2 Properties of the Intensity Distribution in the Diffraction Pattern 

As mentioned above, once the diffraction pattern has been obtained from a crystal, it 

is possible to determine the parameters of the unit cell and its orientation by analysing 

the geometry of the diffraction pattern. By using the equation for the structure factor 

it is possible to expose the symmetry of the diffraction pattern. That is, it is possible 

to investigate whether there are any equivalence in intensities for diffraction from 
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planes with related indices e.g. Ii,ki vs. I Tm or vs. I hk retc. It is found that 

relationships do occur and these relate to the crystal system. 

In particular, the presence (or absence) of an inversion centre is strongly indicated 

by statistics. For all statistical tests the intensity data or structure factors \Fijki\ are 

converted to normalised structure factors \Ehkl\. This can be done approximately 

without any knowledge of the unit cell contents by using a curve of the mean value of 

fV<F"> for ranges of sin ft The normalised structure factors are obtained by Equation 

1.20 below: 

E-{hkl)= ^ Equation 1.20 
< p- > 

This should produce a mean value E~=l for all values of sinft. 

The distribution of E-values about the mean in centrosymmetric structures will 

differ from that in non-centrosymmetric ones. The distribution is shown in Figure 1.7 

below. 

In a structure in the triclinic space group PI intensities will tend to a mean value 

and the diffraction pattern will be featureless. In P 1, however, the relationship of the 

atoms in pairs will produce more very weak and very strong intensities. 
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In lernis of the probability of a reflection having a particular value of \E\ the 

distributions may be given thus; 

Acentric ( f l ) 

Centric 1) 

P(E) = \E\exp(-\E\-) 

P{E) = exp(-|£'l"/2) 

Equation 1.21 

Equation 1.22 

P(E) 
acentric 

/ ^ centric 

/ \ 
/ \ X 

/ \ 
/ \ s. 

/ \ ^ 

Ic l 

Figure 1.7 Graph showing P(E) vs. |E]. In practice the distribution is used to 
calculate <\E\'-1 > for all data. This will tend to 0.74 for acentric distribution and 0.97 
for ccntric. 

The use of these statistics can be applied to other symmetry elements. For 

instance, a two-fold axis is equivalent to an inversion centre in projection and will 

producc a centric distribution in the zone normal to it. Similarly, though less usefully, 

a mirror plane will give a centric distribution in a row normal to it. The mirror plane 

will also cause the reflections in its parallel zone to have twice the normal intensity. 

For all symmetry elements not involving translation the intensity distributions and 

enhanced intensities are given in Table 1.4. 

22 



I. The Organic Solid State Structure and Analysis 

Symmetry 
element 

General data (hkl) 
Perpendicu 

(hkO 
ar zone 

Parallel row (001) 

Distribution Order Distribution Order Distribution Order 
1 A 1 A 1 A 1 
2 A 1 C 1 A 2 
3 A 1 A 1 A 3 
4 A 1 C 1 A 4 
6 A 1 C 1 A 6 
1 C 1 c 1 C 1 

2(ni) A 1 A 2 C 1 
3 C 1 c 1 c 3 

4 A 1 c 1 c 2 
6 A 1 A 2 c 3 

Table 1.4 Distribution statistics and symmetry enhancement. "Order" is the factor 
by which the enhancement is multiphed. A = acentric and C = centric. All symmetry 
elements are assumed to be parallel to c. 

By these methods it is possible to determine nearly all space groups uniquely. The 

remaining space groups contain enantiomorphic pairs e.g. F3i and P32 and the very 

rare pairs 1222. /2,2,2,. 123 and /2i3. However, it should be remembered that 

statistical methods at best only indicate something is probably true and that they are 

based on an essentially random arrangement of atoms. The presence of a few heavy 

atoms or of non-crystallographic molecular symmetry may make these tests 

untrustworthy [Gould. 1997]. 

1.4.3 The Symmetry of the Diffraction Pattern 

The symmetry of the diffraction pattern (giving the equivalence of different 

rellections) is known as the Laue group. Using the Structure Factor Equation 

(Equation 1.11). it is possible to show how crystallographic symmetry generates 

symmetry in the diffraction pattern. The relationships that occur are summarised in 

Table 1.5. 
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Diffraction 
group 

Condition Additional conditions 
Multiplicity 
of general 

data 
T None Khkl) = I(h IT) 2 

2/m r I(h kl), /( hk T) 4 

mmm 2/m /( Tiki), i(h k T), i(hk T), /( h kl) 8 

Mm T /(/;/: /), /( /; A:/), /( # A /), /(A: A/), 
/( kh I) 8 

A! mmm 4/m nil k T), /( hkl), /( hk T), i(h kl), i(hkl), 
/( h k I), /( k hi), I(kh I) 

16 

3 1 i(kii), i(k TT), liihi), liThT) 6 

3 m 3 or 3 
/(A:/;/), /( ^ /; /), /(A//), /( A/ /), 
/( / k I), /( k hi), I(kh I), /( h il), /( / kl), 
Kikl) 

12 

6/m 3 
/(hk I), /( h kl), I(ki I), /( k il), I(ih I), 
/( / hi) 

12 

b/mmm 6/m 
mi), /( k h I), l{hil), /( hi I), liikl), 
/( / A /), /( ^ /;/), /(A:A /), /( /' fV), /(/» /), 
/( / kl), I(ik I) 

24 

m 3 mmm 
Kkih), /( k TTi), /( klh), i(k TTi), i{k Th), 

/( kl h), I{kl h), /( k Ih), l(lhk), /( / h k), 
/( Ihk), 1(1 h k), 1(1 hk), /( Ih k), /( / hk) 

24 

m ?>m m 3 

lilkh), I{Tk h), /( Tkh), 1(1 k A), /(/ kh), 
/( Ik h), m /;), /( / kh), l(khl), /( k h I), 
/( khl), I{k h I), I(k hi), /( kh I), I(kh I), 
/( k hi), I(hlk), /( h I k), /( hlk), I(h I k), 
/(A Ik), /( hi k), m k), /( /; Ik) 

48 

Table 1.5 Eiquivalent data for diffraction groups. Since not all data are "general" the 
amount of data that needs to be measured will be somewhat more than the total 
amount divided by the general multiplicity. The indices of reflections hkil exist when 
the necessary condition /' = -(// + k) is met. 

It is possible to take this process further by looking for systematic absences in the 

data. These are groups of reflections for which / (and therefore F) are accurately zero. 

This is due to contributions to the structure factor by pairs of molecules, related by 

symmetry elements, involving translation that are equal and opposite. Tables 1.6 and 

1.7 show the conditions for data resulting from screw axes and glide planes 

respectively. 

24 



I. The Organic Solid State Structure and Analysis 

Axis 
parallel to 

Row 
Condition 
for 2i, 42, 

63 

Condition 
for 3], 32, 

6 2 , 6 4 

Condition 
for 4i, 43 

Condition 
for 6 1 , 6 5 

a AOO li = 2n h = 3n h = An h = 6n 
h 0^0 k = In k = 3n k = 4n k = 6n 
c 00/ l = 2n I = 3n I = An I = 6n 

Table 1.6 Conditions for data resulting from screw axes. 

It is not possible to associate translation with any of the improper symmetry 

operations except reflection. Here, there are several possibilities all being parallel to 

the plane of reflection. These are glide-planes and are usually one of three types 

depending on the direction of translation. In each case the translation will be some 

way along one (or two) of the crystallographic axes. 

Glide planes also create absent data but the effect will be more general as it will 

affect all crystal planes perpendicular to the glide plane thus creating a group of data 

known as a zone. 

Normal to 
glide plane 

Direction of 
glide 

Glide plane 
symbol 

Zone affected 
Condition for 

observed 
intensity 

y+Vi b k = 2n 

a axis [ 100] 
Z+V2 

y+'/2,Z+'/2 
c 
n 

OA:/ 
I = 2n 

k+l = 2n 
y+'/>.z+'/4 d k+l = 4n 

x+Vi a h = 2n 

h axis [010] 
Z+V2 

x+Vi.i+Vi 

c 
n 

AO/ 
I = 2n 

li+l = 2n 
\ + V.l,Z+V4 d h+l = An 

X+V2 a h = 2n 

(• axis [001 ] 
y+Vi 

\+V2.y+V2 

b 
n 

/zM) 
k = 2n 

h+k = 2n 
x+'/4,y+'/> d h+k = An 

[110] 
Z+V2 

x+'/i.y+'/i.z+'/i 
c 
d 

hhl 
I = 2n 

2h+l = An 

Table 1.7 Conditions for data arising from glide planes. 

The symmetry displayed by the geometry of the crystal lattice (and reciprocal 

lattice) with no reference to the intensities of individual reflections is the metric 

symmetry. The metric symmetry can never be lower than the Laue symmetry but it 

can be higher e.g. an orthorhombic cell with a = b is metrically tetragonal at least. 
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The most coninion problem is a failure to recognise the presence of symmetry 

elements in the cell determination procedure. Thus, a centred monoclinic cell may be 

reported as triclinic. In most cases this is due to automated procedures making 

incorrect decisions concerning the equality of numbers due to experimental or 

computational rounding errors. It is usually a good idea to test the cell symmetry 

once the final refined cell parameters have been obtained. Alternatively, an 

independent check using a program employing a different algorithm may be 

attempted. The program LEPAGE [Le Page, 1982] is particularly useful for this 

purpose. 

Combining the information gained from identifying systematic absences and the 

translational symmetry elements, together with the determination of the Laue 

symmetry described earlier, it becomes possible to assign the space group. 

1.4.4 The Solution of the Phase Problem 

Many methods of structure determination have been termed "direct" (e.g. Patterson 

function. Fourier methods) on the basis that it is possible to proceed in logical steps 

from the measured X-ray intensities to a complete solution of the crystal structure. 

However in this context the term "direct" is used for those methods that attempt to 

derive the structure factor phases, electron density or atomic co-ordinates by 

mathematical means from a single set of X-ray intensities. Of these, the 

determination of phases is the most important in small molecule crystallography. For 

structures with a centre of inversion, for which O = 0 or 71 only, achievement of a 

correct structure is much quicker. Sometimes the heavy atom method produces the 

full structure in the first map. 

It is thus possible to write the Structure Factor Equation as follows: 

Phki = '\ki Equation 1.23 

[cos2;r(/a . +1:.^ )+cos2K{h{-x • )+k{-y. )+l(-z^)]} Equation 1.24 

= ^ / \ c o s ( A l + c o s ( - A ' ) Equation 1.25 
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:^_/.2cos(A') Equation 1.26 

B,., =...sin( 5 ' ) + . . . s in( -B '] Equation 1.27 

B , . , - . . . s i n ( B ' ) - . . . s i n ( f i ' ) 

B hki = 0 

Equation 1.28 

Equation 1,29 

Then, 

- t a n ' B / A = t a n ' 0 Equation 1.30 

Thus 

Ohki = 0 or 180^ Equation 1.31 

For ccntrosyiiimetric structures the sign of a structure factor is often quoted 

because the phase angle, a , must be 0° or 180°. which implies that; 

cosa = ±1, sina = 0. 

1.4.5 The Physical Basis of Direct Methods 

If the amplitude and phase of a structure factor were independent quantities, direct 

methods could not calculate phases from observed structure amplitudes. Structure 

factor magnitudes and phases are linked through knowledge of the electron density. 

Thus, if phases are known, magnitudes can be calculated to conform to the knowledge 

of electron density. Similarly, phases can be calculated from magnitudes. If, 

however, nothing is known about the electron density then neither the phase nor 

magnitude can be calculated. 

Assuming something is known about the electron density, then it is possible to 

recognise the right answer. Characteristics and features of the correct electron density 

can often be expressed as mathematical constraints on the function p(x) which is to be 

determined. Since p(x) is related to the structure factors by a Fourier transformation, 

constraints on the electron density impose conesponding constraints on the structure 

factors. As the structure amplitudes aie known most constraints restrict the values of 
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slructiirc facloi" phases. In some cases there is sufficient information to determine the 

phase values directly. 

1.4.6 Constraints on the Electron Density 

The correct electron density must always possess certain features such as discrete 

atomic peaks (at sufficiently high resolution) and can never possess other features 

such as negative peaks. The electron density constraints that may be used in structure 

determination are shown in Table 1.8. Constraints that operate over the whole cell are 

more powerful than those that only affect a small volume. 

Constraint Use 
discrete atoms normalised structure factors 

p(x)>() Inequality relationships 

1 = max phase relationships and tangent formula 

equal atoms Say re's equation 
partially known structure modification of probability relationships 

-J p(x)ln (p(x)/(/(x))dV maximum entropy methods 

equal molecules molecular replacement method 

p(x) = constant density modification techniques 

Table 1.8 Hlectron density constraints. 

1.4.7 Automated Structure Determination by Direct Methods 

Direct methods of structure determination have become popular because they can be 

fully automated and therefore easy to use. Computer programs that solve crystal 

structures, in this way. are readily available for desktop computers. Such a program 

will carry out most of the following operations: 

1. Calculation of normalised structure amplitudes (E's) from observed (Fobs) values. 

This calculation will also determine the absolute scale of F's and produce intensity 

statistics as an aid to space group determination. Great care must be taken in the 

estimation of E's for low-angle reflections. 

2. Set up phase relationships. 

The phase relationships will become terms in the tangent formula. Correct 

application of space group symmetry to the phase relationships leads to more 

accurate results. 
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3. Find the rcllections lo be used for phase determination. 

Use the convergence procedure of Germain, Main and Woolfson [1970] to pick the 

strong reflections used for phase determination. 

4. Assign phase values. 

Starting phases are assigned using magic integer phase permutation [Main, 1978]. 

Either a small number of starting phases may be used or values may be assigned to 

all phases. 

5. Phase determination and refinement. 

New phases are determined and the complete set of phases refined using the 

weighted tangent formula. 

6. Calculation of figures of merit. 

The figures of merit can be used to detect a correct solution and stop the phase 

determination at that point. 

7. Calculate and interpret the E-map. 

Maps may be calculated in order of figure of merit. Simple stereo-chemical 

criteria are applied to peaks found in order to produce a chemically sensible 

molecule. Alternative interpretations of the map may be produced if necessary. 

if some atoms are missing from the map. the standard method of finding them is to 

use a weighted Fourier. Phases calculated from the known atoms may be used with 

weighted magnitudes in order to obtain the next map. Usually one or two iterations 

are sufficient to complete the structure. 

1.4.8 Patterson Methods 

A. Lindo Patterson [1934] was the first to show that a Fourier summation could be 

made using phase-less |F|- as coefficients. The function, the Patterson method, is 

directly derived from the directions and intensities of the diffracted beams and result 

in a vector map of the structure, where the value of the vector peak is proportional to 

the product of t h e / s for the atoms concerned. 

cos2>^(//»-t-/:v-i-/vi') Equation 1.32 
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For a heavy atom struclure, the vectors between the heavy atoms are obvious since 

they are rare. This process is much facilitated by the knowledge of the space group 

symmetry. These positions provide the means for a first approximation of the phases 

via the use of the Structure Factor Kquation. In this way electron density maps can be 

computed by combining the newly computed theoretical phases with the actual 

observed |/\,| values. Thus, features additional to the heavy atom distribution in the 

structure are revealed. Inclusion of the co-ordinates of these further atoms gives 

improved calculated phases, an improved electron density map allowing for the 

identification of still further atoms. This iterative procedure usually has to be 

followed for structures that have general values for the phases (i.e. structures that have 

no centre of inversion). Thus the heavy atom phasing is "right or wrong" and the 

chances are that the heavy atom contribution will be correct. 

1.5 Structure Refinement 

The aim of the experiment is to obtain a description of the crystal structure in terms of 

numerical parameters that best fits the evidence given by the diffraction pattern 

[Clegg, 1997]. Once reliable estimates of the reflection phases (rarely available by 

direct experiment) and the Fourier transformation of the experimental reflection 

amplitudes are obtained it is possible to produce a three-dimensional electron density 

map. 

It is rare for a staicture to be presented in terms of electron density. Usually it is 

described in terms of atom types, positions and displacement parameters. These 

values are often cited with estimates of precision. 

The best fit of the structural parameters to experimental data can be defined in 

various ways, the traditional least-squares refinement being only one example. In this 

method the calculated diffraction pattern coiresponding to the numerically 

parameterised model structure (by Fourier transformation) is compared with the 

observed diffraction pattern. Since the experiment provides only amplitudes (no 

intensities) and no phases for the reflections only these can be compared. Thus, 

altering the parameters of the model structure changes the calculated 

amplitudes/intensities. The observed amplitudes/intensities, however, remain 

unchanged. 
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Best fit may be defined as minimising the function: 

X! d h I i r or ^ w{f,; - F; f or ^ w(/„ - /,.)" Equation 1.33 

where each reflection has an assigned weight w that is an estimate of the precision 

of the measured amphtude/intensity. 

Least squares is widely used for structure refinement because: 

• It is based on a well-known standard mathematical procedure. 

• It has been found to be reliable. 

• It provides estimates of the precision of the refined parameters as well as the 

parameters themselves. 

As the mathematical function involved is non-linear, an initial model is required. 

It should be noted that least squares is prone to serious disturbance by poor fitting 

data points (outliers) and by inappropriately chosen weights. 

1.5.1 Data 

The minimisation function in the least squares refinement is: 

^ M (r, - y )- Equation 1.34 

where Y is usually either |F| or F'. 

There may be sound statistical reasons for allowing F to be equal to I (the raw 

intensities) and for including, as parameters that can be refined, the various 

corrections applied in data reduction that allow for the conversion of / to F'. In 

practice, however, this is rarely done except for the common inclusion of an 

extinction parameter(s). For instance, Lorentz polarisation (Lp) correcfions are not 

dependent on the structural model. These parameters and their inclusion in data-

reduction will be discussed in more detail in the Experimental Section. 

Currently, refinement on F' is the fashion, while refinement on \F\ has fallen into 

relative disfavour. F~ allows all measured data to be used and suitably weighted. 

Inclusion of the very weakest reflections in F refinements is complicated by the 

difficulty of measuring cF from the experimental a (F ' ) values when F~ is zero or 
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negative. Also, negative intensities are a problem since a square root becomes 

meaningless. Omitting them or replacing them by zero or a small positive value 

introduces a bias that will affect the atomic displacement parameters. Weak 

reflections especially when neighbouring reflections are strong can give valuable 

information about the relative position of atoms. Certainly refinement against is 

superior to refinement against F above a particular threshold. It also solves the 

problem of settling in local minima and makes the treatment of twinned and non-

centrosymmetric structures easier. There is, however, a problem when collecting high 

angle data, when it is weak, as it will contain little or no information. 

When there is a shortage of data it is important not to attempt to refine too many 

parameters. The current guideline minimum data/parameter ratio in the 'Notes for 

Authors of Acta Crystallo^raphica C [lUCr, 1997] is eight with data collected to a 

resolution (d spacing) of (),84A or better Omux > 25° for molybdenum Ka, 67° for 

copper). Perhaps a better guide is the ratio of observed data [those with Fj > 

for instance] to refined parameters. This value should exceed six. Note, symmetry 

equivalent data should always be merged and not treated as independent for such 

calculations. However Friedel opposites are treated as distinct data for non 

centrosyminetric structures where there is significant anomalous scattering. 

The correct weighting of reflections is important for a successful refinement. In 

principle, the weight of each reflection should be inversely proportional to the 

estimated variance of its amplitude/intensity. Thus in a refinement on F', 

M = l/(T-(/••„-) is appropriate provided the values are correctly estimated. 

The progress of refinement is directly monitored by the value of the minimisation 

function. This should reduce, eventually converging to a minimum. Various residual 

factors or R indices are commonly quoted. These provide a normalised version of the 

minimisation function. 

The index most closely related to the minimisation function is: 

WR = ^ «•(>'„ - y,)- / ̂  «r,r }''" Equation 1.35 

which incorporates the reflection weights. 
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Historically, an unweighted index has been widely used: 

^ Equation 1.36 

based on |F| values of observed reflections. The advantage of calculating and quoting 

this index together with vi R is that it provides a comparison with older work. It is also 

relatively insensitive to changes in the weighting scheme. 

The goodness of fit may be defined as: 

.9 = M'(r„ - K,)- /{n - P)]'' Equation 1.37 

for N data and P refined parameters. 

In theory if the weights are correct S should be close to unity. Although an 

indicator of success, it is a poor way of assessing the quality of fit between the 

observed and calculated data. S is better used for different groups of reflections, for 

example, ranges of reflection indices. Bragg angle or F' values. Any systematic 

trends indicate either a fault in the model structure, a problem with the data, 

inappropriate weights or a combination of these. 

An analysis of variance can be used as a basis for making small adjustments to the 

weighting scheme particularly the addition of F~ dependent terms to the experimental 

fT-(/•;,-) values but any unusual weighting functions that result should be regarded with 

suspicion. The weighting scheme should not be adjusted until all the desired 

parameters have been included in the refinement otherwise down weighting will 

suppress important information about deficiences of the structural model. A list of the 

worst agreements between observed and calculated reflections helps to identify 

outliers which may be removed from the data set on the grounds of experimental error 

(such as a hardware fault or a reflection obscured by the beam stop) but this should 

not apply to more than two or three reflections. 
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1.5.2 Parameters 

Parameters are the (mainly numerical) descriptors of the model structure. Those that 

are usually recognised and regarded as available for refinement in any structure are: 

• Atomic co-ordinates. There are three for every atom in a general position but one 

or more of these will be constrained for an atom in a special position. 

• Atomic displacement parameters. One U (or B) value per atom for an isotropic 

model (equal displacement in all directions), six U values per atom for an 

anisotropic model. The anisotropic model is represented by the ellipsoid 

representation with three principle axes in defined orientations. There will be 

fewer than six in certain special positions. 

• Overall scale factor to bring the observed (arbitrary scale) and calculated 

(dependent on the number of electrons in the unit cell) amplitudes/intensifies to 

the same scale. There may be further scale factors, for example, one or more 

parameters may be required to deal with extinction effects. 

Additional parameters may be required for twinned structures and one parameter is 

required for the absolute structure determination of non-centrosymmetric structures. 

Another atomic parameter that can be refined is the site occupancy. This is 

constrained to unity in most cases, i.e. not allowed to refine but is available for 

manual adjustment or automatic refinement in cases of structural disorder which may 

be modelled by partial occupancy. The number of parameters rises sharply for 

structures with substantial disorder. 

it should be noted that atom types also constitute structural parameters. They enter 

calculations as atomic scattering factor functions. These are not refined but assigned 

on the basis of expected structures and the electron densities found in the calculated 

maps. 

The space group is also a parameter of the model structure. The space group 

affects the treatment of data by the choice of which portions of reciprocal space are to 

be measured and in the merging of proposed symmetry equivalent reflections as well 

as their refinement. In most cases, unambiguous space group identity is fixed from 

the outset by the systematic absences. 

One of the most important decisions to be made during refinement is whether to 

treat hydrogen atoms with free refinement of their parameters or to apply 
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conslrainls/rcstraints to them. This decision depends on the purpose of the 

experiment and the quahty of data but the low electron density of hydrogen atoms 

makes their refinement much less precise than that of other atoms. Also, the non-

spherical distribution of the electron density around the hydrogen nucleus introduces 

systematic displacements of the atom positions derived from X-ray diffraction 

compared to that obtained from neutron diffraction. In some cases free refinement of 

hydrogen atoms yields no significant improvement of fit and produces geometry of 

low precision. It is not usually recommended unless the hydrogen atoms are of 

particular interest or are difficult to place geometrically such as in the case of 

hydrogen bonding. 

1.5.3 Constraints 

Constraints and restraints are methods used in cases where parameters should be fixed 

to certain values, for example by symmetry (constraint) and help in difficult situations 

such as disorder (restraint). A constraint is an exact mathematical relationship that 

affects one or more parameter(s) in such a way that not all the parameters can be 

freely and independently refined. Its application reduces the number of refined 

parameters either by fixing some or by tying some together. It must be obeyed no 

matter what the cost to the overall refinement. It is absolute. A restraint is an 

approximate target for a particular parameter or a function of some parameters. It 

provides an extra piece of information about the structure that is used by the 

refinement alongside the diffraction data. The contribution to the diffraction data is 

llexible. 

1.5.4 Refinement Procedures 

For the refinement of P parameters from N data each cycle involves a symmetric PxP 

matrix and a single airay of length P. The individual data points and their 

mathematical derivatives with respect to each of the parameters contribute to the 

elements of the matrix and the array. After construction the matrix is inverted and 

used to calculate parameter shifts and standard uncertainties. Such a process is called 

full-matrix least squares refinement. 

Most of the off-diagonal terms of the least squares matrix are usually much smaller 

than those on the diagonal. Ignoring them (treating them as zero) is to apply the 

diagonal approximation method. 
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The course of a refinement can be directly monitored by the decreasing value of 

the minimisation function or the various residual factors previously described. A 

more sensitive gauge of convergence is the ratio of each parameter shift to the 

corresponding parameter standard uncertainty. For an acceptable convergence all 

shift/standard uncertainly ratios should be smaller than unity (< 0.01). Refinement 

usually involves progressively changing and adding parameters until a satisfactory 

result is obtained. Each stage increases the complexity of the model structure e.g. 

conversion from isotropic to anisotropic, incorporation of hydrogen atoms, modelling 

disorder. Whenever more parameters are added the refinement has a greater degree of 

freedom and a closer fit of observed and calculated data is found. 

1.5.5 Disorder 

Disorder is usually a random (not systematic) variation in the detailed contents of the 

asymmetric unit of the crystal structure. For an ideal structure all asymmetric units 

are exactly equivalent under the conditions imposed by space group symmetry. At 

any given time, each atom is undergoing vibration and these movements may not be 

correlated through the structure. However, the atomic displacement parameters will 

represent equivalence, on a time-averaged basis. Large amplitudes of vibration are 

sometimes referred to as dynamic disorder. 

In static disorder the disorder is truly random and the asymmetric unit represents 

an average picture. This appears in the model as partially occupied sites. The result 

is disorder with atom sites that are closer than normal bonding distances and are likely 

to require constraints/restraints to assist in their refinement. 

It is not always obvious whether large atomic displacement parameters are a 

genuine representation of high dynamic disorder or whether they mask some kind of 

static disorder. Careful examination of electron density maps is essential when this 

occurs. Low temperature data collection can help, as it reduces dynamic disorder and 

makes static disorder easier to resolve. 

In the worst cases of disorder, usually affecting solvent molecules, individual 

atomic sites do not make geometrical sense and cannot be resolved at all. In this case 

a collection of partial atoms must be refined as an approximate fit to the diffuse 

electron density. 
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vv 

1.5.6 Absolute Structure 

As a first approximation all diffraction patterns are centrosymmetric (even for non-

centrosymmetric structures): 

I(hkl) = l( h k I ) Equation 1.38 

Thus obeying Friedel's Law. 

Friedel's law states that when X-rays are scattered by an atom, the phase of the 

scattered wave differs from that of the incident wave by a constant amount (180°). In 

fact, atoms of different elements introduce different phase shifts and these are 

/avelength dependent. This effect is called anomalous scattering and is represented 

mathematically by adding an imaginary component /A/''to each atomic scattering 

factor thus making it complex instead of real (note there is also a real anomalous 

scattering component A/'). 

For a centrosymmetric staicture the anomalous scattering effects for reflections hkl 

and li k I cancel out so that Friedel's law is maintained. For non-centrosymmetric 

structures they do not although the differences are small and often require careful 

measurement. 

This difference means that the diffraction pattern for a particular non-

centrosymmetric structure and for its inverse are not identical and so it is possible to 

determine the absolute structure. In practice with good quality data (including 

Friedel pairs) the determination of absolute structure requires the presence of at least 

one silicon (or heavier) atom in the asymmetric unit when using molybdenum 

radiation and the presence ot at least an oxygen atom with copper Ka radiation. 

It is important to always cany out such a procedure for non-centrosymmetric 

structures even it the absolute structure is not of primary concern. Refinement of the 

incorrect handedness particularly in a polar space group can introduce serious 

systematic eiTors in the structure retmement. 

The absolute structure determination can be carried out by separate successive 

refinements of a structure and its inverse partner. This allows for comparison of 

results. Alternatively the structure may be refined as a racemic twin, one structure 

consisting of two components which are the inverse of each other, in a refinement 

containing the twin law (-1 0 0 . 0 - 1 0 . 0 0 - 1 ) . The twin component parameter 
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should refine to either zero or unity depending on whether the current model is correct 

or inverted. This procedure is computationally inexpensive, especially when using 

refinement. The result is a numerical parameter with a standard uncertainty (su) as an 

indication of reliability. An intermediate result indicates the presence of a racemic 

twin. 

1.5.7 The Derivation of Results 

The primary results of a structure determination are those parameters obtained in the 

least squares refinement. Usually they consist of three positional co-ordinates and a 

number (often one for isotropic and six for anisotropic models) of the so-called 

temperature factors for each atom. Other important parameters in this context are 

those for extinction and the overall scaling of observed and calculated data sets. 

These parameters may have been refined as independent values or there may be 

various constraints/restraints applied to their refinement. The refinement supplies not 

only values for parameters but also estimated standard deviation for each one. 

Although useful the primary results are not the main object of the structure 

determination experiment. Rather the interest is focussed on the molecular geometry 

and the intermolecular interactions. Thus the secondary results must be derived e.g. 

bond lengths, bond angles, torsion angles and other distances that allow the 

specification of geometry and conformation. If these results are to be of value then 

they must carry an estimate as to their reliability. This is provided by the standard 

uncertainty (su) for each derived value. 

1.5.8 Bond lengths, Bond Angles and Torsion Angles 

Several standard crystallographic texts give equations for the calculation of molecular 

geometry parameters from atomic co-ordinates and unit cell dimensions. These are 

expressed in trigonometric or vector notation and some involve conversion from unit 

cell axes to arbitrary orthogonal axes. 

For a triclinic structure the bond length (or the distance) between two atoms is 

given by: 

/' = («Av)'-H(/;A\0"+(rA-)-+2/;c cos«A>Ac-H2̂ Yrco.s/?AvA--h2a/7COS}̂ S.vAy Equation 1.39 
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and the bond angle 6̂  Ibr three atoms A-B-C is given by the cosine rule: 

cosz?- (/ii +/,],. -/,ir)/2/,M hu: Equation 1.40 

Torsion angles measure the conformational twist about a series of four atoms 

bonded together in sequence to form a chain A-B-C-D. The torsion angle is defined 

as the rotation about the B-C bond that is required to bring B-A into coincidence with 

C-D when viewed from B to C. The generally accepted sign convention is that a 

positive torsion angle corresponds to a clockwise rotation. 

It is worth noting that: 

• The torsion angle D-C-B-A is identical in magnitude and sign to the torsion angle 

A-B-C-D so there is no ambiguity in the description. 

• The torsion angle for equivalent sets of atoms in a pair of enantiomers have equal 

magnitudes but opposite signs. 

1.5.9 Least squares Planes and Dihedral Angles 

It is sometimes desirable to assess, whether or not. a group of atoms are actually all in 

one plane and if not how much they deviate from co-planarity. This is particularly the 

case for cyclic groups. When more than one plane (exact or approximate) can be 

defined in a structure the angles between the planes may be of interest. 

The usual method of assessing the planarity of a group of atoms is to fit an exact 

plane to the atomic positions by a least-squares method of calculation. The plane is 

chosen so as to minimise ^ ^ (See Equation 1.42 below) where A\ is the 

perpendicular distance of the /'th atom from the plane. There are n atoms to be fitted 

and each has a relative weight Wj in the calculation. In the calculation the weights 

used should be proportional to I/a" where is the variance for the atomic position in 

the direction perpendicular to the required plane. 
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Calculation of a Icasl-squares plane also provides a 'root mean square deviation' 

(rnis) of atoms from that plane: 

rms A = 

, 1 / 2 

Xvv,A] 
i= l Equation 1.41 

and this quantity may be used to assess whether deviation from planarity is 

significant. 

The angle between two planes is called the dihedral angle, though this term may 

be casually used instead of torsion angle in some cases. This term, therefore, requires 

some care in its interpretation. 

1.6 Spectroscopic Studies of Organic Solids 

Vibrational spectroscopy (infrared (IR) absorption and Raman scattering) contains 

important information about the molecular motions of pairs or groups of bonded 

atoms in the solid state. Such information is often site specific in nature. 

Similarly nuclear magnetic resonance (NMR) can be used to probe the 

environments of atoms in the solid state. In this case, however, structurally non-

equivalent nuclei resonate at observably different frequencies. 

The following section describes the major spectroscopic methods used in 

association with this thesis and is based on a review article by Harry G. Brittain 

[1997]. 

1.6.1 Vibrational Spectroscopy: IR and Raman 

The energies associated with the vibrational modes of an organic solid lie within the 

range 400-4000cm '. These modes can be observed directly through absorbance in 

the IR region of the spectmm using Fourier Transform IR. FTIR has become the 

method of choice for pharmaceuticals. Mid IR machines are now routinely used for 

identity purposes as the pattern of absorption bands (fingeiprint) is taken as diagnostic 

for a given organic compound. Acquisition of high quality IR spectra on solid 

materials is best achieved with FTIR as this approach minimises transmission and 

beam attenuation problems. All FTIR spectrometers use a Michelson interferometer 
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to split the incident radiation into two beams. One beam follows a path of fixed 

distance before being reflected back into the beam splitter. The other travels a 

variable distance before combining with the first beam. The recombination of the 

beams produces an interference pattern in which the time dependent constructive and 

destructive interference results in a cosine signal. Each wavelength emitted from the 

source will, thus, produce a unique cosine wave with a maximum at the zero pathway 

difference (ZPD), which subsequently decays as it gets further from the beam. The 

detector is positioned incident to the radiation of the central image of the interference 

pattern. This allows the intensity variations of the recombined beam to be manifest as 

phase differences. Resolution of component cosines allows the contribudon from 

individual wavelengths to be observed. 

Alternatively, the vibrational modes of an organic compound may be measured 

using Raman spectroscopy. In this technique the inelastic scattering of radiation by a 

non-absorbing medium is measured. When a beam of light is passed through a 

medium approximately one in every million photons is scattered with a consequent 

loss or gain of energy. The inelastic scattered radiation can occur at lower (Stokes 

lines) or higher (anti Stokes lines) frequencies depending on the vibrational transition 

frequencies of both the sample and the medium. The actual intensities of the Stokes 

and anti Stokes lines are determined by using the Boltzmann factor for the vibrational 

population. At high frequency vibrations the Stokes lines are more intense. Raman 

spectroscopy makes exclusive use of these lines. The Raman effect originates from 

the interaction of the oscillation-induced polarisation or dipole moment of the 

medium with the electric field vector of the incident radiation. Raman spectra are 

measured by passing a laser beam through the sample and observing the scattered 

light produced perpendicular to the incident beam. The scattered light is analysed at a 

high resolution by a monochromator eventually being detected by a suitable device. 

Practically, it is important to remember to use "notch-filters" to eliminate the exciting 

line. This allows the attainment of a good signal to noise ratio. With the correct 

assignment of equivalent and non-equivalent bands to molecular vibrations it is 

possible to use vibrational spectroscopy to deduce the molecular origins of the 

observed polymorphic status. Use has been made of the carbonyl group energy, 

associated with its distinctive stretching mode to distinguish between the polymorphs 

of fosinopril [Brittain et ai, 1993]. Vibrational spectroscopy has been used to 
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determine the presence of solvate molecules in the lattice, e.g. cefepime dihydrate 

[Bugay, Newman and Findlay, 1996]. 

Although both IR absorption and Raman scattering yield information on energies 

of the same vibrational bands, the different selection rules governing their band 

intensities produce quite different spectra. For the low symmetry situations found in 

pharmaceutical compounds every band will be active in both IR absorption and 

Raman scattering. The relative intensities will however differ according to the 

technique. For example, in order for a particular mode to be IR active the associated 

dipole must vary during the vibrational cycle. Consequently, centrosymmetric 

vibrational modes are IR inactive. The principal selection rule for a vibrational mode 

to be Raman active is that the nuclear motions involved produce a change in 

polarisability. Of special importance in this context is the use of lattice parameter 

measurements caused by small changes in stoichiometry such as those found during 

the inclusion of solvates. 

In the diffuse reflectance (DRIFTS) technique the substance to be examined is 

dispersed in a matrix of powdered alkali halide and placed in a sample cup in the 

diffuse rellectance accessory. A wide cone of radiation illuminates the sample and 

the retlected radiation collected over a wide angle. The effects of multiple-scatter and 

multiple-rellcctions within the sample over a wide range of incidence and reflection 

tend to reduce orientation effects. The observed spectrum results from transmission 

through crystals rather than reflection from individual faces. Acceptable spectra of 

polymorphs can generally be obtained by this technique negating the need even for 

gentle grinding for discs or mulls. 

For these reasons DRIFTS has been adopted by Dr Terry Threlfall [1995] as the 

presentation method of choice for the initial examination of the IR spectra of 

polymorphs. 

1.6.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectroscopy is best used to identify individual chemical environments of 

specific atoms. With advances in instrumentation and computer pulse techniques 

these studies can now be routinely undertaken in the solid state. Although in theory 

any nucleus that can be studied in the solution phase may also be studied in the solid 

state work has focussed on ' ^C studies. As with vibrational spectroscopy extensive 

collections of ' ^C resonance, for various functional groups, are available. These may 
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be useful for the initial assignment of functional groups. Proton 'H NMR remains 

very difficult to achieve in the solid state and data can only be achieved at medium 

resolution. This is due 'H NMR having one of the smallest isotropic chemical shift 

ranges (12ppm) in the solid state whilst peak broadening effects can span several ppm 

in magnitude. 

Although spectroscopic studies have been very useful in the physical 

characterisation of pharmaceutical polymorphs, for example Apperley et ai, 1999, 

this thesis will be concentrating on the X-ray crystallographic analysis of a typical 

polymorphic compound, sulfathiazole. Before embarking on such a study it is 

pertinent to introduce and define the topics of polymorphism and 

pseudopolymorphism. 
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Chapter Two 

Polymorphism 

2.1 Polymorphism 

2.1.1 The Definition of Polymorphism 

The phenomenon of polymorphism, in which one molecule can adopt more than one 

crystal structure, is well known and currently the subject of much experimental 

[Blagden et al., 1998] and theoretical [Gavezzotti and Filippini, 1996] interest. 

When a compound is isolated in different polymorph modifications, each with the 

potential of possessing unique properties, the chemist is presented with a degree of 

tlexibility of choice for a given application. Balanced against this flexibility are the 

considerable practical difficulties that can arise in ensuring reproducible preparation 

of a specific polymorph. It is essential to ensure that transformation to another form 

does not occur, in the chosen application, as free energy differences between 

polymorph forms are generally small (around a few kJmol"') and the process of 

crystallisation can be affected by many physical parameters. Minor variations in 

preparative conditions can alter the balance in favour of crystallisation of a polymorph 

that is not necessarily the thermodynamically most stable. This element of 

unpredictability in the outcome of the crystallisation process has serious implications 

for predictability in crystal engineering where the specificity of molecular 

organisation in the crystalline state is crucial. 

In accordance with Bernstein [1995] we propose that the existence of 

polymorphism provides an unique opportunity for the investigation of structure-

property relationships since by definition the only variable is that of structure. For a 

polymorphic system, any differences in properties among the polymorphs must be due 

to differences in structure. The question of similarities and differences in molecules 

and packing arrangements that allow compounds to qualify as polymorphs is a matter 

of semantics [Threlfall. 1995]. However, the concept allows us to explore the roots of 

the understanding of the organic solid state. 

Organic compounds tend to form different polymorphs owing to weak non-

directional intermolecular interactions that exist in the solid state. 
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Polymorph (diniorph, trimorph etc), form and modification are all used to 

describe polymorph phases but form and modification may also be used to describe 

crystal habit. Polymorph and form have been used to describe solvates whilst the 

term pseudopolymorph is also used for solvates. 

Crystallisation of a specific polymorph from a melt, solution or vapour commences 

with nucleation i.e. the formation of a critical "embryonic" nucleus that is the 

structural blueprint for subsequent development and growth of the macroscopic 

crystal. The factors determining nucleation rate, e.g. the associated Gibbs free energy 

of activation and interfacial energy, generally differ for polymorphs of the same 

substance. Since in a supersaturated solution nuclei of all possible polymorphs exist, 

the competitive nucleation process kinetically complicates the outcome of 

crystallisation. 

Ostwald [ 1897] stated that at high supersaturation the first form that crystallises is 

the thermodynamically least stable (most soluble) form. This form subsequently 

dissolves and transforms into a more stable one. The cycle continues until only the 

thermodynamically stable (least soluble) polymorph remains. The practical 

implication is that it should be possible to isolate different polymorphs of a given 

compound at different levels of supersaturation and supercooling. In this way it 

should be possible to exercise some control over the crystallisation process. 

At a given temperature and pressure only one polymorph form of a substance is 

thermodynamically stable, the rest being metastable. Since the rate of transformation 

of metastable polymorphs to the stable ones may be slow it is common to encounter 

several polymoiphs of a single compound under normal laboratory conditions 

I Bernstein, 1999]. 

Hnantiotropic and monotropic polymorphs have been defined by Kuhnert-

Brandstatter [1971]. Enantiotropic polymorphs can be inter-converted below the 

melting point of either polymoiph while monotropic polymorphs can not. Thus for a 

monotropic pair one form is stable throughout the temperature range. Enantiotropic 

and monotropic polymoiphs can also be described in terms of their Gibbs free energy, 

G. This has a minimum value for the thermodynamically stable phase and larger 

values for the metastable phases. In this way the polymorph with the higher entropy 

will tend to become the stable form at higher temperatures (Figure 2.1a, species B). 

Above T, (the transition temperature) B is the stable polymorph while A is metastable 

and vice vcrsci at temperatures below T|. In an enantiotiopic system (Figuie 2.1b) the 

45 



2. Polymorphism 

IVcc energy curve for the common liquid phase L intersects A and B at T > Tt. In this 

case the lower melting form (A) is stable at T < Tt, the higher melting form is stable at 

T > Ti and the transition between the forms is in principle reversible. 

In practice, since transition temperatures are often in the range 20-200°C, one 

practical implication of enantiotropy is that conversion may be favoured during 

routine manufacturing processes. However, for a system displaying monotropy (as 

shown in Fig 2.1 c) curve L intersects A and B below Tt and the higher melting form 

(A) is always the thermodynamically stable one. Thus below the melting point only 

one form is stable and the other metastable. If a desired metastable polymorph is 

obtained during manufacture it will revert to the stable polymorph under suitable 

conditions e.g. in suspension, via solvent mediation or during compression. It follows 

that to prepare a specific polymorph and to be aware of its fate during handling it is 

useful to know the transition temperatures and thermodynamic stability of all forms 

that may exist in a system. 

G 

A) 

G 

B) 

C ) 

T R T B 

T R T B 

Figure 2.1 Gibbs free energy vs temperature for A) a dimorphic system exhibiting B) 
enantiotropy C) monotropy. 
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The general eonsiderations outlined above highlight the importance of nucleation 

and the role of environmental conditions such as solvent and temperature in the 

crystallisation of polymorphs. These areas continue to be of interest especially in the 

context of polymorph control during crystallisation. 

The possibility of relating solvent effects to polymorph crystallisation, at the 

molecular level, may be realised when the individual crystal structures of the 

polymorphs are known. An analysis of this kind was carried out for the anti-

intlammatory drug piroxicam by Janik et cil. [1991]. Piroxicam was found to 

crystallise as the (X polymorph from proton donor and basic solvents. Whilst the [3 

polymorph was crystallised from non-polar solvents. On the assumption that 

crystallisation of a drug requires release of solvent molecules from the host molecule 

it was possible to reconcile the observed intermolecular hydrogen bonding 

arrangements in the crystals. Thus, infinite chains in the a form and cyclic dimers in 

the (3 form were correlated with probable sites of solvation on the piroxicam 

molecule. 

In this way formation of the polymoiphs from the different solvent systems can be 

rationalised. A combination of polymoiph crystal structural data with appropriately 

detailed solvation model is an useful adjunct to existing methods of rationalising or 

predicting the outcome of polymorph crystallisation from solution [Caira, 1998]. 

2.1.2 The Significance of Polymorphism 

Much of the literature on the polymorphism of organic compounds relates to 

pharmaceutical products. The incentive for this interest began with the requirement to 

satisfy regulatory authorities regarding the bioavailability of new chemical entities. 

As formulations have become more sophisticated and tolerances on products have 

become tighter the need to identify polymorph behaviour at an early stage of 

development has become more important. Systematic investigations of a compound 

to determine whether it is prone to polymorphism as well as its nature (enantiotropic 

or monotropic) is routine practice in pharmaceutical pre-formulation studies. 

The extent of polymoiphism was summarised by McCrone [1965] when he stated: 

'Probably every medicinal compound can exist in different polymorphic forms.' 
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Kuhncrl-Brandstalter and Riedman [1987] underlined this point with: 

'Over one third of all organic substances exist in two or more polymorphic 

forms.' 

Much pharmaceutical patent litigation has involved polymorphs. One case, of 

particular note, involved the Glaxo patent on a polymorph of ranitidine hydrochloride 

(Zantac*^). Novopharm, a Canadian company specialising in producing generic forms 

of leading drug brands emerged victorious after a six-year court battle. The court 

found that Novopharm had established that its product would not contain Form 2 and 

that if the product did contain Form 2 it would be present as an independent 

component or impurity, not as the basis for some improvement or equivalent. The 

court thus allowed Novopharm to market mixtures of Forms 1 and 2 [Glaxo Inc. and 

Glaxo Group Limited vs. Novopharm Ltd., 1994 and Appeal Court, 1996]. This case 

was notable because Zantac^ was the most widely prescribed drug of its time. 

2.1.3 Polymorphism and the Manufacture of Pharmaceuticals 

As polymorphs have different physical properties it is often advantageous to choose 

the correct polymorph for the desired pharmaceutical application. In general the 

pharmaceutical application of a substance will depend on the solubility of each form, 

the purity/stability of the form present and the ability of the chosen form to survive 

manufacturing. 

Several basic questions regarding the polymorphic status of a substance need to be 

addressed at this (the pre-formulation) stage, namely 

• How many polymorphs exist? 

• What is the chemical and physical stability of each of the polymorphs? 

• Can the metastable state be stabilised? 

Microscopic examination and subsequent X-ray powder and single crvstal X-ray 

studies may be used to determine the number of polymorphs present in a particular 

system. 
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The physical stabihty of each form may be determined using the solution phase 

transformation method. This method relies on comparing the relative stability of 

forms to give an overall order of stability. 

The phase transformation method has been used to prepare the metastable form. 

For example, Simmons et al [1972] showed that tolbutamide exists in forms A and B. 

Form B is plate-like and causes powder bridging in the hopper and capping problems 

during tabletting. Form A, however, is not plate-like and, therefore, shows no such 

problems. The behaviour of suspensions also depends on the polymorph present. 

Phase transformation to a more stable polymorph may result in the caking of a 

suspension. A change in particle size may also cause problems when trying to syringe 

a suspension. Caking is a particular problem since a caked solution can not be 

resuspended upon shaking. Additionally, a new polymorph may have new dissolution 

properties that will alter its bioavailability. For example, oxyclozanide [Pearson, 

1969) upon standing in a quiescent suspension, undergoes an increase in particle size, 

due to a solvent mediated phase transformation process between two polymorphs. 

Polymorph transformations can also affect the properties of topical creams. 

Crystal growth of a new phase may cause a cream to become gritty and cosmetically 

unacceptable. For this reason it is usually best to select a polymorph that is the least 

susceptible to phase transformation and crystal growth. This is generally the most 

stable polymorph and thus the least soluble in a cream base. A metastable polymorph 

with high solubility will increase the risk of nucleation and the subsequent 

crystallisation of the more stable form. In some cases metastable forms are used since 

they transform only very slowly to the more stable form. Sometimes this is desirable 

since by virtue of their higher solubility they may have higher bioavailibility. 

2.1.4 Polymorphism and Chemical Stability 

Polymorphs invariably have different physical properties such as melting points, 

densities and crystal structures. In some cases they have different chemical stability 

resulting in changes in activity of the pharmaceutical product. 

One of the most striking examples of the effect of polymorphism on chemical 

reactivity was demonstrated using the polymorphs of o-ethoxy-r/r/zLV-cinnamic acid 

[Cohen and Green. 1973]. Inadiation of the a polymorph yielded the 

49 



2. Polymoi-phism 

cenlrosyinnietric diiner, irradiation of the [3 polymorph yielded the minor symmetric 

dimer whilst with the y polymorph there is no reaction. 

A number of pharmaceutical examples of differing chemical stability of 

polymorphs are known. For example, methylprednisolone crystallises in two forms. 

One form is stable whilst the other is reactive when exposed to heat, ultraviolet light 

or high humidity [Munshi. and Simonelli, 1970]. Macek [1965] has reported that the 

amorphous forms of sodium and potassium penicillin G are significantly less stable 

than the crystalline forms. Crystals of the potassium salt can withstand heating for 

several hours, whilst heating of the amorphous form produces a loss in activity. 

Where there is a problem with the chemical stability of a polymorph form there is a 

need for careful control during preparation and storage. Central to the understanding 

of the origin and control of the polymorph form is the ability to describe and interpret 

the features of molecular behaviour through intermolecular interactions and the 

relationships between crystal structure, crystal growth and crystal habit. 

2.1.5 Polymorphism and Bioavailability 

Bioaviability means the rate and extent to which the active agent or therapeutic 

moiety is absorbed from a pharmaceutical form and becomes available at the site of 

action. 

The rate of absorption of a drug is dependent upon the dissolution rate. The 

dissolution rate in turn is dependent upon the polymorph present. The most stable 

polymorph will have the lowest solubility and in many cases the slowest dissolution 

rate. By ignoring the polymorphic status of a drug, significant dose-to-dose variations 

may occur [Haleblian and McCrone, 1969]. 

Aguiar et cil [1967] showed that a suspension of chloramphenicol palmitate 

containing various ratios of polymorphs A and B demonstrated significant variations 

in bioavailability. A following study by Banerjee etal. [1971] showed the amorphous 

form of chloramphenicol palmitate has greater bioavailability than polymorph A. 

Abbott Laboratories in 1998 announced that it had encountered "An undesired 

crystalline structure that affects how the capsule form of Norvir® (ritonovir) 

dissolves". This created problems due to differential solubility, variable dissolution 

rates and ultimately bioavailability. The answer according to a spokesman for the 

company was: 

50 



2. Polymorphism 

T o provide uninterrupted therapy for our patients regardless of the cost.' 

Not only did this cause a massive technical problem but also resulted in enormous 

financial implications. 

These examples serve to show that the polymorph present can clearly affect 

bioavailability and thus affect the therapeutic quality of a drug. The effect of the late 

discovery of polymorphism can be massively disruptive. 

Dunitz and Bernstein [1995] have documented several cases of "vanishing" 

polymorphs. These are usually metastable forms that despite their thermodynamic 

instability may have crystallised preferentially, due to more rapid (kinetically 

controlled) nucleation. Such forms may persist and be used for many years before 

being "'displaced" when a thermodynamically more stable form is prepared. Attempts 

to regenerate the original polymorph are frequently met with failure. Compounds 

such as 1.2.3.5-tetra-O-acetyl-P-D-ribofuranose. benzocaine picrate and xylitol 

illustrate this point. 

A more contemporary example of this phenomenon was reported by Apperley et 

cil. 11999] and involved preparation of pure sulfathiazole form I from a solution of n-

propanol. It was noted that the characteristics of the commercial material had 

changed leading to a loss in the ability to produce this form using the n-propanol. 

2.1.6 Conventions for Naming Polymorphs [Bernstein, 2002] 

Part of the difficulty encountered in searching and interpreting the literature on the 

polymorphic behaviour of materials is due to the inconsistent labeUing of polymorphs. 

In many cases, the inconsistency arises from a lack of accepted standard notation. 

However, often, and perhaps more importantly it is due to the lack of knowledge of 

previous work or lack of attempts to reconcile work with earlier studies. 

While many polymorphic minerals and inorganic compounds have different names 

(e.g. calcite. aragonite and vaterite for calcium carbonate) this has not been the 

practice for molecular crystals. These have been labelled using a variety of 

descriptors e.g. with Arabic (1. 2. 3...) or Roman (I, II III...) numerals, lower or 

upper case Latin (a. b. c... or A. B. C...) or lower case Greek (oc. p, y...). Letters by 

names descriptive of property ( e.g. red-form, low-temperature polymorph, metastable 

polymorph) have also been used. 
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As Threlfall [1995J commented: 

'Arbitrary systems for naming polymorphs should be discouraged to avoid 

confusion surrounding the number and identity for any compound.' 

Relative stability and/or order of melting point, as well as specification of the 

monotropic or enantiotropic nature of the polymorph form (see Section 2.1) have also 

been suggested as a basis for labelling [Herbstein, 2001]. Unfortunately, these 

systems do not allow for discovery of forms with intermediate values. Additionally, 

small differences in stability or melting point might lead to a different order or 

different labelling by other workers. 

According to Haleblian and McCrone [1969] the various polymorph forms may be 

designated Roman numerals, 1, II, III, IV etc. Form I should be the most stable at 

room temperature. No rigid convention can be laid down for the use of higher 

numerals, since further work is always attended by the possibility of discovering an 

intermediate form that is difficult to designate by Roman numerals and difficult to 

insert without disrupting the previous assignment. McCrone [1965] suggested a 

system of numbering the forms in order of their discovery. According to Ostwald's 

Rule [ 1897] (see section 2.1) the order of discovery should, in general, follow the 

order of stability, the least soluble appearing first. 

The Kofier [ 1954] suggestion that a Roman numeral be succeeded by the melting 

point in parenthesis is a logical extension of this argument. The successors of Kofier 

and Kofier. at the Innsbruck School, have followed this practice [Kuhnert 

Brandstatter. 1971 ] although, generally, it has not been adopted elsewhere. The use of 

melting points is complicated by the fact that while the datum has a clear 

thermodynamic definition, a number of techniques are employed in its determination 

(or melting point range in many cases) so that real or apparent inconsistencies may 

occur. 

In view of the body of literature already extant and the question surrounding the 

definition of a polymoiph Bernstein [2002] concluded that it does not appear to be 

practical to define hard and fast rules for labelling polymorphs. The Kofier method 

has clear advantages since the melting point may eliminate some quesfions of identity, 

hence its use should be encouraged. However, for those studying (and naming) 

polymorph systems it is important to be fully aware of previous work and to try and 
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idcntiry the correspondence between their own polymorph discoveries and those of 

earUer workers. 

2.2 Pseudopolymorphism 

According to Nangia and Desiraju [1999] the phenomenon of pseudopolymorphism 

describes crystalline forms that differ in the nature or stoichiometry of included 

solvent molecules. 

Pseudopolymorphs may be prepared by crystallisation of the parent organic 

compound from the solvent whereupon the latter becomes incorporated in the new 

crystal. Recrystallisation from a mixed solvent system may yield a pseudopolymorph 

containing either or both solvents. Exposure of the parent organic compound to 

vapours may also result in the formation of pseudopolymorphs. To ensure the 

subsequent reproducibility in the preparation of specific forms by crystallisation 

careful attention to the detail of solvent purity, degree of solution, agitation, 

temperature, supersaturation and the rate of cooling of the solution are necessary. 

Desolvation of a pseudopolymorphic form by controlled heating leads to the 

formation of a polymorph, or mixture of polymorphs, of the parent compound 

providing an additional route to the isolation of such species. 

Hot stage microscopy (HSM) has been used extensively and effectively by 

Kuhnert-Brandstatter [1971] to provide preliminary indications of 

pseudopolymorphism. Procedures for detecting pseudopolymorphs by HSM have 

been outlined [Haleblian and McCrone. 1969]. The observation of bubbles from 

pseudopolymorphs immersed in silicone oil during heating is taken as being 

indicative of a [solid] to [gas plus solid] transformation. 

Other thermal methods of analysis include thermogravimetric analysis (TGA), 

differential thermal analysis (DTA) and differential scanning calorimetry (DSC). In 

TGA the sample (-5-1 Omg) is heated at a predetermined rate and the weight is 

recorded as a function of temperature. This technique can only be used for 

pseudopolymorphs that lose their included solvents prior to the melting or 

decomposition of the parent ("host") compound. The percentage weight loss may be 

accurately measured and used to calculate the stoichiometry of the pseudopolymorph. 

A TGA trace may reflect a simple one-step weight loss of included solvent or more 

complex multi-step weight losses. Coupled with TGA, evolved gas analysis (EGA) 

using IR or mass spectroscopy is an important means of identifying gaseous products 
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and may be used to quantify both the pyrolysis products from thermal degradation of 

polymorphs as well as solvents released from the desolvation of pseudopolymorphs. 

Another important application of the TGA method is the determination of activation 

energy for desolvation of a pseudopolymorph from traces recorded at varying heating 

rates [Bourne et al., 1990]. In DTA the sample temperature is compared with that of a 

reference compound as a function of increasing temperature. The resulting plot may 

display endothermic peaks corresponding to desolvation and exothermic peaks 

representing recrystallisation processes. In the related DSC technique the difference 

in energy inputs into a compound and reference substance is plotted against 

temperature during a controlled temperature programme. In theory the area under the 

curve in a DSC trace is directly proportional to the enthalpy change for the thermal 

event. An alternative method for determining the enthalpies of desolvation of 

pseudopolymorphs. based on direct vapour pressure measurement of the liberated 

solvent, has been described by Caira [1996]. 

Solid state infrared (IR) spectroscopy in the spectral range 400-4000cm"' has been 

used extensively to distinguish different pseudopolymorphic forms. The use of IR to 

distinguish polymorphs from pseudopolymorphs of the same parent compound or to 

distinguish pseudopolymorphs containing different solvents is relatively 

straightforward since solvent molecules will exhibit their own characteristic 

absorption bands. 

The spectral techniques used for the characterisation of polymorphs and solvates in 

the solid state have been reviewed in Chapter One. 

2.2.1 The Classification of Pseudopolymorphs 

Whilst many pseudopolymoiphs are actually solvates formed during crystallisation 

experiments, a number of those prepaied in connection with this thesis produced 

"mixed-crystals" of sulfathiazole and partner molecules that are also solids at room 

temperature. In the former case the product may be described as a "solvate" and the 

nature of the structure lends itself to the description of the system as an "inclusion 

compound" or "host-guest complex". Such a description has been applied by many 

authors and is commonly used in the field of supramolecular chemistry. However, for 

our purposes the "mixed-crystals" descriptor implies equal influence of the two 

components with no clear "host" or "guest" component. Consideration of the latter 

much smaller class of "compound crystal" may require specific treatment of 
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individual cases and is therefore omitted from the current discussion but will be 

discussed in greater detail in the results section of this thesis. It is, however, pertinent 

to discuss the topic of inclusion, involving host-guest systems in relation to the much 

larger solvate class of pseudopolymorphs. 

There is much confusion in the literature over the terminology used for the 

description of host-guest systems [Weber and Josel, 1983]. Specifically, inclusion 

compounds [Vogtle et ciL, 1981] over the years, have been described using a large 

variety of terms. For example: addition compound, adduct, associate, cage 

compound, clathrate complex, donor-acceptor complex, clathrate hydrate, 

hydrocarbon clathrate, inclusion compound, gas hydrate, host-guest complex, 

intercalate, interlamellar sorbent. lock and key complex, loose addition complex and 

molecular compound. Since these terms have not been precisely defined different 

authors have adopted alternative descriptions such as occlusion and inclusion. Adduct 

has frequently been used for complexes. The term intercalation has sometimes been 

replaced by insertion and even inclusion. New terms such as cascade complex, 

supermolecular complex, molecular complex associate and speleate have added to the 

confusion. 

The classification system suggested by Weber and Josel [1983] aimed to resolve 

some of these confiicts using the following criteria: 

• Numerical considerations. 

• Topology of the host-guest aggregate. 

• Host-guest type and the host-guest interaction. 

The review that follows aims to present the Weber and Josel [1983] scheme in a 

manner that will be useful to the staictural scientist in the study of the host-guest 

relationship. 

2.2.2 Numerical considerations 

A preliminary classification is made possible by using the numerical aspects of the 

host-guest aggregate. In the first instance, use is made of the total number of 

components (as molecular entities) involved in the host-guest compound. In this way, 

an aggregate composed of two individual molecular or ionic components maybe 
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classified as a binary aggregate and a three component system is called a ternary 

aggregate. 

For example, the aggregate consisting of a tetra-amide cryptand, hydroquinone and 

water crystallises as a three component system [Vogtle et al., 1981]. In this structure 

all three components are in contact via a system of hydrogen bonded interactions 

leading to the classification of a ternary system. 

A further classification may be obtained by considering the number of host/guest 

constituents separately. For example, the 1:1 a-cyclodextrin/l2 compound [Harata, 

1990] may be characterised by the terms monomolecular (Im) and mononuclear 

(In), 

2.2.3 Host-guest Type and Inclusion type compounds 

When considering host-guest type, it is necessary to distinguish between inclusion 

and addition type compounds. Inclusion compounds contain any sort of host cavity 

(cavitate) and thus form intra-molecular host-guest aggregates. Addition compounds 

(adducts). however, do not contain a host cavity but form extra-molecular host-guest 

aggregates. Typical examples of adducts are charge transfer and simple co-crystal 

complexes. Inclusion type compounds, occur between the extremes of complex (co-

ordination type aggregate) and clathrate (lattice type aggregate). Those host-guest 

aggregates that are derived from co-ordination between the host and guest 

components may be defined as complexes. The host guest compounds formed by 

crown ethers and cryptands are typical examples. The term clathrate should be used 

for host-guest aggregates where the guest is retained by steric barriers formed by the 

host lattice. Using physical methods complexes and clathrates may be distinguished 

by the ability of complexes to retain their identity in solution whilst clathrates 

normally decompose on dissolution. Since not all host-guest aggregates can be 

classified as either pure complexes or pure clathrates the borderline cases may be 

treated as complex/clathrate hybrids. Examples of such groups are the coordinato-

clathrates which demonstrate a certain degree of coordinative participation whilst 

retaining a dominant clathrate character. A group of clathrate compounds formed by 

1, r -binaphthyl-2, 2' -dicarboxylic acid with different 0H-, NH- and CH- guest 

compounds are typical examples of coordinato-clathrates [Weber and Czugler, 1982]. 

This acid was found to form about thirty clathrates with a variety of polar and non-
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polar guest molecules. Further examples of hybrids are furnished by the clathrato-

compiexes (lattice complexes). Here, the influence of the binding sites predominates 

but it should be noted that the co-ordination is much weaker than that found in the 

complexes. The great majority of the known crown ether complexes with neutral 

guest molecules are examples of such clathrato- complexes [Vogtle et al., 1981]. 

2.2.4 Topological considerations 

The following topologies have been recognised for cavitate structures and are 

described in order of increasing encapsulation. 

One-dimensional structures 

• Tubulate - open channel structures 

e.g. the urea///-paraffin inclusion compound [Saenger, 1974] is a 

tubulato-clathrate. 

• Aediculate - pocket-like arrangements. 

Two-dimensional structures 

• Intercalate - open layer structure 

e.g. the aggregate consisting of graphite and K is called an 

intercalato-clathrate [Lalancette etui, 1972]. 

• Coronate - sandwich structure 

e.g. the 27-cro\vn-9-guanidinium ion [Uiterwijk et al., 1982] is best 

described as a coronato-complex. 

• Podate - ring-like structure 

Three-dimensional structures 

• Cryptates - cage-like structure 

e.g. the Rb"' aggregate with the [2.2.2.] ligand is classified as a 

typical cryptato-complex or as a cryptate in the conventional sense 

[Lehn. 1977]. 

The classical quinol and the Dianin host-guest aggregate may be 

classified as a cryptato-clathrate [Davies, 1981] and [Davies, 1977]. 
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A prefix notation {00} indicates the interaction between the host and the guest is in the 

form of an infinite propagation i.e. chain, sheet or three-dimensional network. A 

further superscript can be used to denote the dimensionahty of the system, e.g. {0°'} 

represents an infinite one-dimensional propagation. 

2.2.5 Further considerations - interaction types 

A more rigorous specification is possible by using terms for interaction strength 

(strong, weak or neutral) and interaction type (ion-ion, ion-dipole etc.). It can be 

difficult to classify a structure on the basis of a single interaction type since several 

types maybe present in the same structure. 

Figure 2.2 is a chart that summarises the key-features of the classification/ 

nomenclature scheme of Weber and Josel [1983]. This chart provides certain 'yes/no' 

criteria for use in the classification/nomenclature of host-guest aggregates but it 

should be noted that some cases fall between the given categories. In these instances 

the text above might be helpful in providing additional information and useful 

examples are included allowing sensible decisions to be made for individual cases. 
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HOST-GUEST COMPOUNDS 

GUEST 
NUMBERS 

HOST-GUEST 
AGGREGATE 

NUMBERS 

HOST 
NUMBERS 

Oncjnono-
Two: hi-
Three: Iri-
Several: oligo-
Many; polynuclear 

Two; binary 
Three: ternary 
Four: quaternary 
Several; oligonary 
Many: polynary 

One: mono 
Two: bi-
Three; tri-
Several: oUgo-
Many: polymolecular 

HOST-GU EST TYPE 

Inclusion Addition 

INCLUSION TYPE HOST TOPOLOGY 

Co-ordination Lattice Dimensionality 

INTERACTION 
STRENGTH 

INTERACTION 
TYPE 

Weak 
Neutral 

OD 

Steric barrier 
Hydrophobic 
van der Waals 
Donor-acceptor 
Dipole-dipole 
lon-dipole 
Ion-ion 

ID 2D 3D 

Ring, coronate: podate 
Pocket, niche: aediculate* 
Channel: tubulate' 
Layer, sandwich: intercalate 
Cage: cryptate 

Figure 2.2 Classification/nomenclature of host-guest type compounds. Terms in 
italics represent proposals of Weber and Josel. * derived from Latin 'tubus' for tube. 
^ derived from Latin 'aediculcf meaning niche or pocket. 
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2.3 The Origins of Polymorphism and Pseudopolymorphism 

2.3.1 Packing and Symmetry 

Crystal packing was defined and rigorously studied by Kitaigorodskii [1961a]. The 

fundamental concept involves molecules packing as closely as their shapes and 

functional compliments permit. 

According to Kitaigorodskii [1961b], molecules must come together in such a way 

as to avoid large empty spaces created by symmetry elements; thus maximising 

productive contacts (of mostly electrostatic nature in neutral species) between 

molecules. Most unfavourable in this respect is a mirror plane. Such a plane will 

create a full two-dimensional sheet of forbidden space of thickness 3.5A (double the 

van der Waals radius of carbon). This region is forbidden since the symmetry 

requires like groups or molecular functions to face each other across a mirror plane. 

Rotation axes arc the next most unfavourable as they are also prone to form forbidden 

regions of approx. 3.5A in diameter. Finally, symmetry centres create a forbidden 

region of space. The requirement for translation symmetry allows rigid host matrices 

to form channels 3-5A thick tilled with appropriate small solvent molecules, mostly in 

a disordered state. It follows that rotations and mirror symmetries require 

energetically unfavourable juxtaposed arrangements of groups with similar polarities. 

One way of producing an energy gain from such a situation is to involve a guest 

molecule [Sona and Gautham. 1992]. Apart from these considerations there may be 

decisive entropic factors (e.g. entropy of mixing) in the associate formation process 

[Kitaigorodskii. 1984]. 

A general explanation based on space group frequencies also indicates why certain 

symmetry elements (space groups) occur more frequently and racemic types of 

association appear to outnumber the rest [Fillipini and Gavezzotti, 1992]. 

Using Monod's classification of oligomeric protein associations it is possible to 

recognise heterologous and isologous associations [Monod etai, 1965] in the crystal 

building phase. In the former the domain of bonding of the repeat pattern is 

composed of two binding sites, whilst the latter consists of identical binding sites. A 

consequence of this logic is that isologous associations must have even (twofold or 

higher) symmetry axes. Such axes produce closed (dimeric or tetromeric) products 

i.e. 'finite polymers' are formed. In contrast a heterologous association has no 

symmetry and so produces 'infinite polymers'. These definitions imply restrictions to 

possible symmetries. 
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The question now becomes a problem of how to incorporate the requirements of 

chemistry and crystallography in order to obtain synthetic molecules that are able to 

form molecular associations whilst remaining stable enough to form crystals. 

The answer involves designing molecules that at least formally obey rotational 

symmetry. It these symmetry elements are built into the molecule [Hargittai and 

Hargittai, 1986] then all functions would be directed outwards producing an effective 

'packing motif . Further, such a molecule will generate a Connolly surface [Morgan, 

Miller and McAndon, 1965] that is self-complementary. This situation is only 

desirable if a guest molecule precisely complements the molecule such that a 'closed 

shell' is formed around the host with perfect molecular recognition. Even if this is not 

the case, there might still be benefits from a nearly symmetrical host molecule. 

Violations of formal symmetry will lead to eventual adjustment possibilities in an 

incipient crystal structure. Binding sites can be fine-tuned (or created) by combining 

co-additives [Addadi et ai. 1985]. Guest molecules, solvent effects, ions may all be 

used to select a desired target. 

Based on these criteria a typical host compound should display the following 

characteristics: 

• It should be bulky in constitution in order to assume a low-density packing 

arrangement in the crystal. 

• It should adopt a rigid conformation in order to maintain the cavity structure and 

not undergo collapse. 

• It should possess appropriately situated high-affinity functional groups so that 

specific and strong host-guest interactions can develop. 

2.3.2 Tautomerism 

Compounds whose structures differ markedly in arrangement of atoms but which 

exist in easy and rapid equilibrium are called tautomers. The most common kind of 

tautomerism involves structures that differ in the point of attachment of hydrogen. 

[Morrison and Boyd, 1983]. 
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2.3.3 Intermolecular Interactions 

The understanding of the nature and strength of intermolecular interactions is of 

fundamental importance in supramolecular chemistry. Intermolecular interactions 

may be classified as isotropic, medium range forces that define molecular shape, size 

and close packing or anisotropic, long-range forces that are electrostatic and involve 

hetero-atom interactions [Desiraju, 1989]. 

1. Isotropic Interactions 

Isotropic or van der Waals interactions relate to dispersive and repulsive forces. 

The dispersive forces are attractive in nature and are caused by the interactions 

between fluctuating multipoles of adjacent molecules. The magnitude of these forces 

is proportional to the inverse sixth power of the interatomic separation (r"^) and 

approximately proportional to the size of the molecule. The repulsive forces balance 

the dispersive forces and have an approximately twelfth power to distance 

dependence. The trade off between these sets of interactions with some contribution 

from electrostatic forces is the cornerstone of the atom-atom potential method. 

2. Anisotropic Interactions 

An operative definition of hydrogen bonds may be taken from Pauling's early 

definition of chemical bonds which emphasises their organisational consequences 

[Pauling. 1960]: 

'A hydrogen bond is an interaction that directs the association of a covalently 

bound hydrogen atom with one or more other atoms, groups of atoms or 

molecules into an aggregate structure that is sufficiently stable to make it 

convenient for the chemist to consider it as an independent chemical species.' 

In general isotropic forces include C...C, C...H and H...H interactions. 

Anisotropic forces are ionic, strongly directional hydrogen bonds such as 0 - H . . . 0 

and N-H...O, or weakly directional hydrogen bonds such as C-H...O, C-H...N and C-

H...X where X is a halogen. Other weak forces such as 0-H...71. Hal...Hal, N...Hal, 

Sulphur...Hal are also classified as anisotropic. In a crystal system various strong 

interactions co-exist (sometimes uneasily as shown by polymoiphism) and are known 
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to determine the three-dimensional scaffolding of the molecules. It is possible to 

classify such interactions as being strong, moderate or weak. 

X-ray crystallography makes it easier to consider hydrogen-bonded aggregates as 

independent species. The range of energies implied for hydrogen bonds defined in 

this way has not yet been determined. The range will probably extend down to less 

than 1 kcal mol ' but the very weak interactions will be included only when they 

result in recognisable and recurring aggregate patterns. [Etter, 1990]. 

Before a descriptor can be assigned to a hydrogen bond pattern the hydrogen bonds 

in the structural unit under study the hydrogen atoms that participate in hydrogen 

bonding must be identified. The structural unit will generally be the crystallographic 

asymmetric unit and may be a single molecule, a number of similar molecules, part of 

a molecule, a complex, a co-crystal or a molecule plus solvent. 

Commonly recognised hydrogen bonds are those connecting oxygen and nitrogen 

atoms (for example. N-H...N or N-H...O) although C-H. . .0 and even C-H...N are 

now included as weak hydrogen bonding systems. In cases where they play a clear 

role in chemistry and/or structure it is necessary to include them in the network 

analysis. The decision on which hydrogen atoms are to be considered for inclusion 

may vary from problem to problem depending on the chemical or structural questions 

being asked. 

The hydrogen atoms considered as participating in hydrogen bonding having been 

defined it then becomes necessary to define the hydrogen bonds in which they 

participate. At this point the indication of whether or not a hydrogen bond exists will 

be based on geometric (distance) criteria although later other factors will be taken into 

account. Determining the geometric criterion for inclusion of an interaction as a 

hydrogen bond is a crucial and by no means trivial step in the process. As a result of 

statistical surveys of the crystallographic literature and structures in the Cambridge 

Structural Database (CSD) [Allen and Kennard, 1993] it is possible to define 

characteristic values for many types of interaction, including hydrogen bonds. [Allen 

et III., 1991], [Taylor. Kennard, and Versichel. 1984a] and [Taylor, Kennard and 

Vers ic he I, 1984b]. These geometric characteristics are of immense value as the basis 

for theoretical calculations of molecular electronic structure in molecular mechanics, 

molecular dynamics, modelling studies, protein structure determination and the 

derivation of new potential energy functions. 
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However, it has been shown that the application of a D-H...A angle or D...A 

distance test as the sole criterion for the presence of a hydrogen bond is not justifiable 

[Jeffrey and Saenger, 1991]. For instance, in a survey of amino acids Jeffrey and 

Maluszynska, [1982] have demonstrated the most probable D-H...A angles and D...A 

distances for hydrogen bonds. There is a smooth decrease in the distribution curve to 

about 3.OA for D...A distances. Beyond that van der Waals interactions begin to 

appear, the most frequent distance for these being at 3.5A. 

According to Bernstein [1995] dependence on strict limits for the presence of a 

hydrogen bond is in some ways contrary to the philosophy of network-analysis. The 

aim is to recognise patterns of hydrogen bonding. Such patterns do not have strict 

geometrical limitations. Hence putting a strict limit of say 3.20A on the 0 . . . 0 or 

0 . . .N distance might lead to the neglect of a pattern that relies on that distance being 

3.21 A but which is of no less importance to the overall scheme of hydrogen bonding. 

The limit imposed to this kind of reasoning is infinite but in practice nominal limits 

can be defined. These are considerably longer than those in current usage or may be 

based on van der Waals radii. Such distances should be considered variable 

depending on the system under study. Very large intermolecular distances are not to 

be expected due to close packing [Kitaigorodskii, 1961a]. As a result, interactions 

other than hydrogen bonding will be present. 

This interest in recognising and defining hydrogen bond patterns leads to an 

operational definition of hydrogen bonds that recognises their organisational 

characteristics as well as those of geometry. 

In summary it will be convenient for the chemist to apply some yes/no criteria to 

test for hydrogen bonds. However, there is an increasing recognifion of the subtlety 

of intermolecular interactions of many different types. 

Network identification by eye and then assigning descriptions without due regard 

to issues of crystallographic dependence, limits the utility of any network approach to 

a purely descriptive function. In contrast, following a procedure and allowing the 

network patterns to develop systematically gives the approach a diagnostic as well as 

a descriptive dimension. The rigour that is implicit in this approach is developed with 

a view to developing an algorithm for a systematic search for hydrogen bonded 

networks. Such an approach will allow chemists to recognise and correlate patterns 

that characterise hydrogen bond pattern functionality. This would hold great promise 
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for the analysis and understanding of ways in which molecules aggregate both in 

crystals and solution. 

2.3.4 Hydrogen bond rules 

According to Margaret Etter [1991] the hydrogen bond rules provide useful 

information about preferred connectivity patterns, hydrogen bond selectivity and the 

stereo-electronic properties of hydrogen bonds for a particular functional group (or 

sets of functional groups). 

The first rule developed by Donohue [1952] states: 

'All acidic hydrogens available in a molecule will be used in hydrogen bonding 

in the crystal structure of that compound.' 

This is still the most useful of all hydrogen bond rules. The second rule [Etter, 

1982] states; 

'All good acceptors will be used in hydrogen bonding when there are available 

hydrogen bond donors.' 

The third rule frequently utilised by Etter [1990] in her study of co-crystals states: 

'The best hydrogen bond donor and the best hydrogen bond acceptor will 

preferentially form hydrogen bonds with one another.' 

These rules reflect the energetically favourable kinds of molecular interaction. 

While these rules appear to be contrary to Kitaigorodskii's close packing arguments it 

has been shown by Gavezzotti [1994] that close packing is obeyed even by the vast 

majority of organic molecules that make hydrogen bonds in the solid state. Expected 

or typical hydrogen bond patterns may not occur for a variety of reasons, including 

the presence of multiple component hydrogen bond sites, steric overcrowding or 

competition among donors and ionic forces. 

Part of this thesis determines the effect of introducing hydrogen bonding guest 

molecules that compete with and disiiipt the hydrogen bonds between host molecules 

in order to form host guest interactions such as those outlined above. 
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2.4 Systematic Analysis of Structural Data 

There are many ways at organising structural information in rational ways. The first 

follows the traditional methods of structural chemistry by embracing attempts at 

understanding the chemical structure of matter by a systematic analysis of the results 

ot crystal structure determinations. This approach is often largely descriptive and its 

natural fields of application are structural chemistry of solids and the systematic study 

of specific classes of molecules. 

Another method characterises attempts to "go beyond the structure" with the intent 

of understanding the relationships between molecular structure and the properties that 

molecules display not only in the crystalline state but also in gases and solution. 

The common feature of these studies is their systematic nature. Large sets of 

structural parameters (distances, angles, configurations and conformations, inter and 

intramolecular distances) are analysed and correlated with physico-chemical 

parameters (IR, UV, NMR, equilibrium or kinetic constants or quantum-mechanically 

derived parameters). A further commonality is that the structural and physical 

parameters of importance are those in which the changes are correlated, the inter-

correlation of variables being the best indication that all data lead to a unique 

scientific fact. I_^uge sets of uniform structural data can not be collected for entire 

molecules but only for molecular fragments, i.e. small sets of connected atoms. The 

fragment is the elemental")' unit for which any database search is undertaken. The 

geometrical variations experienced by the fragment due to its intermolecular 

environments define the data set obtained. 

These preliminary considerations lead to the conclusion that the 'systematic 

interpretation of molecular stinctures is essentially based on systematic correlation of 

structural data pertaining to molecular fragments'. [Ferretti. Bertolasi and Gilli, 

1996|. The methods used are correlative in nature and are termed (crystal) structure 

correlation methods. The internal conelation among the geometrical parameters of 

the fragment (distances, angles, torsion angles, inter-planar angles etc) are termed 

structural coirelation. By analogy those between structural data and other physical 

properties may be called structure-property coirelation methods. 

Gavezzotti and Filippini [1995] stated that although polymorphism has been 

studied mainly by phenomenological methods, a systematic study has not been 

undertaken. Further, they stated that as polymorphs are the outcome of different 

applications of the same cohesive forces it should be possible to obtain more accurate 
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structural information by using such a system. Tiiis lead to the conclusion that studies 

of individual structures are of limited value. For instance, if an unexpected structural 

feature is observed it may not be statistically significant and may well be ascribed to 

experimental error or packing effects. When the same feature is consistently observed 

in a series of related structures these explanations become tenable and the observation 

may be rationalised in physicochemical terms. Thus the systematic analysis of large 

numbers of related structures is a powerful research technique capable of yielding 

results that cannot be obtained by any other method [Allen and Kennard, 1983]. 

Systematic analysis of crystal structures has made a significant contribution to our 

knowledge of hydrogen bonding. Gavezzotti and Filippini [1995] stated that: 

The prediction of crystal structures is essentially an extended study in 

polymorphism supplemented by methods for deciding which of the many 

structures a crystal will adopt.' 

One of the major objectives of this thesis is to apply a systematic approach to a 

study of the polymorphs and solvates of sulfathiazole. 
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Chapter Three 

The Polymorphs of Sulfathiazole 

3.1 Introduction 

According to Threlfall [2001] during the first half of the 20*̂  Century polymorphism 

was regarded as a phase phenomenon. During the latter half it became widely 

recognised as a structural phenomenon. We now recognise that, in reality, a complete 

description can only be given if preparative, phase and structural aspects are 

recognised. It is important to utilise a wide range of techniques so as to identify what 

polymorphs (or solvates) exist and their relationship. The subject of this thesis is the 

polymorphism of sulfathiazole, 4-amino-A^-thiazol-2-yUdenebenzenesulfonamide, 

The research program was instigated in an effort to rationalise what 

appeared to be a very confused and incomplete description of this polymorphic 

system. In order to set the scene, a detailed survey has been made of the most 

important contributions to the field, over several decades leading up to the period of 

this project. 

Bernstein [2002] summarised the need for a historical perspective when he stated: 

'Following the historical development of a particular scientific concept or 

discipline helps recall the way certain modes of thinking developed, were 

debated and accepted as new facts came to light, and perhaps were abandoned. 

Tracing that development serves as a reminder that the field is dynamic, with 

new techniques and new findings changing our ideas and the problems we are 

seeking to solve. As in any human activity, knowing where we have come from 

and where we are helps to define where we have to go, and that is certainly true 

for the field of polymorphism.' 

The following section contains a record of discovery of the polymorphs of 

sulfathiazole. Within the record are details of authors, references and a synopsis of 

each paper. The aim of the synopsis is to provide a systematic study, collating details 

of provenance, crystallisation, melting point and structure into one document. In this 

notated form, comparisons and contrasts are easily achieved and a definitive record 

(to be presented later) can be formulated. 
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3.2 The Pharmaceutical and Crystallographic Record of Discovery 

The record that follows is arranged in chronological order on the basis of year of 

publication. Where two, or more, papers are published in the same year then the 

month the paper was received for publication was taken as the criterion of priority. In 

one instance two papers arrived at the publishers on exactly the same day - nothing 

could be done to resolve this situation apart from sorting them alphabetically! 

1938 

"M&B 760" 

Newbery, G. (February 18, 1938). May & Baker Test Book, M&B 760. 

First record of sulfathiazole noted in the M&B Test Book. Melting point 196-7°C. 

1939 (Presented 6 April 1939) 

"Sulfanilamido derivatives of heterocyclic amines" 

Fosbinder, R. J. and Walter, L. A. (1939). J. Am. Chem. Soc., 61, 2032-2033. 

The acetyl group was hydrolysed from the 2-A^-acetylsulfanilamidothiazole by 

relluxing with 10 times its weight of 10% hydrochloric acid for half an hour. The 

yield of 2-sulfanilamidothiazole was about 7 0 9 k Melting point 194-196°C. 

1939 (Received 20 September 1939) 

"2-(/;-Aminobenzenesulfonamido)-thiazole: a new chemotherapeutic agent" 

Lott. W. A. and Bergheim, F. H. (1939). J. Am. Chem. Soc., 61, 3593-3594. 

Melting point (nip) of 2-(/?-aminobenzenesulfonamido)-thiazole (prepared by the 

method of Fosbinder and Walter, [1939]) found to be 197-197.5°C (uncorrected), 

202.0-202.5°C (coirected). 

Solubility in alcohol at 26°C was about 60mg per lOOcc producing a solution of pH 

6.03. 
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3. The Polymorphs of Sulfathiazole 

1941 

"The Dimorphism of Sulfathiazole" 

Grove, D. C. and Keenan, G. L. (1941). J. Am. Chem. Soc., 63, 97-99. 

Sulfathiazole was prepared by the methods of Fosbinder and Walters [1939]. 

Hexagonal prisms (mp 173-175°C) were formed when sulfathiazole was crystallised 

from water, acetone or ethyl/methyl alcohol. 

Rod-like crystals (mp 200-202°C) were obtained by recrystallisation using hot ethyl 

or //-propyl alcohol. 

The retractive indices of the hexagonal prisms, determined by the immersion method 

of organic oily liquids, were found to be n„=1.674, np=1.733, n-p>1.733; (all ± 

0.002.. In parallel-polarised light the birefringence was strong. Many fragments did 

not extinguish sharply with crossed-nicol prisms. In convergent polarised light 

biaxial results were common. 

The prismatic rods when examined under ordinary light showed narrow colourless 

elongated prisms. Refractive indices (determined by the above method): n^^ 1.605, 

n|}=l .733. ny=>l .733; (all ±0.002). In parallel, polarised light birefringence was 

strong. Extinction of the elongated prisms was parallel. In convergent polarised light 

partial biaxial results were frequently found especially fragments perpendicular or 

inclined to an optic axis. 

1947 

"Polymorphism and Melting Points of Sulfathiazoles" 

Miyazaki, H. (1947). Jap. J. Pharm. Chem., 19, 133-134, Chem. Abstr., 45, 3559h. 

'Factory' sulfathiazole was used in the following preparations. 

Crystals were classified for convenience into a type that underwent transition at 173-

175°C, P type that did not undergo transition and an a ' type which melted at 173-

175°C 

a type crystals were prepared by the following methods: 

1. sulfathiazole was dissolved at warm temperature into distilled water, ethanol, 

methanol or acetone and left at room temperature. 

2. sulfathiazole was dissolved in alkali and neutralised with dilute sulfuric acid. 

3. sulfathiazole was neutralised with dilute ammonia solution and dilute acetic acid 

was added. 
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Methods 1 and 2 corresponded to those of Grove & Keenan [1941] for the production 

of the hexagonal prisms. 

P type crystals were prepared by the following methods: 

1. sulfathiazole was dissolved in amyl alcohol or /.vo-butyl alcohol at hot 

temperature and cooling to yield needle like crystals. 

2. the a type was heated to 180°C 

3. Grove made this type by recrystallising from M-propyl alcohol 

a' type crystals were produced by dissolving sulfathiazole in dilute ammonia at cold 

temperature and heating in a hot water bath. Scaly crystals or hexagonal plates 

resulted. 

Melting point data: 

The a form underwent a solid-solid conversion at 173-175°C to the P form . The a ! 

form, however, melted at 173-175°C without conversion. The transition temperature, 

in both cases, was sensitive to the rate of heating. 

Forms were characterised using optical crystallographic and X-ray diffraction (Debye) 

photographs. 

1964 

"Determination of Solubility of a Metastable Polymorph" 

Milosovich. G. (1964). J. Pharm. Sci.. 53. 5. 484-487. 

Sulfathiazole USP was used in this investigation. 

Form I was obtained by slow recrystallisation from warm alcohol. 

Form II was obtained by heating Form I to 180°C where form I melted and form II 

crystallised. 

Sulfathiazole existed as at least 2 crystal forms; Form I melted at 174-175°C and 

Form II melting at 200-201°C. The form II—>form I system was enantiotropic. 

A method based on dissolution rate measurement was developed to obtain solubility 

data for the rapidly reverting solid states. Solubility and thermodynamic data for 

sulfathiazole II and 1 in 95% alcohol were recorded. 
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1966 

"Accelerated crystal growth of sulphathiazole by temperature cycling" 

Carless, J. E. and Foster A. A. (1966). J. Pharm. Phartnac., 18, 697-708. 

Sulphathiazole BP micro-milled to a mean size 6nm. 

Ditlerential thermal calorimetry indicated that two polymorphic forms were present. 

Studied crystal growth of particles and effect of inhibitors. 

1967 (Received 28 April 1966) 

"Heats of transition of methylprednisolone and sulfathiazole by a differential thermal 

analysis method" 

Guillory, J. K. (1967). J. Pharm. Sci., 56, 72-76. 

Sulfathiazole N.F. XI was obtained from Merck and Co. 

Two crystal forms were produced using the methods of Milosovich. 

Nujol mulls and KBr pellets on a Beckman ER-IO spectrophotometer were used to 

characterise the polymorphs of sulfathiazole. 

As determined by DTA. sulfathiazole polymorph I underwent an endothermic 

transition at 161°C (heat of transition 1420 ± 40 cal mol '). Fusion occurred at 200°C 

(heat of fusion 5960 ± 210cal mol"'). 

1967 (Received 28 April 1966) 

"Polymorphism and Dmg Availability 11, Dissolution rate behaviour of the 

polymorphic forms of sulfathiazole and methylprednisolone" 

Higuchi, W. 1., Bernardo, P. D., and Mehta, S. C. (1967). J. Pharm. ScL, 56, 200-

207. 

Sulfathiazole (Upjohn Co.) was used. 

Form I melted at 174-175°C and II at 200-201°C. 

Supported Grove and Keenan using X-ray diffractograms to identify forms I and 11. 

Characterised polymorphs using PXRD, melting point and ER evidence. 

Solubility measurements were undertaken. 
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1967 (Received November 1966) 

"Infrared identification of pharmaceutically important sulphonamides with particular 

reference to the occurrence of polymorphism" 

Mesley, R. J. and Houghton, E. E. (1967). J. Phcirm. Pharmacol., 19, 295-304. 

Sullathiazole BPC (Authentic specimen) was used in this investigation. 

Form A was crystallised from a mixture of acetone and chloroform. 

Form B was obtained by crystallisation from ethanol, n-propanol or /.vo-butanol. 

Form C was obtained by crystallisation from dilute ammonia solution. 

Samples that were left in ethanol and allowed to evaporate to dryness gave the 

amorphous form. This was liable to crystallise spontaneously upon standing as either 

form B or form C. 

Samples were prepared for examination as Nujol® mulls and as pressed alkali halide 

discs. It was recommended that substances be examined as a mull. This was due to 

the instability of many of the crystalline forms when ground and pressed with 

potassium bromide. 

This paper was the first to describe the tautomerism of sulfathiazole as an infra-red 

phenomenon. They also postulated the existence of associated molecules in solution. 

Tautomerism was reported to occur in many sulfonamides. It was said to occur 

between the amide form (I) and the imide form (II) and both forms were reported to 

occur in solution. Type I and II tautomerism is shown for sulfonamides in Figure 3.1 

below. 

H 

-SO2N - SO2N— 

® (H) 

Figure 3.1 Type I and II tautomerism as found in the sulfonamides. 

In the light of these findings it was anticipated that where polymorphism occurs some 

forms might be amides whilst others are imides. However, no spectral or X-ray 

differences were observed between the polymoiphic forms of the same substance 
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which could be ascribed to amide/imide tautomerism. It was, therefore, assumed the 

high incidence ot polymorphism amongst the sulfonamides was due to the variety of 

H-bonding possibilities. 

1969 

"Application of differential scanning calorimetry to the study of sulphathiazole crystal 

forms" 

Moustafa. M. A. and Carless, J. E. (1969). J. Pharm. Pharmac., 21, 359-365. 

Two batches of sulfathiazole were used; a BPC authentic specimen and a micro-

milled material (May & Baker Ltd.) of BPC quality. 

Suggested that the BPC authentic sample consisted solely of one form but 

acknowledged Carless and Foster [1966] who stated 2 forms to be present in 

sulfathia/ole. 

Form I was prepared by crystallisation of sulfathiazole from boiling water, acetone-

chloroform mixture, dilute ammonia solution or 95% aqueous ethanol. 

Form II was obtained by crystallisation from .v-butanol or «-amyl alcohol. It was also 

obtained by heating form I to 180°C. 

The IR in Nujol mulls showed similarity to those obtained by Guillory [1967]. 

Using DSC no melting was noted below 200°C, cf. Miyazaki [1947]. Heats of 

transition and fusion from thermal analysis were 1778 ± 68cal mol"' and 6615 + 235 

cal mol"' respectively. Temperature of both transitions, especially the first, varied 

according to the rate of heating as reported by Guillory [1967] and Grove & Keenan 

[1941]. 

An assay procedure based on the area of the thermal transition peak of form I was 

devised and the results of the analysis of synthetic mixtures of forms I and II were 

presented. 

First to note that different methods of preparation of sulfathiazole crystal forms led to 

some confusion. The use of DSC for the estimation of form I of sulfathiazole was 

shown to be feasible though not highly accurate. 
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1970 

"Various Species of Sulfathiazole Form I" 

Shenouda, L. S. (1970). J. Pharm. ScL, 59, 785-787. 

Sulfathiazole NF (Mallinkrodt) was used in this investigation. 

Form I was crystallised from ethanol, a mixture of ethanol and benzene, a mixture of 

chloroform and acetone, / .SY;-propyl alcohol, or 10% and 1% ammonia solutions. 

Form II was obtained by crystallisation from n-propanol at 80°C, .v^c-butanol or by 

heating form I at 180°C. 

Form I underwent a solid-solid transition between 150-166°C, depending on the 

solvent of crystallisation. The second species melted between 170-176°C with 

immediate partial crystallisation. On further heating of the samples complete melting 

was observed at 198-203°C. 

Form II crystallised from the above solvents melted at 198-203°C 

This study concluded that a third form probably did exist, although it was highly 

unstable on grinding and this is probably identical to the melting species noted above. 

1971 (Received 11 March 1970) 

"The Crystal Structure of Sulphathiazole 11" 

Kruger, G. J. and Gafner, G. (1971). Acta Ciyst., B27, 326-333. 

Polymorphs of I and II were obtained by crystallisation from a saturated n-propanol 

solution at 80°C and room temperature respectively. 

Polymorph III was crystallised by slow evaporation of a dilute ammonium hydroxide 

solution at room temperature. 

Melting of III at 174-175°C was not always observed as sometimes a transition 

occuiTcd at 173-175°C. followed by melting at 200-202°C. Form II showed a 

similar transition and melting point. 

The powder diffraction pattern of Form III crystals behave in the same way as 

reported by Higuchi, Bemado and Mehta [1967]. This form showed slow reversion to 

11 during slow heating. 

Density measurements were also used to characterise the polymorphs. 

The crystal structure for polymorph 11 was reported here. Unit cells were noted for 

polymorphs I and III. Table 3.1 presents the pertinent crystallographic details. 
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Polymorph I II III 
Melting point [°C] 200-202 200-202 173-175 200-202 
Transition point 

[°C] 
- 173-175 - 173-175 

Habit Elongated rods hexagonal prisms hexagonal plates 
Space group f2,/c' f2 i / c f2 i / c 

o,[A] 10.554(5) 8.235(4) 17.570(9) 
b, [A] 13.220(7) 8.550(4) 8.574(4) 
c, [A] 17.050(8) 15.558(8) 15.583(8) 
A[°] 108.06(1) 93.67(1) 112.93(1) 

z 8 4 8 
DJgcm"') 1.50 1.55 1.57 
De(gcm') 1.499 1.550 1.567 

Table 3.1 Crystal data for the polymorphs of sulfathiazole, according to Kruger and 
Gafner, 1971. 

1971 (Received 18 March 1971) 

"The polymorphism of sulphathiazole" 

Mesley, R. J. (1971). J. Pharm. Phannac.. 23, 687-694. 

Sulfathiazole (Authentic specimen of the BPC) and a commercial sample (Evans 

Medical Co.). 

Moustafa & Carless [1969] found differences in recrystallisation behaviour from 

Mesley & Houghton [1967] and this variability was confirmed. Recrystallisation 

from alcohols containing three or more carbon atoms yielded the high-temperature 

form, here designated I, to conform to the rules set out by Kuhnert-Brandstatter & 

Wunch [1969]. Recrystallisation from aqueous ammonia, usually, but not invariably 

produced the more common of the two low-temperature forms (here designated IIA). 

This polymorph was also produced from water. All other treatments gave mixtures of 

IIA and IIB. All attempts to isolate IIB proved unsuccessful. Both IIA and the 

mixture (II) can be converted wholly to form I by heating in an oven above I80°C. 

Kuhnert-Brandstatter and Wunsch [1969] stated that form I was enantiotropic with 

form II. in fact form I reverts on long standing to a mixture of IIA and IIB as 

apparently does form IIA over a period of months. There seems little doubt that the 

most stable form of sulfathiazole at room temperature is the form II mixture. 

The IR of forms IIA and IIB were remarkably similar and out of the 40 bands all but 

seven were indistinguishable. 

All forms were characterised by IR. PXRD and DSC. 
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This report included a very useful account of the tautomerism of sulfathiazole and its 

study using IR deuteration techniques. 

1972 (Received 11 March 1971) 

"The Crystal Structures of Polymorphs I and III of Sulphathiazole" 

Kruger, G. J. and Gafner, G. (1972). Acta Cryst., B28, 272-283. 

The crystal structures of the other two known crystalline forms of sulfathiazole (N'-2-

thiazolylsulphanilamide) were determined and reported. 

Polymorphs II and III changed into Polymorph I on slow heating to 173-175°C. 

Rapid heating caused III to melt with no apparent phase change before melting. Slow 

heating to temperatures between 175-200°C ensured the presence of the most active 

form I. Reversion of the metastable Polymorph I to the other two forms occurred 

slowly at room temperature. 

1972 (Received 14 February 1972) 

"Kinetics of Polymorphic Transformation of Sulfathiazole Form I" 

Shami. E. G., Bernado, P. D.. Rattie, E. S. and Ravin, L. J. (1972). J. Pharm. Sci., 

6 1 . 1 3 1 8 - 1 3 2 0 . 

Form I was prepared by slow crystallisation from an acetone-chloroform solvent 

system. 

Form II was prepared by heating Form I to 180°C. 

IR analysis was used to identify the presence of both forms. 

A quantitative method was presented that used DSC for the quantitative determination 

of Form I in the presence of Form II. Data was included that demonstrated the 

method can be utilised to follow the kinetics of the rate of transformation of Form I to 

Form II. 

1972 (Published September 1972) 

"Crystallographic analysis of some Sulfonamides 11" 

Karacsonyi, O., Nikolics. K. and Bidlo, G. (1972). Acta Phanmceutica Hungarica, 

(written in Hungarian), 42, 241-248. 

Three modifications were found by thermo-microscopy (crystallised from ethanol). 

These were I 175°C. II 197°C and III 201-202°C. 
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Using DTA two modifications were noted at 173°C and 215°C. 

1976 

"The crystallisation behaviour of sulphathiazole" 

Jordan, D. and Carless, J. E. (1976). J. Phcirm. Pharmucol., 28, 410-414. 

Micro-ionised sulfathiazole BPC (Evans Medical Limited, Speke, Liverpool, UK) 

Form I was obtained from hot water at 60°C, the hot liquor being allowed to cool 

slowly for 5h before the crystals were filtered off. These were then allowed to dry in 

air for 3 days before being sieved to yield a narrow cut fraction. 

A comprehensive study of dissolution and crystal growth kinetics of sulfathiazole was 

undertaken. Also, growth inhibition by malachite green dye was investigated. 

1980 

'The Polymorphism of Sulphathiazole" 

Liigas, M. and Lerk, C. F. (1981). Int. J. Phcirm., 8, 11-24. 

Sulfathiazole PH Eur grade was supplied by Interpharm, Hertogenbosch, The 

Netherlands or OPG, Utrecht. The Netherlands. 

Polymorph I was obtained by crystallisation from n-propanol at 80°C. 

Polymorph II was prepared by boiling a supersaturated solution of sulfathiazole in 

water (boiling temperature about IOO°C) until all the solvent had evaporated. As soon 

as all the solvent had evaporated the flask was removed from the hot-plate. 

Polymorph III was obtained by very slow crystallisation from water, ethanol, water-

ethanol mixture or chloroform-acetone mixture. 

The amorphous form was prepared by cooling the melt. 

The melting points of the polymorphs were I, (201.0°C) II, (196.5°C) and HI 

(173.6°C). 

Complete melting of the polymorphs II and III was only noted if the crystalline 

modifications were very pure. Based on dissolution studies solid-solid transition 

temperatures of about 103°C for forms I and III, 120°C for forms II and III and 205°C 

for forms I and II were calculated. The transitions of polymorphs I and III, and II and 

III were enantiotropic, the transition of polymorph II into polymorph I was 

monotropic. 
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Three crystalline modifications and one amorphous form of sulfathiazole were 

characterised using differential-scanning calorimetry (DSC), thermogravimetry (TG), 

X-ray diffraction (PXRD) and infrared spectroscopy (IR). For the purposes of 

infrared spectroscopy both the KBr disc method and the Nujol mull technique were 

only suitable it polymorphic changes did not take place during sample preparation. 

As two of the polymorphic forms were highly unstable on grinding attenuated total 

reflectance (ATR) was used to obtain the infra-red spectra. 

Dissolution studies of the different polymorphic forms were performed in water. 

1983 

"Neue Untersuchungsergebnissse zur Polymorphie von Sulfathiazol" 

Burger, A. and Dialer, R D. (1983). Phann. Acta //e/v.,(written in German), 58, 3, 

72-78. 

The commercial product was composed of either all modification III or a mixture of 

111 and IV. 

Modification I. Heated to 97°C in //-propanol using a rotary evaporator. The product 

was left at 80°C. hot-filtered and dried at 120°C. 

Modification II. Heated to 97°C in //-propanol without rotary evaporation. 

Modification III. Recrystallised using 40% ethanol. 

Modification IV. Left to evaporate in /i-propanol on a watch-glass. Insufficient 

yield meant re-crystallisation was not undertaken. 

At room and body temperature the thermodynamic stability increased in the order: 

I (nip 202°C). II (mp 196°C). IV (mp < 175°C), III (mp 175°C). Only between III 

and IV monotropism could be shown. The other 5 possible couples were related by 

enantiotropism. 

The modifications were investigated using DSC, thermomicroscopy, IR-spectroscopy 

and by the determination of solubility and density. 

To investigate the transition behaviour of modifications I and II solubility was 

measured in aqueous and organic solvents at different temperatures. The discrepancy 

occuiring between the heat of transition measured by DSC and that calculated from 

solubility data for both these modifications could be explained by the difference in 

specific heat of the forms. 

79 



J. The Polymorphs of Sulfathiazole 

1987 

"Polymorphism of Norsulphazol (2(p-Aminobenzolsulphamide)thiazole)" 

Babilev, F. V., Bel'skii, V. K., Siminov, Y. A. and Arzamastev, A. P. (1987). Khim. 

Farm. Zh., (written in Russian), 21, 1275-1280. 

Norsulphazol (USSR State standard quality) 

Two novel polymorphic modifications (II' and IV) with composition C9H9N3O2S2 

and one solvate (V) with composition C9H9N3O2S2.C4HXO2 were noted. 

Tables 3.2 and 3.3 summarise the pertinent crystallisation and crystallographic 

information. 

Modification Solvent Density g/cm^ Structure class 
I* n propanol 1.50 P2\lc, Z = 8 

11* /;-propanol 1.55 Plilc, Z = 4 
i r ethanol 1.54 P2i/b, Z = 4 

HI* dilute ammonia 1.57 Pli/c, Z = 8 
IV water 1.60 P2\ln, Z = 4 
V dioxan 1.44 Pbca 

Table 3.2 Polymorphic modifications of norsulphazol (2-(p-aminobenzolsulphamide) 
thiazole) according to Babilev et cil.. 1987. ^Crystal structures reported by Kruger and 
Gafner, [1971 and 1972]. ' Babilev reported the crystal structure for modification V in 
a previous paper [Babilev, 1987]. This turned out to be a dioxan solvate. 

Form a, A 6, A c, A N* R 
H 8.239 (2) 15.556 (4) 8.592 (2) 86.34 (2) 1338 0.028 
IV KX867 (3) 11.456(3) 8.543 (2) 91.87 (2) 1261 0.031 

Table 3.3 Crystallographic parameters of polymorphic modifications 11' and IV. *N 
is the number of reflections with I > 3. R is the reliability factor. 

Single crystals of polymorphic modifications 11'. IV and V were obtained by slow 

crystallisation of the pharmocopaeic substance from ethanol, water and dioxan 

respectively. 

1989 (Received 23 February 1988) 

"Polymorphism of Sulfathiazole" 

Anwar. .1. Tailing. S. E. and Barnes. P. (1989). J. Pharm. Sci., 78, 4, 337-342. 

Sulfathiazole BP grade was supplied by May & Baker. Dagenham, Essex, UK. The 

solvents used for crystallisation of all polymorphs were of AR grade. 
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Form I was re-crystallised Irom n-propanol at 90°C. It was harvested by hot 

filtration and dried in a hot air oven at 105°C for 15min. 

Form II was obtained by boiling a supersaturated solution of sulfathiazole in water to 

dryness using a hotplate. As soon as all the water had evaporated the crystals were 

removed from the hotplate and dried in a hot air oven at 105°C for 15min. On 

occasions when the transfer of the crystals was not quite immediate the crystals were 

not of form II but III instead. 

Form III was crystallised from water. An almost saturated solution was obtained 

using a rotary evaporator and then it was cooled at a rate of 5-10°Ch"'. 

Form IV was crystallised from a 50:50 mixture of acetone and chloroform. An 

almost saturated solution in acetone was cooled to room temperature and diluted with 

chloroform. The solution was mixed and allowed to stand. Crystals of both forms III 

and IV were harvested by filtration and dried in a desiccator under reduced pressure 

(F^Os) at room temperature. 

The IR, Raman, and ' C NMR and PXRD spectra were reported for all four forms. 

Isolation and characterisation of forms 1 and II was without problem. In contrast the 

isolation of 111 and IV proved to be difficult, being hampered by the characterisation 

techniques used to resolve the separate existence of the two forms. 

Furthermore crystals of 111 exhibited preferred orientation complicating the PXRD 

analysis. 

It was concluded that: 

'Although specific stability studies have not been carried out, it was confirmed 

that under ambient conditions form 111 was the most stable polymorph. Samples 

of IV stored under ambient conditions transformed to III over a period of 

several months as did impure samples of I and II. However, pure samples of I 

and II remained unchanged for at least 18 months.' 
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1989 (Received 25 July 1988) 

"High resolution electron microscopy study of sulphathiazole crystals" 

Luklinska, Z. H., Solanke, O. O., Summers, M. P. (1989). J. Phann. Pharmacol., 41, 

559-561. 

Sulfathiazole BP was employed in this study. 

High-resolution electron microscopy was used to identify crystal defects and their 

occurrence was related to DSC data. 

1993 

"Crystallisation of polymorphs; the effect of solvent" 

Khoshkhoo, S. and Anwar, J. (1993). J. Phys. D. Appl. Phys., 26, B90-B93. 

Sulfathiazole of unknown provenance was used in this experiment. 

Pure samples of forms I and III sulfathiazole were recrystallised from n-propanol and 

water respectively. 

Form II was recrystallised by rapidly quenching a boiling solution of sulfathiazole in 

water to 4°C. 

Form IV was obtained by recrystallisation from a mixed solution (ratio 3:2) of 

acetone and chloroform. 

Ostwald's law of stages [Ostwald. 1897] was highlighted. According to Ostwald's 

law, at a sufficiently high supersaturation the first form that crystallises is the most 

soluble (the least stable) form. This form transformed to the next most soluble form 

through a process of dissolution and crystallisation. 

This study demonstrated the effect of solvent in crystallisation of polymorphs using 

sulfathiazole as a model compound. 

The solubilities of the 4 polymorphic forms of sulfathiazole were determined as a 

function of temperature in various solvents. Within the temperature ranges studied 

the rank order of solubility of the polymorphs was the same for all solvent systems. 

On the basis of this knowledge, recrystallisation experiments (in which 

supersaturation was systematically varied) were earned out in order to isolate each of 

the polymorph forms from each solvent. These experiments reveal that not all the 

known polymoiph forms can be crystallised from any given solvent by varying 

supersaturation. Indeed, some solvents selectively favour the crystallisation of a 

particular form or forms. 
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3. The Polymorphs of Sulfathiazole 

It was concluded that thermodynamic effects were not responsible for the selective 

behaviour of a solvent. A kinetic mechanism was proposed. It was considered that 

the solvent acts by selective absorption to certain faces of some of the polymorphs, 

thereby inhibiting their nucleation or retarding their growth to the advantage of others. 

1996 

"Influence of polymorphism on the Young's modulus and yield stress of 

carbmazepine. sulfathiazole and sulfanilamide" 

Roberts, R. J. and Rowe, R. C. (1996). International Journal of Pharmaceutics, 129, 

79-94. 

Form III was obtained from Sigma Aldrich Chemical Company Ltd, Dorset. 

Form I was prepared by heating form III at 170°C for 1 hour as described by 

Shaktshneider & Boldyrev, [1993]. 

Methods of characterisation included: 

DSC - Excellent agreement with the data determined here and that found by Lagas 

and Lerk. [1981] in terms of transition temperatures, melting points, heat of transition 

and fusion. 

PXRD - A comparison of the polymorph pairs showed that grinding in a pestle and 

mortar did not induce phase transformation. 

Mechanical properties of Young's modulus and yield stress were found to vary 

between polymorph pairs depending on the structural differences in the packing 

motifs. 

1998 

•'Crystal chemistry and solvent effects in polymorphic systems: Sulfathiazole" 

Blagden, N.. Davey. R. J.. Lieberman. H. F., Williams. L.. Payne R., Roberts R., 

Rowe, R. and Docherty R. (1998). J. Cheni. Soc., Faraday Trans.. 94(8), 1035-1044. 

The structural data for each of the polymorphs was taken from the Cambridge 

Database. 

The polymoiph numbering for this work followed the increasing densities of the 

forms and was identical with that given by previous crystallographers, Kruger & 

Gafncr, [1971, 1972] and Babilev, [1987]. 
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3. The Polymorphs of Sulfathiazole 

The crystallographic data for the known polymorphs is summarised in Table 3.4 

below. 

Numbering in 
paper 

I II III IV 

Refcode in CSD suthazOl suthaz suthaz02 suthaz04 
Space group P2,/c P21/C P21/C P2\/n 

[A] 10.554 &235 17.570 ia867 
h, [A] 13.220 &550 &570 &543 
c, [A] 17.050 15.580 15.583 11.456 

3, degrees 108.06 93.67 112.93 88^3 
Cell volume, A 2261.3 1093.2 2162.0 1063.0 

No. molecules in 
2 1 1 

asymmetric unit 
2 1 z 1 

Calc. density, 
gem"' 

1.50 1.55 1.57 1.60 

Packing 
coefficient^ 

0.72 0.75 0.75 0.77 

Table 3.4 Crystallographic data and numbering of the sulfathiazole polymorphs 
according to Blagden et al., [1998]. * Space group originally reported as P2\/n with c 
as the unique axis, for comparison with other structures summarised here the cell was 
transformed to P2\/n with b axis unique. ' Packing coefficient defined as (molecular 
volume X number of molecules in the unit cell) / volume of unit cell. The packing 
coefficients and calculated densities suggested that the thermodynamic stability of the 
structures should increase in the order 1 < II < III < IV. 

1999 (Received July 1998) 

"Ah initio structure determination of sulfathiazole polymorph V from synchrotron X-

ray powder diffraction data" 

Chan, F. C., Anwar, J., Cemik, R., Barnes. P. and McHardy-Wilson, R. (1999) J. 

Appl. Ciyst., 32, 436-441. 

Sulfathiazole of unknown origin was used in this experiment. 

Polymorph V was recrystallised by the method of Anwar et al [1989] and the sample 

passed through a 50pm sieve by gentle brushing with a soft brush. 

Experimental observations support the existence of V. Form V crystallised from 

water at about 373K. Pure polycrystalline samples of polymorph V were difficult to 

prepare, being invariably contaminated by other polymorphs of sulfathiazole. If the 

temperature was allowed to drop below 367K form V converted to form I. At lower 

temperatures crystallisation from water yielded either form III or a mixture of forms 

III and IV. 
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The structure ol sultathiazole polymorph V was determined from high-resolution 

synchrotron X-ray diffraction data. The unit cell dimensions were: a - 14.3296(3)A, 

b = 15.2733(2)A, C = 10.4428(2)A and (3 = 91.052(1)° with cell volume V = 

2285.13(8) A \ 

Assuming lattice energies to be directly related to unit cell densities [Kitagorodskii, 

A. I., 1973] the rank order of thermodynamic stability at 0 K was expected to be III s 

IV> II> I> V. 

In the previous paper by Anwar [1989] form V was referred to as form II. Of these 

forms only the crystal structure of polymorph V was unknown. Details of the lattice 

parameters of all the known polymorphs are shown in Table 3.5 below. 

I II III IV V 
Space Group /'2|/c f2 , / c f2i /c P2\ln Pl\ln 

a, [A] 10.554 8235 17.570 1CX867 14.330 
b, [A] 13.220 8.550 8.574 &543 15.273 
c, [A] 17.050 15.558 15.583 11.456 10.443 

R n 108.06 93.67 112.93 8&13 91.05 
z 8 4 8 4 8 

No. of molecules in -> I 9 1 
asymmetric unit 1 1 z 

I)n,.[g cm 'j 1.50 1.55 1.57 
Not 

available 
Not 

available 
Dx.lg cm"'] 1.499 1.550 1^67 1.595 1.484 

Table 3.5 Lattice parameters and associated data for forms I V of sulfathiazole 
according to Chan et al., [1999]. References: I and III (Kruger and Gafner, [1972]), 
II (Kruger and Gafner, [1971]), IV (Babilev et al., [1987], Blagden etal, [1998]), V 
(cell data from the powder studies reported in this paper). 
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3.3 Discussion and conclusions 

The record of discovery of the polymorphs of sulfathiazole may be illustrated as a 

time-line and is shown in Figure 3.2. 

1940 1990 1950 1960 1980 1930 1970 
2000 

Date and Author 

1938 Newbery 
1939 Fosbinder & Walter 
1939 Lett & Bergheim 
1941 Grove & Keenan 
1947 Miyazaki 
1964 Milosovich 
1966 Carless & Foster 
1967 Guillory 
1967 Higuchi, Bernardo & Mehta 
1967 Mesley & Houghton 
1969 Moustafa & Carless 
1970 Shenouda 
1971 Kruger & Gafner 
1971 Mesley 
1972 Kruger & Gafner 
1972 Shami, Bernardo, Rattie & Ravin 
1972 Karacsonyi, Nikolics & Bidio 
1976 Jordan & Carless 
1980 Lagas & Lerk 
1983 Burger & Dialer 
1987 Babilev, Bel'skii, Siminov & Arzamastev 
1989 Anwar, Tarling & Barnes 
1989 Luklinska, Solanke & Summers 
1993 Khoshkoo & Anwar 
1996 Roberts & Rowe 
1998 Blagden, Davey, Lieberman & Roberts 
1999 Chan, Anwar, Cernik, Barnes & McHardy-Wilson 

Figure 3.2 The sulfathiazole polymorph discovery time-line. 

Figure 3.2 shows that after an initial fluiry of activity during World War II, 

research activity relevant to sulfathiazole became very quiet until 1967. This was 

probably due to the creation of other sulfa-containing drugs and more potent 

antibiotics. The resurgence in research effort noted in early 1967 may have been 

sparked by the inclusion in the Pharmaceutical Codex of sulfathiazole as a 

pharmaceutical reference compound for infra-red data. The fact that Mesley and 

Houghton [1967] working in the Laboratory of the Government Chemist noted the 

occurence of further polymorphic forms and the resurgence of polymorphism as a 
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3. The Polymorphs of Sulfathiaz.ole 

phenomenon ol particular relevance to the pharmaceutical industry [Haleblian and 

McCrone, 1969] probably lead to further investigation by other groups. Since that 

time there has been a steady rate of publication with particular reference to the 

polymorphism of sulfathiazole. 

Within the Discovery Record and time-line, presented above, certain papers should 

be acknowledged as key stages in the development of our current knowledge of the 

phenomenon of polymorphism in sulfathiazole. 

• Grove and Keenan, [1941] were the first to recognise the existence of 

polymorphism in this system. 

• Miyazaki, [1947] had seen and described all the polymorphs but had not clearly 

distinguished between them. 

• Kruger & Gainer. [1971] were the first to apply single crystal X-ray diffraction to 

the problem that allowed insight into structure property correlation. 

• Burger and Dialer, [ 1983] produced the definitive record based on thermo-

chemical evidence. 

• Anwar. Tarling and Barnes, [1989] made a comprehensive attempt to relate the 

physical forms but made crucial mistakes that lead to the pharmaceutical-

crystallographic divide in the nomenclature of sulfathiazole. 

• Blagden et al.. [ 1998] used the available crystal structure evidence and graph-set 

analysis to describe the process of crystallisation using Ostwald's Law to explain 

the formation of the polymorphs. 

Two main points emerge from our survey. The first is that melting point 

information, methods of preparation and morphological details, were found to be 

comprehensively recorded during the earlier part of the 20"̂  Century (Newbery, 

[1938] to Miyazaki, [1947]). However, largely due to the advances in the 

instrumentation of DSC, IR, PXRD, ' CNMR and single crystal X-ray diffraction 

progress in the study of sulfathiazole took a new route for the latter half of the 

century. Ultimately, Blagden et a!.. [1998] allowed inferences to be made on the role 

of structure in polymoiph formation. 

It is partly this "historical" separation that has resulted in the discontinuity and 

confusion over the reliable characterisation of the polymorphs. 
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3. The Polymot-phs of Sulfathiazole 

The objective ot the work reported in this thesis was to undertake a consistent 

study to provide an "once-and-for-all" definitive description based on the evidence 

presented above. In this, we were concerned with linking the methods of production, 

spectroscopy and structural work. 
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4. The Experimental Section 

Chapter Four 

The Experimental Section 

4.1 Experimental conditions 

Several important factors need to be considered before starting an experiment. 

4.1.1 Radiation 

The most common choice is between copper (1.5418A) and molybdenum (0.71073A) 

radiation. Copper X-ray sources produce a higher flux of incident photons (for 

compatible power settings) and are diffracted more efficiently. Copper radiation is, 

therefore, usually employed for small or weakly diffracting crystals. In cases where 

absolute configuration is required and the crystals do not contain elements heavier 

than sulphur, copper radiation is essential. On the other hand, absorption effects are 

generally less serious with molybdenum radiation and this is crucial when crystals 

contain elements of high atomic number. Molybdenum allows collection of data to 

higher resolution and is likely to cause fewer restrictions in low temperature 

conditions. It is also by far the most effective radiation for use with area detectors 

(sec below) as the diffraction pattern is more compact. 

4.1.2 Temperature 

The benefits of low temperature data collection are only realised if the equipment is 

well aligned and correctly set-up e.g. icing causes the crystal to move or even to be 

lost. Reducing the temperature is essential for compounds that melt below 50°C and 

compounds that are known to be labile. At lower temperatures thermal motion is 

reduced and the intensity of reflections at higher Bragg angles, thereby, enhanced. In 

this way better intensity can be obtained at higher resolution. The reduction in 

thermal motion also reduces librational effects that are known to artificially shorten 

computed bond lengths. The actual temperature chosen is usually a compromise 

between the desire for the lowest temperature and an increased risk of icing. For 

routine work on molecular crystals temperatures in the range 120-150K are typical. 

Phase changes are generally a rare problem. However. cooUng may have an adverse 

effect on poor quality crystals producing split reflections, poor orientation matrices 

and large uncertainties in unit cell parameters. 
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4.1.3 Other Conditions 

Crystal size, methods of mounting, choice of goniometer head and optical centering 

need consideration, as they all will have serious effects on the outcome. A collimator 

should be selected that will allow the entire crystal to be immersed in the X-ray beam. 

However, it is important that the diameter of the collimator is not too great as this 

would lead to increased scattering by air, resulting in higher background levels. 

4.2 Instrumentation and Data Collection 

The following sections (4.2.1 to 4.3.2 inclusive) describe the instrumentation used in 

this project and the data collection strategies employed. 

4.2.1 The Nonius MACH 3 Diffractometer 

The MACH3 system consisted of a high voltage generator with a copper sealed tube. 

A 4 circle goniometer combining oine^ci (CO), kappa (K) , phi (({)) circles to position the 

crystal and a theta (0) circle to position the detector. The detector was a single-point 

scintillation counter. 

The diffractometer was equipped with a copper sealed tube and a high voltage 

generator. The source consisted of a collimator with replaceable slits. A beta filter 

(or monochromator) suppressed the beta and Brems radiation and the collimator 

produced a narrow beam of X-rays. 

The kappa goniometer was a combination of three parts, bearing the three rotation 

axes. The goniometer head was mounted on the phi axis that was supported by the 

kappa block. The kappa block was capable of rotation about the kappa axis, which 

was, in turn, earned by the omega block. The omega block was then rotated about the 

omega axis and canied by the base plate of the diffractometer. The goniometer could, 

therefore, access all directions in chi within 100° of the zero position since a , the 

angle between the omega axis and the kappa axis as well as the one included by the 

kappa axis and phi axis are 50°. The goniometer also contained a fourth axis, the 

theta axis, which supported the detector. The theta axis coincided with the omega 

axis. A fifth angle psi. also known as the azimuth angle, was used to measure the 

rotation of the sample about the normal to the diffracting plane of interest (the 

diffraction vector). This type of rotation can only be achieved by a combination of 

omega, kappa, and phi changes since there is not a specific circle for it. In practice 
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psi-scans were useful for making empirical absorption corrections. The goniometer 

movement was controlled by an electronic interface. This interface contained a 

processor, drivers and a detector circuit. A pocket terminal was used to perform a 

number of functions particularly with regard to the centering of the crystal. Precision 

optical encoders guided the DC motors that directed the axes. These motors permitted 

fast and accurate positioning with low power consumption. 

The detector was a single point scintillation counter and the 20 arm moved in the 

equatorial plane. The detector used an attenuator to reduce high intensities. 

Data collection was carried out using EXPRESS [Enraf Nonius, 1994] software 

installed on a VMS computer terminal. All experiments were undertaken at room 

temperature. 

Configuration of the CAD4 as used in Cardiff is shown below in Figure 4.1. 

X-ray tube 
Detector 

590 HV generator 

Dial uni 

Omega 

2Theta 

Goniometei Interface 

Host computer 

Figure 4.1 A schematic of the Nonius MACH3 as it was configured in the X-ray 
crystallography laboratory of Cardiff University. 

4.2.2 The Reflection Search Procedure 

This was essentially a blind procedure. The diffractometer software drove the three 

circles Itheta, omega and kappa to pre-selected positions then moved phi through a 

range of 360°. If a reflection was detected it was either centred immediately or its 

position stored so that it and any others could be centred at the end of the phi scan. At 

this point a fast scan was undertaken between 30-35 or 35-AQ°theta for strong/medium 

high angle reflections. This scan also yielded sufficient data for the basic Laue 

symmetry to be determined. Upon location, each reflection was centred. This 
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procedure required phi lo be fixed as the omega scan moved the crystal through the 

Bragg position, producing a relatively sharp maximum. In contrast Itheta scans 

barely affected the Bragg condition and so yielded broad maxima. The lower limit of 

the width of the reflection profile was set according to the X-ray optical 

characteristics ot the diffractometer. Beam divergence increased markedly for poor 

crystals producing large mosaic spreads. Unless the cell was known beforehand, a list 

ol at least 12 reflections, were obtained before the process of indexing was 

undertaken. 

4.2.3 Indexing 

In order to index the data, the diffractometer angles for each found reflection were 

used to calculate its position in reciprocal space, defined according to axes and linked 

to the dittractometer axes. The software searched for recurring vectors, which, when 

referred to the origin 0, 0, 0 led to the identification of a grid. The dimensions of the 

unit vectors then gave the reciprocal lattice vectors for the cell and, ultimately, the 

orientation of the three unit vectors of the cell on the diffractometer. 

4.2.4 Finding the Correct Cell 

Once the original primitive cell was found it was necessary to obtain the correct 

Bravais lattice (crystal system + lattice type). This operation was undertaken on 

metric considerations alone. If, however, the metric symmetry was higher than the 

Liuie (diffraction) symmetry, it was important to check which reflections, equivalent 

under the chosen Laue group, actually produced similar intensities. The reader is 

referred to Chapter One, Table 1.5 for details of equivalent data. At this stage it was a 

good idea to undertake a couple of checks. There was no point in collecting data on a 

crystal that had been previously reported in the CSD [Allen and Kennard, 1993]. It 

was therefore found useful to maintain an in-hoitse database linked to the CSD that 

contained the unit cells of previously determined structures. 

4.2.5 Obtaining a Good Orientation Matrix 

The initial matrix and unit cell was sometimes found to be insufficiently precise for 

data collection. Reflections with higher Bragg angles were required so that the 

relative enors in the setting angles were reduced. It was found that Itheta values of 

around 30° for molybdenum and 50° for copper radiation were high enough to give 
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good resolution without producing problems due to the splitting of the tti/tta doublet. 

The "tall-oft of intensity at higher angles was a problem that led, in some instances, 

to compromising the 2theta range. Peak top measurements were used to identify 

those reflections that were deemed to be sufficiently intense. From this group 12 to 

25 reflections were selected. Reflections were chosen so that ILh/a = ILk/b = Z/ / c in 

order that the precision of the matrix (and the derived cell parameters) was as close as 

possible in all directions. At this stage it was necessary to adjust the hardware and 

software settings for the slit apertures selected for collection. 

4.2.6 Obtaining the Best Unit Cell Dimensions 

The unit cell obtained from the refinement of the orientation matrix was not the most 

suitable tor use in structure analysis. This cell was based on a limited number of 

centred reflections. It was refined without symmetry constraints and was prey to 

systematic errors in angular positions resulting from diffractometer zero errors and 

crystal misalignment. Cell parameters were best obtained and refined after data 

collection. 

4.2.7 Preparing for Data Collection 

Once started, the data collection was a fully automated procedure so it was important 

to set the parameters that control it correctly. The most obvious constraints were 

imposed by the quality of the crystal but instrumental factors were also important. 

Decisions had to be taken, such as the time allocated for each reflection (and 

consequently the whole data collection), how this time was partitioned between 

reflections of different intensity, the scan type and width, the frequency with which 

standards were checked and re-orientations carried out. It was always worth 

considering the purpose of the experiment before selecting these parameters. 

4.2.8 The Procedure for Data Collection 

The procedure for data collection was essentially automatic but it was advisable to be 

present while the diffractometer canned out routine checks (e.g. on zero positions) and 

moved on to measure standard reflections. It was important to check that each 

standard had sufficient intensity and that its maximum lay near the centre of a scan of 

adequate width. The data collection software maintained a summary of the numbers 
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ol rcHcctions thai were inaccessible (due to hardware restrictions), 'unobserved', off 

centre, had uneven backgrounds or showed scan width errors. 

4.2.9 Data Reduction, Gross Systematic Errors and Correction of 

Intensity Data 

The detected reflection intensities of the data set were converted to more accurate 

values by the automatic application of two correction factors: 

• Polarisation factor: allowed for the variation in the intensity of scattering as a 

result of polarisation of the beam. 

• Lorentz factor: used to correct diffraction intensities that allowed for the varying 

time that different Bragg reflections (as reciprocal lattice points with finite sites) 

took to pass through the sphere of reflection (Ewald sphere). The value of this 

correction factor depended on the scattering angle and the geometry of 

measurement of the Bragg reflection. 

The following corrections were used in appropriate circumstances: 

1. Absorption coiTections 

Crystals containing elements heavier than silicon generally required absorption 

corrections. The severity of absorption depended on how many heavy atoms were 

present, as well as the external crystal morphology. More precisely, the need for 

absorption correction was calculated using (iv, where |i was the linear absorption 

coefficient (mm"') conesponding to the (assumed) cell contents and the radiation 

used and .v was the average crystal dimension. If )xv was less than 0.1 then no 

correction was necessary. The differential effects of absorption were estimated by 

calculating for the largest crystal dimensions. 

2. Decay corrections 

Significant movements of the crystal during data collection were detected by 

changes in the standard reflections. The standard measurements were also used to 

conect for crystal decay (or increase in mosaic spread). The standard 

measurements were made by pair-wise linear interpolation, batch-scaling and 

polynomial curve fitting. 
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3. Other corrections 

Extinction predominately affects strong, low angle reflections and was accounted 

tor by including a single correction factor, as a variable, in the structure 

refinement. Secondary extinction was wavelength dependent and was found to be 

worse for copper than molybdenum. Thermal diffuse scattering artificially 

enhanced the intensity of some high angle reflections. It was minimised by using 

low temperature for data collection. 

Thus, analysis of the diffraction data revealed trends, patterns and potential 

limitations in the data. Programs such as XPREP [Sheldrick, 2001a] were used to 

display reciprocal lattice plots that revealed such potential limitations. In particular, 

these plots were useful in revealing incorrect cell and lattice choices. 

4.3 Introduction to Modern Methods for Enhanced Data Collection 

The original area detector was photographic film. The problem with film was that it 

required chemical development, was not reusable, had no time resolution and did not 

have a good dynamic range. Modern area detectors are effectively electronic versions 

of this photographic film. The main advantage over conventional scintillation 

counters is their ability to record diffraction data over a substantial solid angle. As far 

as normal Bragg diffraction is concerned this means simultaneous measurement of a 

number of reflections instead of serial measurement in some sort of order. The 

numbers of reflections that can be read simultaneously depend on the size of the unit 

cell as well as the size of the detector. Additionally, the area detector records the 

whole of the intercepted diffraction pattern and not just the Bragg reflections i.e. the 

whole of reciprocal space is observed and not just the space around the reciprocal 

lattice points. A related advantage is that it is not necessary to estabhsh the correct 

unit cell and crystal orientation matrix before beginning data collection as these could 

be found later from the stored images. Disadvantages include higher capital cost and 

greater demand on computing resources when dealing with larger data sets and faster 

measurement of them. Additionally, it should be noted that there is a need for careful 

software con ections due to the non-uniformity of both the spatial and intensity 

responses of the detector. 
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01 the several diilerent types ol area detectors available, two are of particular 

relevance to this project: 

• The FAST TV Area Detector (Fast scanning Area Sensitive TV area Detector). 

• The KuppaCCD Area Detector (Kappa geometry Charge Coupled Detector). 

4.3.1 The Small Molecule FAST (Fast scanning Area Sensitive TV) Area 

Detector 

Although protein crystallography has employed area detectors such as X-ray films, 

multi-wire gas discharge, image plates and TV cameras since the 1950s, application 

of this technique to small molecule work followed somewhat later. The main 

advantage of such a detector regardless of the physical principle of its detection was 

to monitor several Bragg reflections simultaneously. This greatly reduced collection 

times. The UK National Crystallography Service, then at the Chemistry Department, 

QMW, London, was the first to adapt a TV area detector for small molecule work. 

Professor Hursthouse, Head of this Unit, subsequently moved to Cardiff, thus 

allowing access to this instrument for the purposes of this study. 

The FAST TV system consisted of: 

• An Enraf-Nonius rotating anode generator - FR571. 

• A Delft Instruments CAD4 goniostat equipped with Kappa geometry. 

• An Enraf-Nonius FAST TV area detector system. 

• An Oxford Cryostream for low-temperature work. 

• A VAX 3200 workstation to process the images. 

The rotating anode (FR 571) was operated using a 300micrometer fine focus and 

produced a power rating of up to a 2.75 kW. Short wavelength X-rays were produced 

by using a molybdenum target. The resultant X-radiation was graphite 

monochromated. The brilliance (measured in photons per unit time and area) of the 

beam obtained by this process was 10 orders of magnitude greater than that obtained 

using a sealed tube. This enhanced brilliance was of particular importance when 

dealing with small weakly diffracting organic crystals. 

The goniometer was situated between the detector and the source and was the 

means whereby the crystal was orientated to the desired diffraction position, as shown 

in Figure 4.2 below. It was important that the crystal could be orientated in any 
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direction with respect to the incident beam and the detector in order to investigate as 

many Bragg reflections as possible. The goniometer demonstrated kappa geometry in 

a manner similar to that used by the MACH3 (refer to Section 4.2.1 for further details 

of kappa geometry). 

X-rays from 
Rotating 
Anode 

HQR. PLANE 

X-rays 
to Area 
Detector 

KAPPA 
BLOCK 

OMEGA 
BLOCK 

2 THETA 

Figure 4.2 The FAST TV goniometer illustrating Kappa geometry. The whole 
goniometer was rotated around its omega axis to permit detector swing angles 
between +10 and -70 degrees. 

crytlftt po»(lion 

2G*-25° 

roui tng 

28:-65° 

Figure 4.3 Plan of the FAST showing the limitations of swing angle imposed by 
mechanical obstruction of the enclosure. 
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The detector moved about the theta axis, as shown in Figure 4.3, on an 

asymmetrically positioned 2theta arm in order to achieve a greater resolution of 

sinG/X. For routine data collection, the detector was set at an angle of 20° to the 

primary beam. The crystal was positioned at a distance, (dx), from the detector 

(50mm for a routine collection), (dx) was selected in order to obtain maximum 

resolvability of reflections coupled with efficient recording of the desired portions of 

the Ewald sphere. 

Unlike X-ray film or image plate technology the FAST did not integrate reflection 

intensities as the reflection passed through the surface of the Ewald sphere. Instead 

the FAST measured small slices of reciprocal space. These slices generally had a 

width of between 0.1° and 0.3°. In this way a 3-dimensional image of the reflection 

was reconstructed. An individual slice of reciprocal space was termed a frame, whilst 

a stack of frames containing one reflection was termed a shoebox. From the 

information provided by the pixels in the shoebox an ellipsoid was fitted to the 

intensity distribution of the integrated intensity of the reflection. A preliminary centre 

of the reflection was determined from the orientation matrix before the ellipsoid was 

fitted. Background limits were determined after the integrated intensities were 

calculated. The geometry of the rotation photograph did not allow all reflections 

within the limiting sphere to enter the diffracting position. The excluded area was 

called the cusp area and could only be accessed by changing the rotation axis. The 

cusp area and its relationship to the reciprocal lattice are shown in Figure 4.4. 

Incoming 
X-ray Q O — 

2̂00 Yioo 

• Cusp Area of 
Rotation 

& Origin of 
P reciprocal 

lattice 

Figure 4.4 The cusp area of rotation. 
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Based on a standard television camera, the detector converted the high-energy X-

ray photons to low-energy visible light using a GdiOzSiTb phosphor layer. The 

phosphor was 46.8mm wide and 62.4mm high and these dimensions, in conjunction 

with the crystal to detector distance (dx), determined the opening angle of the 

diftractometer cone. Since the experiment used Mo Ka radiation it was necessary to 

increase the thickness of the phosphor plate in order to achieve the appropriate 

quantum etticiency. The resulting image was intensified and scaled using a scanning 

electron beam (25MHz) in the Silicon Intensifier Target (SIT) camera tube that 

collected the image. The analogue output signal produced from the SIT was then 

amplified and converted into a digital signal using an analogue to digital converter 

(ADC). The signal was then sent to an interface and accumulated in a mass store. 

The mass store was a [8 x 512 x 512] bit channel memory unit that allowed 

manipulation and subsequent handling of the image. The optical elements of the 

FAST are shown in Figure 4.5. 
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Analog 

Digital 
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[ADC] 

D 
A 
T 
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Figure 4.5 Optical elements of the FAST. 

An Oxford Cryostream was employed to make experiments at lower temperatures 

possible. Temperatures achieved by this system were between 120K and 150K. 
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Variable ramping rates of between IKh ' and ISOKh ' allowed these temperatures to 

be obtained according to experimental constraints. 

Small molecule crystallography required higher resolution than protein 

crystallography in terms of sin8/X. A resolution limit of 0.56A was considered 

sufficient. As stated above, the dimensions of the detector determined the opening 

angle ot the diffraction cone. In practice, it was generally between 5 and 67.5° 

depending on the crystal to detector distance (dx). Only molybdenum radiation was 

able to achieve this resolution without altering the detector swing angle beyond the 

physical limits of the enclosure as shown in Figure 4.3 above. Assuming a scan speed 

ot 0.6° min ' a rotation photograph of 180° could be accomplished in 5 hours. The 

data collection strategy was designed in order to achieve a hemisphere of data as 

required tor the triclinic case. When the crystal was of higher symmetry the cusp 

rellections were covered by symmetry equivalents. In such cases the data collection 

was abbreviated. 

The only other limiting factor regarding collection time was the computing speed 

at which frames could be manipulated. The VAX 4000 Model 60 provided the 

necessary computing power to achieve this. The diffractometer was governed by 

MADNES software [Pflugrath and Messerschmidt, 1989]. 

Bearing in mind the above constraints the procedure used to obtain intensity data 

from the FAST TV Area Detector (for a routine collection) may be summarised by the 

following method: 

1. The crystal was mounted, usually on a glass fibre pip using Araldite® or silicon 

grease (for low temperature studies) and centred in the middle of the primary X-

ray beam. 

2. A set of images ranging from 0° to 10° in phi were collected at 0.2° increments 

and 10 second exposure time using the FIND algorithm [Pflugrath and 

Messerschmidt, 1993a]. The resulting frames were searched for peaks that were 

then converted to integrated reflections. 

3. The first 50 reflections were AUTO-INDEXED [Pflugrath and Messerschmidt, 

1993b]in order to obtain the initial cell constants and the orientation matrix for the 

crystal. A primitive Bravais cell (with esds) was initially selected which was 

transformed to higher symmetry if necessary. 
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4. A second algorithm refined the cell along with the effective mosaic spread and 

detector and beam geometry using 250 reflections. The software predicted the hkl, 

Yms/Zms and Rot (change in crystal axes) ranges for every reflection based on the 

refined cell. 

5. One of two collection modes was chosen according to user preference. Both 

methods employed the program MADNES [Pflugrath and Messerschmidt, 1989]. 

a. On-line: in which the integrated intensities were collected producing images that 

were evaluated as the collection proceeded. 

b. Off-line: this method stored all the images as frames on disk for evaluation at a 

later date. 

6. The data collection strategy chosen aimed to collect a hemisphere of data. 

7. On completion ot the data collection the experimental data was reduced, merged 

and processed. 

8. Lorentz and polarisation corrections were applied to every set of data. 

4.3.2 The Nonius KappaCCD System for Small Molecule Work 

Upon moving to Southampton the charge coupled device (CCD) area detector became 

the preferred mode of data collection, for small molecule work, due to its high speed 

and accuracy. Full data sets were collected routinely in one to two hours. The Nonius 

KappaCCD provided the lowest noise and highest sensitivity area detector available 

at that time. 

The system consisted of: 

• A Nonius FR591 rotating anode X-ray generator. 

• A goniometer with Kappa geometry. 

• A Nonius KappaCCD detector. 

• An Oxford Cryosystems cryostream. 

• A PC with a Windows-based operating system. 

Using the ULTRA (FR591) anode it was possible to achieve 6kW power rating 

when using a 0.3mm focus. The anode was composed of a molybdenum target and 

the radiation monochromated using graphite. 

The goniometer retained the Kappa geometry and all the associated benefits 

obtained with the FAST system. The goniometer offered a ITheta range of about -
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145° to +145°. The CCD detector consisted of a special grade phosphor faceplate 

(GdiOiS) behind a beryllium window. 

When X-rays hit the faceplate the phosphor 'glowed'. The light was transmitted 

down a tapered bundle of glass fibres that were bonded directly to the CCD chip. 

This bonding process achieved a greater efficiency of light transmission. The CCD 

chip was cooled to -60°C by a step-down Peltier cooling system allowing the 

temperature to be monitored and the digital image produced with reduced background 

noise. The benefit of a combination of high transmission and low-temperature was 

that the detector had a high sensitivity with an extremely flat background. From here 

the images were stacked in order to extract intensities from individual reflections. A 

schematic of the hardware configuration is shown in Figure 4.6 below. 

X-ray 
generator 

Goniometer 
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condensation-free 
insulation 

Ethernet 

Wate r 
chiller for 
Peltier 
elements 

C C D area 
detector 
controller 

Figure 4.6 Schematic showing KappaCCD hardware configuration. 

A Pentium powered central controller drove the hardware and directed the sub-

controllers. The first sub-controller drove the mechanical goniometer hardware, the 

second controlled the electronic hardware, video microscope and temperature control. 

The central controller was linked through an ethernet port to a PC using the LINUX 
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operating system. The goniometer hardware was accessed from the central controller 

as well as from the PC workstation. 

Using an Oxford Cryosystems cryostream, data was collected between 120K and 

150K. Liquid nitrogen was sucked out of an open Dewar along a flexible transfer line 

into a Coldhead ' where the liquid was evaporated to gas. The Coldhead® was cooled 

to the required temperature as the cold gas passed along one path of a heat exchanger. 

In this way the crystal was surrounded by nitrogen at very accurate low temperatures. 

Alter an initial pre-scan to check crystal quality, the unit cell was indexed by the 

following methods. 

For a routine data collection the following strategy was employed: 

1. A phi/chi experiment [Duisenberg et al., 2000] using DIRAX [Duisenberg, 1992] 

was used to obtain the unit cell. Alternatively, this was achieved using DENZO 

[Otwinowski and Minor, 1997a] software with a phi rotation of 10°. 

2. Once the unit cell and the orientation matrix had been obtained COLLECT 

[Hoolt, 1998] automatically calculated a data collection strategy in order to 

access all the necessary reflections in the asymmetric unit. In situations where 

the crystal system was uncertain a 'triclinic' set of data was collected. Once 

collected, data were integrated using DENZO [Otwinowski and Minor, 1997a] 

and passed through SCALEPACK [Otwinowski and Minor, 1997b]. No scaling 

was applied at this point but the cell was refined using all reflections. 

3. An empirical absorption correction using SORTAV [Blessing, 1995] was 

routinely adopted for all absorption correction procedures. 

4. The data was then transferred to a desktop PC allowing structure solution and 

refinement to be undertaken using the SHELX-97 [Sheldrick, 1997] suite of 

programs. 

4.4 Structure Solution and Refinement using SHELX-97 

The first version of SHELX was written at the end of the 1960's. The gradual 

emergence of a relatively portable FORTRAN subset enabled it to be distributed in 

compressed form as a box of punched cards in 1976. SHELX-76 [Sheldrick, 1976] 

survived until major advances in direct methods demanded a major re-write of the 

structure solution part producing SHELX-86 [Sheldrick, 1990]. Re-writing and 

validating the refinement program proved more difficult but was finally achieved with 
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SHELX-97 [Sheldrick, 1997]. SHELXS-86 [Sheldrick, 1990] and SHELXL-97 

[Sheldrick, 1997] were upwardly compatible with SHELX-76 [Sheldrick, 1976]. 

Some further changes to accommodate the demands of macromolecular 

crystallographers and some changes to the CIF (crystallographic information file) 

format have lead to the production of the SHELX-97 [Sheldrick, 1997] package. 

The structure solution package, SHELX-S [Sheldrick, 1997] currently includes a 

more powerful direct methods program in addition to the use of a vector superposition 

method. 

4.4.1 Structure Solution using SHELX-S 

SHELX-S [Sheldrick, 1997] is primarily designed for small molecule (containing 1-

200 atoms) structures from single crystal experiments at atomic resolution. SHELX-S 

[Sheldrick, 1997] is versatile and efficient for all space groups in all settings. 

Instructions and data are taken from two standard (ASCII) text files compatible to 

those used for SHELXL [Sheldrick. 1997]. 

Before starting SHELX-S [Sheldrick, 1997] the file, name.ins, was prepared using 

the program XPREP [Sheldrick, 2001a]. The name.ins file contained instructions, 

crystal and atomic data. Additionally, it was necessary to produce a name.hkl file that 

contained the reflection data. The format for this file (314,2F8.2) was the same for all 

versions of SHELX. This file was terminated by a record with all items zero. 

A brief summary of the structure solution appeared on the computer screen and a 

full listing was written to a file name.lst. After structure solution a file name.res was 

written that contained the information from name.ins. followed by Q-peaks (potential 

atoms). The name.res may be copied to name.ins file for further structure refinement 

cycles using SHELXL [Sheldrick, 1997]. 

4.4.2 Structure Refinement using SHELXL 

SHELXL [Sheldrick, 1997] is a program for the refinement of crystal structures from 

diffraction data. It employs the conventional structure factor summation described in 

Chapter One. SHELX is intended to be easy to install and use. It is very general and 

is valid for all space groups. Polar axis restraints and special position constraints are 

generated automatically. The program can handle twinning, complex disorder, 

absolute structure determination, CIF output and provides a large number of restraints 

and constraints for the control of difficult refinements. 
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To run SHELXL [Sheldrick, 1997] only two files were required containing 

atoms/instructions and reflection data. The reflection data file (name.hkl) contained h, 

k, /, and o(F^) in standard SHELX format. The program merged equivalents and 

eliminated systematic absences. Crystal data, refinement instructions and atom co-

ordinates were all input to the file name.ins. 

A brief summary of progress was given on the computer screen and a full summary 

was written to name.lst. A file name, res was (re) written after each refinement cycle. 

It was similar to the natne.ins file but contained updated values for all refined values. 

The name.res file was copied before the next refinement run as shown in Figure 4.7. 

Tables 

Crystal data 
Instructicns 
Atoms 

Intensity 
data 

ins .hkl 

EDIT^ 

res N' 
R M P T . Y T . 1st 1st 

/ , f 

Printer 

Archive Clf .fcf 

V 

CIFTAB 

Figure 4.7 A flow diagram representing structure refinement using SHELXL. 
The refinement procedure produced two "agreement factors", R1 and vyR2. These 
values represented the difference between the observed and calculated structure 
factors. 

The CIF is an archive file for transmission of crystallographic data between 

laboratories, computer programs, journals or databases. The specification of the CIF 

standard and details of its evolution have been recorded by Hall, Allen and Brown 

[1991]. 
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The checkClF procedure tests for valid CIF data-fields, correct syntax, missing 

lUCr Journals Commission requirements, consistency of crystal data, correct space 

group assignment etc. The checkCIF program is available from the lUCr website at 

www.iucr.org. 
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Chapter Five 

Description of the Polymorph Structures - Results and 

Discussion I 

This Chapter presents the results for all the structural and systematic work performed 

in this study related to the polymorphs of sulfathiazole. 

5.1 The polymorphs of sulfathiazole 

5.1.1 Background 

As seen in our literature survey (Chapter Three) it has been known since 1941 [Grove 

and Keenan, 1941] that sulfathiazole is polymorphic. Four well-known forms were 

recognised in the pharmaceutical literature as set out by Burger and Dialer [1983] and 

by Anwar. Tarling and Barnes [1989]. There were also four detailed published crystal 

structures [Kruger and Gafner. 1971 and 1972, Babilew et ciL, 1987]. 

In our original communication "How many polymorphs has sulfathiazole? 

Proposals for reporting crystallographic data of polymorphs." [Hughes etal., 1997] 

vvc recorded the discovery of a new polymorph structure of sulfathiazole and the 

problem of two numbering systems originating from the pharmaceutical and 

crystallographic communities. It was also noted that sulfathiazole was found to 

crystallise erratically from solution, usually resulting in a mixture and, often, with a 

wide range of habits. During our initial studies of the polymorphs, we found the 

crystal structures (more correctly the computed PXRD patterns) and earlier 

descriptions of the polymorphs did not correspond. Hot stage microscopy and DSC 

proved ineproducible and IR failed to distinguish between polymorphs. 

Since we were able to prepare samples of all five polymorphs, new single crystal 

data were obtained in all cases and definitive crystal structure information assembled. 

This allowed us to produce a reference set of calculated powder patterns for all future 

comparisons. 

5.1.2 Results 

Samples of all polymorphs were kindly provided by Dr. T.L. Threlfall, who also co-

ordinated the associated FT-IR and PXRD work [Apperley, et ciL. 1999] prior to the 

single crystal X-ray diffraction studies in Southampton. 
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New data were collected on the known polymorphs (I, II, III and IV, see Table 5.1) 

in order to assess if it was possible to improve the quality of the structures, especially 

with respect to the H atom positions. The new data is presented in Table 5.1 below. 

Gavezzotti and Filippini [1995] discussed the positioning of hydrogen atoms using 

geometrical criteria. After checking that the procedure did not alter the relative 

energies of the relevant polymorphs they deduced that although the -NHi groups 

often showed substantial pyramidalisation (especially in the sulfonamides) they chose 

to standardise the location of the hydrogens in a planar conformation. Sulfathiazole, 

however, proved to be the only exception to this rule underlining the necessity for the 

use of crystallographic co-ordinates in this respect. 

The collected polymorph data also proved useful in subsequent spectra-structure 

investigations reported elsewhere [de Paepe, 2002]. 
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I II III IV 
Temperature, K 150(2) 150(2) 150(2) 150(2) 
Wavelength, A 0.71073 0.71073 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group fSVc f 2 , / c f 2 , / n 
a, A 10.534(2) 8.193(2) 17.448(3) 10.774(1) 
b,A 12.936(3) 8.538(2) 8.498(2) 8.467(1) 
c, A 17.191(3) 15.437(3) 15.511(3) 11.367(1) 

3, (leg 107.77(3) 94.01(3) 112L81(3) 91.650(10) 

Volume, A^ 2230.8(8) 1077.2(4) 2120.0(7) 1036.5(2) 
Z 8 4 8 4 

Density 
[calculated], 

Mg/m' 
L520 1.574 1.600 1.636 

Absorption 
Coefficient, mm ' 

0.465 0.482 0/489 0.500 

F(OOO) 1056 528 1056 528 
Crystal Clear block Clear block Clear block Clear block 

Crystal size, mm 
0.2 X 0.15 X 

0.15 
& 2 x 0 J 5 x 

0.15 
0.2 X 0.2 X 

0.15 
0.2 X 0.15 X 

0.15 

0 range for data 
collection, ° 

2 . 9 4 - 25.03 2 , 4 9 - 2 5 . 0 2 1 .27 -25 .03 3.00 - 27.48 

Index ranges 

- 1 2 < h < 12 
-13 < k < 15 
-20 < 1 < 20 

- 9 < h < 9 
- 9 < k < 10 
- 1 8 < 1 < 18 

-20 < h < 20 
-9 < k < 10 
- 1 8 < 1 < 17 

- 1 2 < h < 13 
- 1 0 < k < 10 
- 1 4 < 1 < 14 

Reflections 
collected 

19523 10998 17212 7833 

Independent 
reflections, 

[Rintl 

3938. 
[0.0878] 

1893. 
[0.0341] 

3729, 
[0.1049] 

2346, 
[0.0766] 

Complete to 0, 
7c 

25.03. 
[99.8] 

25.02. 
[99.9] 

25IG, 
[99.7] 

27.48, 
[99.0] 

Absorption 
correction 

SL-mi-onipirical 
Iroin L'quivLilont.s 

Somi-empirical 
frdm equivalents 

Semi-cmpirical 
from equivalents 

Semi-empirical 
from equivalents 

Max and min 
transmission 

0.952 and 
0.742 

0.9313 and 
0.9098 

0.9302 and 
0.9085 

0.9287 and 
0.9065 

Refinement 
method 

I'ull matrix Ica.st 
squares on 1-' 

l-ull matrix least 
.squares on F" 

Full matrix least 
squares on F" 

Full matrix least 
squares on F' 

Datii/restraints/ 
Parameters 

3938/0/361 1893/0/181 3729/0/361 2346/0/181 

Goodness of fit, 
F-

1.015 1.061 0.971 1.055 

Final R indices, 

fF->2a(F-)l 

R 1=0.0400 
h-R2=0.0927 

R 1=0.0311 
m'R2=0.0813 

R 1=0.0499 
mR2=0.1080 

Rl=0.0406 
wR2=0.0956 

R indices (all 
data) 

R 1=0.0646 
m'R2=0.1030 

R 1=0.0336 
m'R2=0.0832 

Rl=0.1032 
h'R2=0.1368 

R1=0.0618 
wR2=0.1027 

Largest peak and 
hole, eA ' 

0.316 and 
-0.473 

0.237 and 
-0.482 

0.475 and 
-0.466 

0.513 and 
-0.652 

Table 5.1 Collection and retmement of the crystal data for the sulfathiazole 
polymoiphs I, II. Ill and IV using the crystallographic nomenclature [Blagden etai, 
1998] prior to the discovery of the new polymorph. 
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5.1.3 The discovery of a new polymorph structure of sulfathiazole 

The structure ot a new polymorph of sulfathiazole was determined using ab initio 

powder methods by Chan et al. [1999]. Later that year we independently published 

details of our single crystal structure determination [Hughes et al, 1999], although we 

had previously communicated them to Chan et al. [1999] for confirmation of their 

powder results. This information is included in Table 5.2. 

New polymorph 
Temperature, [K] 150(2) 
Wavelength, [A] 0.71073 
Crystal system Monoclinic 

Space group f2,/M 
a, [A] 10.399(2) 
b, [A] 15.132(3) 
c , l A ] 14.280(3) 

3. [tleg] 91.21(3) 
Volume, [A'l 2246.6(8) 

Z 8 
Calculated density, IMg/m'l 1.51 

Absorption Coefficient, [mm"'] 0 462 
F(OOO) 1056 
Crystal Block 

Crystal size, [mm] C U 5 x 0 1 0 x 0 ^ 8 
6 range for data collection, [°] 3.05 - 25.00 

Index ranges - 1 2 < h < 1 2 . - 1 7 < k < 1 7 . - 1 6 < 1 < 16 

Reflections collected 28369 
Independent reflections, 

[Rinll 
3936 

[0.098] 

Absorption correction Scmi-L'mpirical from equivalents 

Max and min transmission 0.990 and 0.868 
Refinement method Full matrix least squares on F" 

Data/restraints/ 
Parameters 

3936/0/319 

Goodness of fit, [F"] 0.858 

Final R indices, [F">2o(F")] R 1=0.046 
m'R2=0.079 

Largest peak and hole, [eA "'] 0.256 and -0.373 

Table 5.2 Crystallographic data for a new sulfathiazole polymorph. 

5.1.4 Calculated Powder Patterns 

Using the re-collected and new polymorph data we were able to produce a reference 

set of calculated powder patterns using the POUDRIX [Altematt and Brown, 1987] 

modelling package. These calculated patterns were employed in subsequent 

characterisation work in order to resolve any ambiguity between the polymorph forms 

and are presented in Figure 5.1 below. 
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5.1.5 Discussion 

By comparing the calculated powder patterns with those in the literature we are able to 

make the following statements: 

1. The material of commerce is not represented by one of Kruger and Gafner structures 

[Kruger and Gafner, 1972] as has been assumed for the last 30 years. 

2. We believed originally that the crystal structure of Babilev [1987] was that of 

polymorph II (mp 197°C) [Anwar, Tarling and Barnes, 1989], however, examination 

of the calculated powder pattern proved it to be unique. 

Integrating the results of our structural work with the spectroscopic studies of our 

collaborators, Apperley et al. [1999], we were able to identify the following sources of 

confusion: 

Irreproducibility of crystallisation. 

Tendency to crystallise as mixtures. 

Close similarity in structure and properties of three of the polymorphs. 

Sample to sample variability in stability. 

Similar morphologies for different polymorphs. 

Ditlerences between the pharmaceutical and crystallographic enumeration of the 

polymorphs. 

Similarity of melting points. 

To complete our extensive survey of the solid state behaviour of sulfathiazole, we 

decided to refer our final designations to those of previous workers as outlined in 

Chapter Three. Clearly, a method had to be chosen that would span the history of 

sulfathiazole, thus, allowing comparisons to be made across the board. 

Inspection of the literature (see Chapter Three) showed method of preparation to be 

the most commonly recorded information [26 out of 27 references] followed by melting 

point data [17 out of 27 references], morphology [9 out of 27 references] and, finally, 

unit-cell information [6 out of 27 references]. 

In order to unify the nomenclature of the polymorphs of sulfathiazole we proposed the 

following scheme given in Table 5.3 based on melting point data. 
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Melting point/°C Crystallography* Pharmacy' Proposed^ 
202 I 1 I 
197 II 11 
175 III III 111 

<175 II IV IV 
175 IV III V* 

Table 5.3 Nomenclature of the sulfathiazole polymorphs. From the Cambridge 
Crystallographic Database. ' Used by Burger and Dialer [1983] and Anwar, Tarling and 
Barnes [1989]. " As used in this study. ^ Structure determined by Babilev etal. [1987]. 

We suggest, in the case of sulfathiazole, that information on melting point be used as 

the primary indicator of polymorph form. In situations where this information is absent, 

or inconclusive (polymorphs III and V having the same melting point) method of 

preparation is utilised, followed by morphological detail. A possible source of error, 

when considering melting point data, is the ability of the observer to detect the solid-

solid transition point characteristic of Form IV. As first discussed by Miyazaki, 1947, 

the transition temperature is sensitive to the rate of heating and could be missed at fast 

heating rates. 

Calculated density is recorded in all papers containing crystallographic information 

but only one pharmaceutical paper "Neue Untersuchungsergebnisse zur Polymorphic von 

Sullathiazol", Phann Acta Helv.. 1983, 58, 3. 72-78 contains details of experimental 

values for the four forms known when that paper was published [Burger and Dialer, 

1983r 

Spectra of various sorts are taken as inconclusive (for the reasons outlined above) but 

add valuable confirmatory evidence to the characterisation of form. 

In cases where unit cell information is available it is taken as definitive. 

Consideration of the results of this exercise allows us to make the following 

statements: 

1. The polymorphism of sulfathiazole has been studied for over 60 years. 

2. It was recently demonstrated that there are at least five polymorph forms of 

sulfathiazole and we have earned out the single-crystal determination of the new 

polymorph stincture. Inspection of the literature shows that this was the first 

synthesised [Newbery, 1938] and first published in a paper by two independent 

groups [Fosbinder & Walter, 1939 and Lott & Bergheim, 1939] but subsequently 

overlooked [Hughes et al, 1999]. 
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3. It would seem that all five polymorphs had been seen and described by 1947 but not 

clearly differentiated. 

4. Commercial sulfathiazole has always been assumed to have the structure of Kruger 

and Gafner s polymorph III [Kruger and Gafner, 1972] but we are of the opinion, that 

on a commercial scale, it is polymorph V that is more likely formed by dissolution in 

alkali followed by neutralisation. 

As a result ot our investigations, it is now possible to present a coherent summary of 

the polymorph behaviour of sulfathiazole. 

Using data taken from the work listed in the Record of Discovery (Chapter 3) and the 

results discussed above the following Table 5.4, was prepared to obtain the definitive 

record. 
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Uate/Auth()r(s) Original 
designation 

Method 1)1 Preparation Melting 
point (°CJ 

Habit Unit cell 
[a,b,c 
and PI 

Calculated 
density 
[gcm'^1 

Final 
desig-
nation 

1938 
Ncwbcry 

M&B 760 mp 196-7 II 

1939 
Fosbinder and 
Walter 

2-sulfanil 
amido 
thia/ole 

The acetyl group was 
hydrolysed from acetyl SLF/ 
by relluxing with dil HCI for 
half an hour. 

mp 194-196 II 

1939 
I.oU and 
Bcrgheim 

2-[p-amino 
benzene 
sulfonamidol-
thiazole 

SLFZ prepared by the 
method of Fosbinder and 
Walter 11939). 

mp 197-197.5 
[uncorr] 
mp 202.0-
202.5 fcorrl 

II or I 

1941 
Grove and 
Keenan 

Hexagonal 
form 

Crystallised from water, 
acetone, ethyl alcohol, 
methyl alcohol. 

173-175, 
200-202 

Hexagonal 
prisms 

IV 

Rod lorm Crystallised from hot ethyl or 
/!-propyl alcohol. 

mp 201-202.5 Prismatic 
rods 

I 

1947 
Miyazaki 

a type Crystallised from water, 
ethanol, methanol, acetone. 
Dissolved in alkali, 
neutralised with dil sulfuric 
acid. 
Dil ammonia, dilute acetic 
acid. 

ss trans 173-
175 

Hexagonal 
prisms 

IV 

(itype Dissolved in amyl alcohol, 
iso-butyl alcohol. 
Heat a type to 180°C. 
Recrystallised from m-propyl 
alcohol. 

mp 202 Needle-like 
crystals 

I 

a' type Dissolved in dilute ammonia 
and heated. 

mp 173-175 Hexagonal 
plates 

III or V 

1964 
Milosovich 

Form 1 Warm ethanol. mp 174-175 III or V 1964 
Milosovich 

Form II Heat form I to 180°C. mp 200-201 I 

1966 
Carless and 
I-oslcr 

Form I 1966 
Carless and 
I-oslcr 

F'orm II 

1967 
Guillory 

Form I Warm etJianol [Milosovichj. ss trans 161 Hexagonal 
plates 

IV 

Form II Heat form I to 180°C 
[Milosovich]. 

mp 200 Prismatic 
crystals 

I 

1967 
Higuehi, 
Bernado and 
Mehla 

I Recrystallisation from warm 
ethanol. 

mp 174-175 Hexagonal 
plates 

III or V 

1967 
Meslcy and 

A Crystallised from a mixture 
of acetone and chloroform. 

IV 

Houghton B Crystallisation from ethanol, 
n-prpopanol, iso-butanol. 

I 

C Crystallised from dil 
ammonia solution. 

III or V 

anxTphixis Evaporation to dryness in 
ethanol. 
Spontaneously crystallised to 
B or C when left at RT. 

11 Recrystallise from n-
propanol at 80°C. 
Recrystallise fromwe-butyl 
alcohol. 
Crystallise melt at 90°C. 

mp 200-201 Elongated 
rods 

I 

1969 
Moustal'a and 
Carlcss 

Form I Crystallisation from boiling 
water, acetone-chloroform 
mixture, dilute ammonia or 
95% ethanol. 

ss trans 140-
180 
no mp 175 

IV 

Form II Crystallisation from 
butanol, 
n-amyl alcohol or 
Heating Form I to 180°C. 

207 I 
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Date/Auth()r(.s) OriKinal 
desi);nutii)n 

Method III Preparation Melting 
point [°C| 

Habit Unit cell 
[a,b,c 
and PI 

Calculated 
density 
[gcm'^] 

Final 
desig-
nation 

1970 
Shenouda 

l-orm I[i| Ethanol, benzene and elhanol 
[3;I|, chloroform and 

ss trans 150-
166 

IV 

Form l|ii] acetone [I:3|, (.ro-propyl 
alcohol and 1% and 10% 
ammonia solutions. 

mp 170-176 
mp 198-203 

III or V 
II or I 

I'orm II n-propanol and iee-butanol 
Warm alcohol and heated to 
180 

mp 170-176 III or V 

1971 
Kruger and 
Gainer 

1 Crystallised from /!-propanoI 
at 80°C 

mp 200-202 Elongated 
rods 

10.554 
13.220 
17.050 
108.06 

1.499 
[Dm 1.50] 

I 

II Crystallised from /i-propanol 
at RT. 

trans 173-175 
mp 200-202 

Hexagonal 
prisms 

8.23S 
8.550 
1S.5S8 
93.67 

1.550 
[Dm 1.55] 

IV 

III Slow evaporation from dil mp 174-175 Hexagonal 17.570 1.567 III 
ammonia at rixim 
temperature. 

trans 173-175 
mp 200-202 

plates 8.574 
15.583 
112.93 

[Dm 1.57] 

1971 
Mesley 

I'orm 1 Recrystallisation from 
alcohols containing 3 or 
more carbons. 
Heat IIA or II to 180°C. 

I 

Form IIA Recrystallisation from 
aqueous ammonia. 
Recrystallisation from water. 

III 

Form IIB Isolation not successful. [7] 
Form II Mixture of IIA+IIB. IIH-[7] 

1972 
Kruger and 
Gainer 

Form I mp 200-202 Elongated 
rods 

10.554 
13.220 
17.050 
108.06 

I 

Form II trans 173-175 
mp 200-202 

Hexagonal 
prisms 

8.235 
8.550 
15.558 
93.67 

IV 

Form III mp 174-175 Hexagonal 17.570 
8.574 
15.583 
112.93 

III 
trans 173-175 
mp 200-202 

plates 

17.570 
8.574 
15.583 
112.93 

1972 
Shami.Bernado, 

Form I Slow recrystallisation from 
acetone/chloroform. 

IV[?] 

Ratlie+Ravin Form II Heating I to 180°C, I 
1972 1 Methanol and ethanol. 175 i n o r V 
Karicsonyi, 
Nikolies+Bidlo 

II Methanol and ethanol, 
acetone. 

197,187-198 II 

III Methanol and ethanol. 201-202 I 
1976 
Jordan and 
Carless 

Form I Recrystallised from hot water 
at 60°C. The hot liquor 
being allowed to cool for 5h 
before filtering. Dried for 3 
days. 

1980 
Lagasand 

1 Crystallisation from n-
propanol at 80°C. 

mp 201 [pure] I 

Lerk II Boiling supersaturated SLFZ 
in water [100°C] until all 
solvent evaporated. Removed 
from hot-plate when dry. 

mp 
196.5[pure] 

II 

III Slow recrystallisation from 
water, ethanol, water-ethanol, 
or chloroform-acetone 
mixture. 

mp 
I73.6[pure] 

III or V 

amorph Ctxilin.s the melt. .glass trans 62 [?] 
1983 
Burger and 
Dialer 

I With n-propanol; dissolved 
using rotary evaporator at 
97°C. Filtered at 120°C. 

mp 202 Prismatic 
rods 

Dm 1.496 I 

II Crystallised with n-propanol 
at 97°C. 

mp 196 H e x a g o n a l 

p la tes w i th 

g r o w t h 

spi ra ls 

Dm 1.475 II 

III Recrystallisation with 40% 
ethanol. 

mp 175 Hexagonal 
prisms or 
plates 

Dm 1.577 III 

IV Crystallised with n-propanol. mp <175 Hex. plates Dm 1.550 1 IV 
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Uate/Auth()r(.s) Original 
designation 

Method of Preparation Melting 

point I°CJ 
Habit Unit cell 

fa,b,c 
and pi 

Calculated 
density 
[gcm-^j 

Final 
desig-
nation 

1987 
Uabilev, 
Bel'skii, 

i r Slow reerystallisation from 
elhanol. 

8.239 
8j92 
15j56 
93.64 

1.54 IV 

Siminov and 
Ar/amaslev 

IV Slow recrystallisation from 
water. 

10.867 
8j43 

9 1 ^ 

1.60 V 

V Slow reerystallisation from 
dioxan. 

9.424 
17.193 
19^60 
90.00 

1.44 Dioxan 
solvate 

1989 
Anwar. 
Tarling and 
Barnes 

I'orm I Recryslallised from n-
propanol at 90°C. Harvested 
by hot filtration and dried in 
hot air oven at 105°C for 15 
min. 

mp 201 Rods 1 

Form II Boiling supersaturated SLFZ 
in water to dryness on hot 
plate. When dry removed 
and left in hot air oven at 
105°C for 15 min. 

mp 196 Thin 
hexagonal 
platelets 

II 

Form III Recrystallised from water. 
An almost saturated solution 
was obtained using a rotary 
evaporator and cooled at a 
rate of 5-10°C/h. 

mp 173 
trans 150-175 

Hexagonal 
plates 

III, IV, 
V 

mixture 
[?] 

Form IV Recryslallised from a 50:50 
acetone and chloroform 
mixture. The solution in 
acetone was cooled to RT 
and diluted with chloroform 
and allowed to stand. A 
mixture of III and IV 
resulted. 

trans 173 
trans 150-170 

Hexagonal 
plates 

Ill, IV, 
V 

mixture 
[?] 

1989 
I.uklinska. 
Solankc and 
Summers 

Form 1 Water [40gl ' SLFZ] at 

90°C. 
Ill, IV, 

V or 
mixture 

[?] 

1993 
Khoshkhoo and 

Form 1 Recrystallised from n-
propanol. 

I 

Anwar Form II Recrystallised by rapidly 
quenching a boiling solution 
in water to 4°C. 

II 

Form III Recrystallised from water. III 

Form IV Recrystallisation from a 
mixed solution of acetone 
and chloroform [3:2]. 

IV 

1996 
Roberts and 

Form I Heating Form III at 170°C 
for Ih. 

mp 200.5 I 

Rdwc Form III Commercial SLFZ [Sigma-
Aldrich]. 

ss trans 172.5 IV[?] 

1997 
Hughes, 
Hurslhouse, 
I^ncasler, 
Tavener. 
Turner and 

Threlfall 

Form 11 mp 197 10.439 
15.267 
14.326 
91.06 

II 

1998 
Blagden, 
Davey, 

I Cooling a saturated solution 
of SLFZ in n-propanol to 
30°C [after 1 month]. 

Needle-like 10j54 
13.220 
17x)30 
108.06 

1.50 I 

I.iebernian, 
Williams, 
Payne, 

II Cooling saturated solution of 
S L r a in nitromethane or 
ethanol to 30°C. 

Cuboid 8.233 
8j30 
13j80 
93.67 

1.55 IV 

Rowe and 
Docherty 

III Cooling saturated solution of 
SLFZ in aqueous ammonia to 
30°C. 

Truncated 
hexagons 

17j70 
8j70 

1 u # 

1.57 III 

IV Cooling saturated solution of 

SLFZ in water to 30°C. 

Hexagonal 
plates 

10.867 
8j43 
u a m 
88.13 

1.60 V 
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Uate/Auth(ir(s) Original 
designation 

Method of Preparation Melting point 
l°C| 

Habit Unit cell 
[a,b,c 
and pi 

Calculated 
deasity 
[gcm'^] 

Final 
desig-
nation 

1999-.ran 
Chan, Anwar, 
Cernik, Barnes 
and McHardy 
Wilson 

v Recrystallised by the method 
of Anwar [1989|. 

14.3296 
15,2733 
10.4428 
91.052 

II 

1999-.luly 
Hughes, 
Hurslhouse, 
nirellall and 
I'avener 

new polymorph Crystals obtained by 
evaporation to dryness of a 
boiling aqueous solution, 
followed by drying above 
373K [Anwar, I989|. 

10.399 
15.132 
14.280 
91.21 

II 

1999-Dec 
Apperley. 
Metton, 
Harris, 

1 Heating commercial material 
at I80°C for I5min. 
Crystallisation from n-
propanol. 

202 I 

I^ncaster, 
Tavener and 
ITirellall 

II A supersaturated aqueous 
solution was evaporated to 
dryness. It is desirable not to 
let the temp not drop below 
100°C at any time until the 
sample is totally dry, 
Co-crystals of urea with 
SLFZ said to produce I. In 
our hands urea encourages 
formation of II. 

197 11 

III Recent commercial SLFZ 
from Aldrich [HN 3056] 
composed of 99% III. 
Replacement of acetone with 
dichloromethane. 

175 111 

IV Crystallisation from 
acetonitrile 

<175 IV 

V For many decades bulk SLFZ 
made by dissolution in alkali 
followed by neutralisation. 
On lab scale the pr<xluct is of 
variable composition. 
On commercial scale gives V 
in better than 90% 
polymorphic purity. | 

175 V 

Table 5.4 Using pharmaceutical and crystallographic information to obtain the 
definitive record 

5.1.6 Comparison of the Polymorph Structures 

One of the main objectives of this work is to see whether the crystal structures of the 

solid forms can shed light on the possible mechanisms of crystal assembly i.e. nucleation 

and growth. 

In addition to the confusion over the identities of the polymorph forms, as discussed 

above, our survey of the literature demonstrated a lack of understanding with regard to 

the relationships between their structures. Notwithstanding the attempt by Blagden et al. 

[1998] to rationalise the structures of the first four characterised forms, and the 

relationships between them, we find some confusion still remains. We see such an 

objective as a most important step in an attempt to understand the routes to their 

formation. Accordingly, this problem is in need further review. 
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In order to make a detailed comparative study of the polymorph crystal structures, it is 

important to establish a rigorous representation of the molecular structures in order to 

provide a consistent picture, so that specific features across all structures are reliably 

compared. 

Firstly, a specific atom numbering scheme should be chosen. Bearing in mind the fact 

that three of the five structures have Z' = 2 (i.e. 2 molecules in the asymmetric unit) we 

used a 2 digit number, where the first identifies the number of the molecule (i.e. 1 or 2). 

The scheme employed is shown in Figure 5.2. 

Sulfathiazole Molecule A 

Sulfathiazole Molecule B 

Figure 5,2 The numbering scheme for the atoms and molecules of sulfathiazole. 

Secondly, individual molecules of a compound may be fundamentally chiral or 

achiral. In the first instance, the molecule will contain one or more chiral centres. A 

bulk sample of such a compound may be optically active i.e. all molecules present in the 

sample have one of the two possible chiralities (R or S, or, D or L). Alternatively, the 
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bulk sample may contain both types of molecule and if the proportions are equal the 

compound will be a racemate. 

A fundamentally achiral molecule may adopt a rigid conformation due to restricted 

bond rotations which result in a "pseudo" chirality. In some cases this conformational 

chirality may be frozen in the solid state but lost in solution. In the vast majority of 

cases of conformational chirality the bulk samples are "pseudo" racemic. 

Sulfathiazole provides a very good example of the latter situation. Indeed, Blagden et 

al. [1998] recognised this to be the case in sulfathiazole and first coined the term 

pseudo-chirality. This label was defined by Blagden et al. [1998] according to the 

position of the asymmetric hydrogen atom (HI7) in the imido tautomeric form as 

shown in Figure 5.8. In fact, this assertion is incorrect in this simple form. More 

correctly, the origin of the pseudo-chirality is the "freezing-in" of conformation arising 

as a consequence of the torsion angles for the S-aniline and S-sulfonamido single bonds, 

7au 1 and Tau2. The atoms defining these torsion angles are shown in figure 5.3. 

Additionally, it should be recognised that the definition must include identification of the 

direction of view of the molecule relative to a unique feature. The phrase "perpendicular 

to the aniline ring" offers two directions. In our work we have chosen to view the 

molecule along the bisector of the SO: group with the S-0 bonds directed toward the 

viewer. This type of pseudo-chirality, essentially, becomes a problem of 

atropisomerism [Eliel and Wilen. 1994]. 

5.1.7 Assignment of Pseudochirallty 

Using the program CAMERON [Watkin et al.. 1996]. the atom numbering for each 

structure determination was screened, and changed where necessary, in order to obtain a 

consistent representation for subsequent systematic studies. 

The process involved orientating the sulfathiazole molecules to a standard setting (i.e. 

BISECT 011-SI 1-012) and arranging that all molecules were in the same "R" 

(reference) configuration. In some cases this involved changing the enantiomeric 

configuration of the molecule stored in the current '"ins" file. In this way an "absolute" 

structure was obtained and all atoms could be identified according to the numbering 

scheme shown in Figure 5.3. The particular advantage of this procedure is that 

calculated torsion angles {Tau\, Taul and Tau^) have consistent descriptors across all 

structures. It should be noted that in cases where Z' = 2, subsequent torsional treatments 
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required that the assignment for molecule B were modified where necessary. This 

concept becomes immediately applicable in the next section. 

Tau 1 

Tau 2 J 

^ Tau 3 

Figure 5.3 View down the bisector 011-SI 1-012 highlighting the three main torsion 
angles Tau\, Tuul and Tau?>. The sulfathiazole molecule is shown in the "R" pseudo-
configuration. Note on colours: Sulphur is green, nitrogen is yellow, carbon is black and 
oxygen is red. 

5.1.8 Conformational Analysis 

Since our approach will involve recognition of the pseudo-chirality of the sulfathiazole 

molecule, we considered it to be relevant to explore the energetics of the conformational 

space of the polymorphs. This would indicate if an appreciable barrier to rotation about 

any of the main torsion angles existed. In view of the clear indication of some multiple 

bond character in the -N=C< bond (which defines TauZ) only the space defined by Taul 

and Taul was explored. 

The first step in the conformational analysis was to obtain experimental values for 

Tau\ and Taul for the existing polymorphs. This was done using CERIUS2 [Accelrys 

Ltd.] software and all the structures were viewed in the "R" configuration. The results of 

this exercise are shown in Table 5.5. 
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Polymorph Taul Taul 
lA -9.0 3 1 4 
IB -16.0 3 9 J 
IIA 14.1 37.1 
IIB 17.5 17.6 
IIIA 6.3 3 9 4 
IIIB 6.1 36/1 
IV 6.0 3 9 J 
V 7.3 37.1 

Table 5.5 The torsion angles for the polymorphs of sulfathiazole. 

These results may be shown graphically in Figure 5.4 below. 

The Polymorphs of Sulfathiazole 

• —: j ?e-

UU 

1 1 i / — 
50 

\ 40 
• 

i / 

\ 
- 6 0 -50 -40 -30 -20 -10 0 

Tau 1 
10 20 30 

Figure 5.4 The torsion angles for the polymorphs of sulfathiazole. 

Overall, there is reasonable consistency especially for the values of polymorphs III, 

IV and V. For Taul there is one outlier (arrowed in green above) and for Tau\ there is a 

spread of values with an intriguing change of sign for Polymorph I (molecules A and B) 

as indicated by the red arrow. 

Next, HYPERCHEM [Hypercube, Inc.] was used to explore the full torsional 

(theoretical) space occupied by the polymorphs. The crystal structure for Polymorph IV 

was used as representative of the polymorph family, although this decision had 

repercussions that are explained in the results part of this section. However, the 

procedure did produce a 2D potential energy plot that showed qualitatively the local 

minima positions occupied by the polymorphs and the high-energy values for those 

conformations that placed the two ring systems together below the O2S group. The 2D 

potential energy map produced is shown in Figure 5.5. 
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2D Potential 

o 
E 
"cn 
o 

r Tau1 

Figure 5.5 Exploring the conformational space, defined by Taul and Tau2, around the 
sulfathiazole molecule. Note; Blue areas represent regions of lowest energy. 

Using the information provided by the experimental torsion values it was possible to 

focus on the region of experimental interest. Thus Figure 5.6 shows a close-up of the 

area of interest. 

2D Potential 

o 
E 
"cc 
o 

Figure 5.6 The theoretical 2D potential energy plot showing the region occupied by the 
polymorphs of sulfathiazole (in blue). The red arrow indicates the location of the 
components of the Polymorph I structure. 
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To obtain quantitative information on the minimum "well" shown above it was 

decided to make a simple bisecting ID potential energy plot for each torsion using the 

ranges identified in the theoretical 2D potential energy plot i.e. -60 to 180° for Tau\ and 

-30 to 90° for Tau2. These 1D potential energy plots are shown in Figure 5.7. 

1D Potential 

o 
E 
"cc 

y 186--

184--

1 8 2 - -

-100 -50 0 

Tau1 
150 200 

1D Potential 1 
195-r 

; O 

It 

190— 

185- X 

-40 -20 0 20 40 60 80 100 

Tau2 

Figure 5.7 The ID potential energy plots for Taul and Tau2. 
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The 1D potential energy plots shown in Figure 5.7 indicate the barrier to rotation does 

not exceed -3.0 kcal mol ' for Tau 1 or Tau 2. On this basis, it is unlikely that the 

molecule would lock into one pseudo-enantiomer when in solution. 

The lack of 2-fold symmetry for the Tau\ ID potential energy plot arises from the 

small differences in the SI 1-C14-Cx (where Q = C13 or C15) angles for the phenyl 

attachment. 

As shown in Figure 5.6 molecules A and B of Polymorph I occupy a region of higher 

energy than the rest of the polymorph molecules. It is postulated that they are subjected 

to a greater torsional strain due to the interpenetrating nature of the structural 

components formed by these molecules. 

5.1,9 Description of the Polymorph structures 

A preliminary analysis of the sulfathiazole polymorph structures shows the presence of 

extensive H-bonding. Indeed, sulfathiazole has a number of potential H-bonding sites -

in fact, three donors and four acceptors. This includes consideration of the possibility of 

imido/amido tautomerism involving the sulfonamide and thiazole N atoms. The 

situation for sulfathiazole is demonstrated in Figure 5.8. 

Nan 

H 

H 

0 = 8 = 0 

Hv 

H 

-Nam 

H H 

Figure 5.8 Imido-Amido tautomerism in sulfathiazole. 

Where Nan = aniline nitrogen, Nim = imido nitrogen and Nam = amido nitrogen. O/Ni, 

atoms act as proton acceptors, the N-H bond acts as a proton donor and Nan can act as 

either a donor or acceptor or both. Hence, there are six possible types of interaction Nan 

H...O, Natn-H .. .Nifn, N n̂i-H - - - Nan, Nan"H...O, Nan"H.. .Nim, N^n-H.. .Nan-

Although not the strongest H-bonding connections, they are of medium strength and 

thus possibly structure forming [Gilli et ai, 1993]. Intuitively, one may, therefore. 
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expect the existence of the extensive polymorphism of sulfathiazole to arise from the 

possibility of different types of H-bonding patterns, aided by potential flexibility (see 

conformational analysis) of the molecular conformation about Tau\ and Tau2. This has 

certainly been the strategy adopted by other authors. 

A full description of hydrogen-bonded crystal structures can be conveniently defined 

in terms of three basic features; 

1. The overall structural type - OD finite clusters, (e.g. dimers), ID chain, 2D sheets or 

3D frameworks. 

2. The "chemical connectivity" - i.e. the collection of specific H-bond interactions 

present. 

3. The topology of the structural type, specifically the presence and distribution of 

symmetry elements within the assembly. 

The following sections describe how these features were studied in this work. 

5.1.10 Assignment of Structural Type 

This can be approached using a number of standard graphics packages. For this work the 

network connectivity was identified using the Crystal Builder module of the program 

CER1US2 [Accelrys Ltd.]. For the most part, the default H-bonding parameters were 

utilised. In this way, the network of H-bonded intermolecular interactions could easily 

defined e.g. 3-D framework, 2-D sheet or 1-D chain. 

Polymorph I 

The analysis of the structure of sulfathiazole polymorph I. which has two molecules, 

A and B in the asymmetric unit (Z' = 2) shows the presence of a 3D framework structure 

composed of Molecule A components interleaved with an orthogonal 2D sheet of 

Molecule B components. Both components are shown in Figure 5.9 and separately in 

Figure 5.10. 
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Figure 5.9 Preliminary network analysis of sulfathiazole polymorph I. Framework 
molecules A are coloured GREEN. Sheet molecules B are coloured MAGENTA. 

Framework Structure Polymorph I Sheet Structure Polymorph I 

w 
Figure 5.10 The structural components of sulfathiazole polymorph I. 

There is only one very weak interaction between the two components of the structure 

involving N(21)-H(20)..N(11). This interaction had not been previously noted despite 

the efforts of Blagden et cil. [1998] to model the location of the amine hydrogens. 

Polymorph II 

Polymoiph 11 has Z' = 2 and is a layer structure in which the H-bonded sheets contain 

both crystallographically independent molecules A and B as shown in Figure 5.11. 
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Figure 5.11 Preliminary network analysis for polymorph II. 

Chains composed of molecule A are coloured GREEN and aligned along b. Chains 

composed of molecule B are coloured MAGENTA and aligned along 6 in a parallel 

orientation to those of A. 

Polymorphs IV and V 
Polymorphs IV and V are single layer structures, with related but slightly different H-

bond connectivity. This is illustrated in Figure 5.12. 

Polymorph IV Polymorph V 

mx 

J 
Figure 5.12 Preliminary network analysis for polymorphs IV and V. 
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Polymorph III 

Polymorph III (Z' = 2) is a layer structure with a composite, AB sheet comprising 

regions present in the layers of IV and V as shown in Figure 5.13. 

Figure 5.13 Preliminary network analysis for polymorph III. 

5.1.11 Detailed Description of H-bonded Structures 

In attempting to further analyse and describe the topology within these nets, not only to 

highlight the differences but also any similarities, we have considered a number of 

procedures. The last work to be undertaken on the sulfathiazole polymorph crystal 

structures [Blagden etal., 1998] utilised Graph Set Analysis [Etter e/a/., 1990]. 

As will be discussed later, assessment of this treatment shows it, in our opinion, to be 

deficient and so it was decided to explore other methods of topological analysis that 

might rectify the perceived deficiencies. 

A search of the literature shows that a number of authors have considered ways in 

which to explore and assess crystal structure assemblies - both with and without 

consideration of H-bonding. Kitaigorodskii [1961a] was one of the first authors to 

describe crystal packing and most of the subsequent treatments were developed from his 

ideas. Perlstein [1994, 1996] produced a series of papers that utilised computational 

chemistry and molecular modelling to demonstrate the theories of Kitaigorodskii. Using 

these methods Perlstein was able to advance his theories of crystal growth using what he 
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termed an 'Aulbau process'. The process proceeds from one and two dimensional motifs 

using some common patterns revealed in the CSD [Perlstein, 1992], which are then built 

up into a number of different possible crystal structures, all of which are potentially 

polymorphic [Perlstein, 1999]. 

Chemical connectivity and the first stage in defining the topology are also easily 

achieved using standard software. The traditional approach was to create a list of atom-

atom contacts (which immediately identifies the connectivity), together with indications 

of symmetry operations used to connect atom from a second residue. 

A more visual approach was introduced with the program RPLUTO [downloadable 

from CCDC at www.ccdc.ac.uk (2002)] written by Motherwell et cil. [1999]. 

The program can be used to visualise the connectivity of the molecular interactions 

within the molecular co-ordination shell of between 12 and 14 neighbours around the 

reference molecule(s) [Motherwell, 2000]. The concept of the co-ordination sphere has 

been used extensively by Filippini [1992] and Gavezzotti [1995] as a basis for their 

database and computational studies. 

Kitaigorodskii's analysis [1961a] revealed that the number of contacts between a 

molecule and all of its neighbours was of prime importance for close packing. The 

number of molecules having one or more contact with the reference molecule is termed 

the "co-ordination number" (molecular co-ordination number); a co-ordination number 

of 12 is assumed to provide an adequate closely packed arrangement. Filippini [1992] 

subsequently estimated the average number of molecules in the co-ordination sphere to 

be 12.3( 1.6) and the total energy of the ensemble to be 97(3)% of the crystal packing 

potential energy (PPE) at 7 A cut-off (which is usually estimated to be 80% of the total). 

5.1.12 Using RPLUTO to analyse the polymorph structures of sulfathiazole 

For the puiposes of this thesis, the information gained from the RPLUTO [Motherwell et 

a I., 1999] co-ordination sphere was used to represent the intermolecular connectivity as a 

schematic, in an "absolute configuration", including only the "structure-forming" H-

bonds. Colours were used to illustrate the symmetry relations. . The resulting plots are 

shown in Figure 5.14. 

This method of representation was to prove an important break-through in the 

understanding of the connectivity of the resultant networks. However, the desired 

objectives were still not fully realised. 
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Polymorph I Molecule A 
N21 

o n . HM 012 

Nil H11 - - - H10 Nil 

N13 

N12 

Polymorph I Molecule B 
N I L . , 0 2 1 

H21 N21 

N 2 3 

N 2 2 

Polymorph II Molecule A 

N21 H20* - - — H27 N23 

N11 

021 

Polymorph II Molecule B 

Nil H10-- H17 N13 

Oil 

Polymorph III Molecule A 
N23 

N22 H27 021 

---H21 N21 

N21 

Polymorph III Molecule B 
N13 

011.^ H17 -011 

H11 Nil 

Nil 

Nil 

Polymorph IV Polymorph V 

— hit nil 

Colour Key: Translation = Black, Centre - Blue, Glide = Green, 2i Screw = Magenta 

Figure 5.14 The connectivities of the sulfathiazole molecule(s) in the polymorph 
structures using RPLUTO. 
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Whilst RPLUTO [Motherwell et al., 1999] works very well with structures containing 

one molecule per crystallographic asymmetric unit, it is unable to provide an answer to 

the serious problem of structures with more than one molecule per asymmetric unit i.e. Z 

> 1. This limitation was also applicable to the work of Filippini [1992] and Gavezzotti 

[1995]. Since three of the five sulfathiazole polymorphs have Z' = 2, the problem is 

encountered immediately. The program does, however, provide a representation that can 

be used to describe the chemical connectivity; thus achieving the first of our aims. 

This is well illustrated in Figure 5.14 above, where outputs obtained directly from 

RPLUTO [Motherwell et al., 1999] are displayed. For polymorphs FV and V (Z' = 1) the 

representation is quite acceptable. The diagrams show, in each case, six interactions, 

which actually represent three H-bonds. Two of these involve connections to the same 

receptor molecule (generated in each case by a 2i screw axis), which, effectively, 

represent a "double bond". 

Overall then, the unique molecule has connections in two directions only and thus is 

consistent with a 2D sheet. The chemical connectivity is shown by the actual groupings 

that are involved, and analogous links can be seen. 

For Polymorphs 1, 11 and III. where Z' = 2 we have labelled the molecules according 

to the scheme described in Section 5.1.6. At this point it is worth noting that all atoms 

with the suffix one belong to molecule A and those with the suffix 2 belong to molecule 

B. RPLUTO [Motherwell et al., 1999] operates on the crystallographic asymmetric unit 

that, for our purposes, is molecule A plus B. The colour coding is totally symmetry 

operation dependent and thus does not distinguish between molecules A and B. This 

situation is shown clearly in Figure 5.14. Choosing different A and B molecules during 

the crystal structure solving process would compound the problem. This change will 

alter the symmetry operation relationships, thus hampering the possibility of comparing 

structures. 

To gain some insight into the symmetry relationships that constituted the overall 

topology, we included colour-coding from RPLUTO [Motherwell et al., 1999] but we 

quickly realised that the Z' > 1 problem sfill remained. 

At this point, we used an idea from the Perlstein[1996] approach; the molecules used 

to constitute the crystallographic asymmetric unit were chosen, where relevant, so that 

they were connected by an intermolecular bond from the assumed "structure forming 

set". 
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The problem of unit cells containing Z = 2, for polymorphs II and III was overcome 

using the following procedure. It is worth remembering at this point that polymorph I 

may be thought of as having two independent systems - a framework composed of all 

molecule A and an interleaved sheet composed of all molecule B. 

The "absolute" configuration for each molecule A in all polymorphs, obtained by 

screening using the program CAMERON [Watkin et ciL, 1996] in a manner analogous to 

that described above for atom labelling was retained (See Section 5.1.7). The co-

ordinates created by this procedure were used for all future crystallographic operations. 

PLATON [Spek, 2000] was run to identify which ARU interacted via the strongest H-

bond Using the crystallographic program XP [Sheldrick, 2001b] we obtained the co-

ordinates of this symmetry generated molecule. By erasing the existing molecule B we 

were able to redefine the unit cell to include this newly created "dimer". It should be 

noted here that this process automatically selected a particular molecule B, without 

regard for "pseudochirality". 

The new AB combination for polymorph II is shown in Figure 5.15. There is just one 

connection between the two molecules, and molecule B now has the opposite 

pseudochirality to that assigned earlier, i.e. the dimer is a "single bonded" RS pair. 
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Figure 5.15 The revised connectivity and symmetry representation for polymorph II. 

The amended Table 5.6 for intermolecular contacts for polymorph II is shown below. 
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No. Type Res Donor-H.A lARU] D-H H..A D..A D-H..A 
1 1 N( l l ) -H( l ( ) ) . .Or22A) [2654.021 0.9052 2.2357 3 .0612 151.37 
2 1 N ( 1 1 ) - H ( 1 1 ) . . 0 ( I 1 ) [2654.011 0.8959 2.3642 3.1171 141.69 
3 1 N(II ) -H(11) . .N(12) (2654.011 0 .8959 2.4373 3.2672 154.18 
4 1 N ( 1 3 ) - H ( 1 7 ) . . 0 ( 2 I A ) 1 1 0 .8603 1.9380 2 .7939 173.08 
5 2 N(21A)-H(2( )A) . .0 (12) [2654.01] 0.9395 2.0871 3.0101 167.05 
6 2 N ( 2 1 A ) - H ( 2 1 A ) . . 0 ( 2 1 A ) [2754.021 0.8989 2.5411 3 .2113 131.84 
7 2 N(21A)-H(21A) . .N(22A) [2754.02] 0 .8989 2 .1378 3.0167 165.57 
8 2 N ( 2 3 A ) - H ( 2 7 A ) . . 0 ( 1 ! ) [1655.011 0.8602 2.0365 2.8645 161.30 

9 INTRA 1 c n 5 ) - H n 5 ) . . o n 2 ) [ 1 0.9307 2.5522 2 .9249 104.32 
10 INTRA 2 C(25A) -H(25A) . . 0 (22A) 1 1 0.9296 2.5405 2.9032 103.60 
11 2 C(26A)-H(26A). .CX22A) [3765.02] 0.9289 2.5241 3 .1296 123.09 

"rans ation of ARU-code to Equivalent Position Code 
[2654.] = 3/2-x, Vi+y, -Vi-z, [2754.] = 5/2-x, Vi+y, -Vi-z, [3765.] = 2-x, l-y,-z, 
[1655.] = 1+x, y, z 
Note: Data for this polymorph were obtained from the CSD, hence the omission of 
standard uncertainties. 

Table 5.6 Revised intermolecular connectivity table for polymorph II 

It should be noted, however, that whilst the pseudochirality of the new molecule B 

could be identified, there was no obvious indication as to whether the Unk involved some 

pseudosymmetry in the crystal structure. This point is addressed later on. 

Whilst the originally selected AB pair for polymorph III turned out to be consistent 

with the Perlstein approach, the actual representation of the pair shows that the dimer is 

"doubly bonded". This allows us to illustrate the dimer in the manner shown in Figure 

5.16. 
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Figure 5.16 The revised connectivity and symmetry representation for polymorph III. 
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5.1.13 Utilising the graph-set capability of RPLUTO to analyse the 

polymorphs of sulphathiazole 

At the same time as the above investigation, we explored the use of the graph set 

notation capabihty of RPLUTO [Motherwell et ciL, 1999] to see if this could help solve 

the Z > 1 problem. By doing this we were able to reproduce the conclusions of Blagden 

et al. [1998] whilst extending the study to include information obtained from the new 

polymorph. Additionally, this process allowed us to assess the algorithm utilised in the 

automated version of RPLUTO [Motherwell et al, 1999]. 

It should be reported that the Z' = 2 problem is not relevant to graph-set analysis. This 

is because graph-set analysis works at the atomic level, identifying chains, rings and 

discrete units in extended structures. The results obtained for the polymorphs are shown 

in Table 5.1. 

The graph-sets are presented in the style: 

R a,d(n) [note the order of a and d] where: 

R is the pattern descriptor i.e. intermolecular ring structures in this case. 

a is the number of acceptors. 

d the number of donors. 

n the degree of the pattern (path length). 

Polymorph H-bonds that contribute to ring formation Symbol 
I H17...N12. N12...H17 R2,2(8) 
1 H27...N22. N22...H27 R2,2(8) 
I H10...011. HI 1...012. H10...011. HI 1...012 R4,4(32)>a>b 
1 H10...011. 012...H11. H10. . .011.012. . .HI 1 R4,4(12)>a<b 
11 H21...N22. H21...021 R2.1(4)>d<g 
III H10...N22. 021...H11. H10...N22. 021.. .H11 R4,4(12)>a<d 
111 H17...N21.021...H11 R2,2(18)>a<e 
III H21...011. H10...N22. H21 ...011. H10...N22 R4,4(32)>c>d 
III H21...011. N11...H27 R2,2(18)>c<f 
III N21...H17. H10...N22. N21...H17. H10...N22 R4,4(36)>d<e 
III N22...H10. N11...H27. N22...H10, N11...H27 R4,4(12)>d>f 
IV H11...011.N11... .H17 R2,2(18)>b<c 
V HI 1.. .Oil, H10...N12. HI 1.. .Oil, H10...N12 R4,4(32)>a>b 
V H10...N12. H11...011, H10...N12. 011.. .H11 R4,4(12)>a<b 
V HI 1.. .Oil. N11...H17 R2,2(18)>a<c 
V H10...N12. H10...N12. H17...NI1 R4,4(12)>b>c 
V H17...N11. H10...N12. H11...N17. H10...N12 R4.4(36)>b<c 

Table 5.7 Graph-set analysis is used to highlight the ring structural motifs found in the 
polymoiphs of sulfathiazole. 
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Only in Polymorph I is the first level motif significant (a first level motif is a pattern 

containing only one type of H-bond). It is the only polymorph possessing the 

centrosymmetric ring dimer. 

The second level motif patterns formed by pairs of independent H-bonds are then 

listed e.g. if there are three independent H-bonds, the first level motifs m will become 1, 

2 and 3. There will now be several possible binary or second level graph sets, each one 

describing a pattern formed by two of these H-bonds. They are then labelled >a>b, 

>a>c, >b>c (for patterns in which the direcfion Donor-Acceptor is the same) or >a<b, 

>a<c, >b<c (for patterns in which the Donor-Acceptor direction is opposed). 

By studying Table 5.7 it can be seen that: 

• Polymorph 1 is the only polymorph possessing the R2,2(8) centrosymmetric dimer. 

• Polymorph II is the only form to contain a bifurcated H-bond which is highlighted by 

the R2.1(4) graph-set. 

• Polymorph III is a composite structure comprising a mixture of the chemical 

connectivities found in polymorphs IV and V in an exact qualitative and quantitative 

relationship. 

Beyond these preliminary results, the application of graph-set analysis proved to be 

somewhat limited. 

The main reservations regarding this approach [PLUTO Application Notes, 1998] 

were based on the following objections: 

• The reliance on human recognition and encoding of often complex hydrogen-

bonding patterns. 

• A graph-set may be derived only if there are less than 10 crystallographically 

independent H-bonds. 

• A graph-set cannot be assigned if a molecule has internal symmetry. 

• Graph-set descriptors for discrete patterns at second level (2 independent H-bonds) 

may not be correct in certain circumstances. 

• There may be too many motifs to colour the atoms and bonds correctly. 

• All the colour key may not fit in the plot area. 

• Graph-set descriptors for patterns involving more than 9 donors or acceptors are not 

displayed correctly in the key. 
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It is not clear how many of these bugs are still relevant but within the current version 

of RPLUTO [www.ccdc.ac.uk (April 2002)] we have identified the following 

deficiencies: 

• Inability to deal with 3-D structures - only ID and 2D patterns can be recognised. 

• Symmetry colour coding for extended structures is only accurate when considering 

the Z = 1 case. 

• Only graph-sets up to the secondary level can be recognised. 

• Although it is possible to utilise graph-set analysis for groups of polymorphs, 

problems occur when considering isostructural relationships between different 

families. 

In view of the persistent problems obstructing the derivation of a procedure that can 

completely describe the structure we tried other approaches. Our chosen methodology is 

described in the following section. It relies heavily on the use of the program PLATON 

[Spek, 2000]. 

5.1.14 Using PLATON to explore H-bonding in the polymorphs of 

sulfathiazole 

PLATON [Spek. 2000] works by assembling connected sets of atoms. This procedure 

is initiated by fixing a suitable atom. Symmetry operations are then performed on all 

atoms in the input set to establish which atoms are connected to it. Atoms that are 

connected in this way are fixed and subsequently used to fix other, possibly symmetry 

transformed atoms bound to them. This procedure continues until no new bonded atoms 

are found. In the simple case of one chemical unit per asymmetric unit the result of this 

procedure is an object termed a molecule and is designated 1555. Symmetry related 

molecules are denoted by the general code skim, where .v is the number of the symmetry 

operation and k.l and m are translation modified components. Chemical units may 

extend over more than one asymmetric unit. In such cases atoms will be found that are 

bonded to the connected set at a position different from the one that was fixed by an 

earlier connection. Such atoms are added to the connected set and marked as symmetry 

related. The symmetry operation of this atom with respect to the original one is coded 

and added to the molecule (ARU) list. A further complication may be the presence of 

more than one crystallographically independent chemical unit in the unit cell. In such 
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cases a new residue is started by again arbitrarily fixing a suitable atom and expanding it 

to form a connected set. A separated residue r within a molecule is indicated by the code 

skhn.re.g. 3564.03. 

One point of note, here, is that the use of numbered symmetry operators introduces a 

degree of potential flexibility and confusion i.e. the number will depend on the order of 

listing of the symmetry operators. If these are generated by a space group determination 

routine, this may not occur, but will if the list is compiled manually. This point will be 

discussed in greater detail later on. 

The next segment of the programs operation is to generate the molecules, or more 

accurately, the residues that form the co-ordination environment about each individual 

residue in the asymmetric unit. This is done by searching for any atom of symmetry 

generated residues that forms a "close contact" with an atom in the primary residue. For 

the most part, the intermolecular interactions are H-bonds. The program lists all such 

interactions in the form: Primary ARU e.g. 1555/H-bond donor/H-bond acceptor (ARU). 

Such a treatment is applied to the polymorphs of sulfathiazole and is the foundation 

for the understanding of the remainder of this Chapter. 

Table 5.8a-e shown below presents potential hydrogen bond schemes obtained using 

the program PLATON [Spek, 2000] and contains D-H..A bonds and angles generated for 

hydrogen bonds satisfying the following default criteria: 

1. Distance (D.,A) < R(D) + R(A) + 0.50A. 

2. Distance (H..A) < R(H) + R(A) - 0.12 A. 

3. Angle (D-H..A) > 100.00°. 

Where: 

D is a potential donor. 

A is a potential acceptor. 

R is the radius of the designated atom type. 
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a) For Sulfathiazole Polymorph I 

No. Type Res Donor-H..A [ARU] D-H H..A D..A D-H..A 
1 1 N ( l l ) - H ( 1 0 ) . . 0 ( l l ) 12645.011 0 .96(4) 2 .01(3 ) 2 .951 (3 ) 167(3) 

2 1 N ( 1 I ) - H ( 1 1 ) . . 0 ( 1 2 ) [4555 .01] 0.84(3) 2.33(3) 2.955(3) 131(2) 

3 1 N(13) -H(17) . .N(12) [3565.011 0.85(3) 2.04(3) 2.883(3) 168(3) 
4 2 N(21) -H(20) . .N(11) [2655 .01] 0 .94(3 ) 2 .29(3) 3.221(4) 171(2) 

5 2 N ( 2 1 ) - H ( 2 1 ) . . 0 ( 2 1 ) [2755 .02] 0 .89(3 ) 2.35(3) 3.095(3) 141(2) 

6 2 N(23) -H(27) . .N(22) [3755 .02] 0.89(3) 1.99(3) 2.867(3) 170(2) 

7 I N T R A 1 a i 5 ) - H ( 1 5 ) . . 0 ( 1 2 ) [ 1 0 .90(3) 2 .51(3 ) 2.904(3) 106.8(18) 

8 2 a22)-H(22)..0(21) [2755 .02] 0.95(3) 2.56(3) 3 .260(3 ) 130(2) 

9 I N T R A 2 C ( 2 5 ) - H ( 2 5 ) . . 0 ( 2 2 ) [ ] 0 .93(3) 2 .56(3) 2 .921 (3 ) 104(2) 

10 2 C(28) -H(28) . .N(21) [4554 .02] 0 .93(3) 2.58(3) 3.502(4) 169(2) 
Translation of ARU-code to Equivalent Position Code 
[2655.] = 1-x, ' / 2 + y , ' / 2 - z , [3565.] = -x, 1-y, -z, [2645.] = 1-x, -l/2+y, Vi-z, 
[4555.] = X, ' / 2 - y , ' / 2 + z , [3755.] = 2-x, -y, -z, [2755.] = 2-x, V2+y, V2 -Z 
[4554.] = X, ' / 2 - y , - ' /2-1-z 

b) For Sulfathiazole Polymorph II 

No. Type Res Donor-M..A [ARU] D-H H..A D..A D-H..A 
1 1 N ( l l ) - H ( l 0 ) . . O ( 2 2 A ) [2654 .02] 0 . 9 0 5 2 2 .2357 3 . 0 6 1 2 151.37 

2 1 N ( 1 I ) - H ( I 1 ) . . 0 ( 1 I ) [2654 .01] 0 . 8 9 5 9 2 . 3 6 4 2 3 .1171 141.69 

3 1 N(11) -H(11) . .N(12) [2654 .01] 0 . 8 9 5 9 2 .4373 3 . 2 6 7 2 154.18 

4 1 N ( I 3 ) - H ( I 7 ) . . 0 ( 2 I A ) [ 1 0 . 8 6 0 3 1 .9380 2 .7939 173.08 

5 2 N ( 2 I A ) - H ( 2 0 A ) . . 0 ( I 2 ) [2654 .01] 0 .9395 2 .0871 3 .0101 167.05 

6 2 N ( 2 I . \ ) - H ( 2 I A ) . . 0 ( 2 1 A ) [2754 .02] 0 . 8989 2 .5411 3 . 2 1 1 3 131.84 

7 2 N ( 2 I A ) - H ( 2 I . \ ) . . N ( 2 2 A ) [2754 .02] 0 . 8989 2 .1378 3 .0167 165.57 

8 2 N ( 2 3 A ) - H ( 2 7 A ) . . 0 ( I 1 ) [1655 .01] 0 . 8 6 0 2 2 .0365 2 .8645 161 .30 

9 I N T R A 1 C ( I 5 ) - H ( 1 5 ) . . 0 ( 1 2 ) [ 1 0 .9307 2 .5522 2 . 9 2 4 9 104.32 

10 I N T R A 2 C ( 2 5 A ) - H ( 2 5 . \ ) . . ( ) ( 2 2 A ) [ ] 0 .9296 2 .5405 2 . 9 0 3 2 103.60 

II 2 C ( 2 6 A ) - H ( 2 6 A ) . . 0 ( 2 2 A ) [3765 .02] 0 . 9 2 8 9 2 .5241 3 .1296 123.09 

Translation of ARU-code to Equivalent Position Code 
[2654.] = 3/2-x, ' /2-1-y, - ' / 2 - z , [2754.] = 5/2-x, ' / 2 + y , - ' / 2 - z , [3765.] = 2-x, 1-y, -z, 
[1655.] = 1+x, y, z 
Note: Data for this polymorph were obtained from the CSD, hence the omission of 
standard uncertainties. 

c) For Sulfathiazole Polymorph 111 

No. Type Res Donor-H..A [ARU] D-H H..A D..A D-H..A 
1 1 N(11) -H(10) . .N(22) [3565.021 0 .86(6) 2.35(6) 3 .187(5) 162(6) 
2 1 N ( l l ) - H ( l l ) . . 0 ( 2 1 ) [ 1 0 .91(4) 2 .12(4) 3 .000(4) 162(5) 
3 1 N ( I 3 ) - H ( 1 7 ) . . N ( 2 1 ) [ 1 0 .89(4) 1.97(4) 2 .844(5) 166(5) 

4 2 N ( 2 I ) - H ( 2 0 ) . . 0 ( 1 1 ) [2645 .01] 0 .99(5) 2 .02(5) 2.997(5) 167(5) 

5 2 N ( 2 1 ) - H ( 2 I ) . , 0 ( 1 1 ) 11545.01] 0 .73(4) 2 .30(4) 2.986(5) 156(4) 

6 2 N(23) -H(27) . .N(11) [1545 .01] 0 .90(4) :L0I(5) 2 .900(5) 173(5) 

7 I N T R A 1 C ( 1 5 ) - H ( 1 5 ) . . 0 ( 1 2 ) [ 1 0 .97(5) 2.44(5) 2.927(6) 111(3) 
8 2 C ( 2 5 ) - H ( 2 5 ) . . 0 ( 1 2 ) [4565 .01] 0.98(4) 2.50(4) 3 .220(5) 129(3) 

[3565.] = -X, 1-y, -z, [4565.] = x, 3/2-y, ' / 2 + z , [1545.] = x, -1+y, z, 
[2645.] = 1-x, - V 2 + y , V2 -Z 

139 



5. Description of the Polymorph Structures 
Results and Discussion I 

d) For Sulfathiazole Polymorph IV 

No. Type Res Donor-H..A [ARU] D-H H..A D..A D-H..A 
1 1 N ( l l ) - H ( 1 0 ) . . 0 ( l l ) [1655.011 0.89(2) 2 .13(2) 3 .001(2) 165(2) 
2 1 N ( 1 1 ) - H ( 1 1 ) . . 0 ( 1 1 ) [2745.011 0.84(3) 2 .19(3) 2.989(2) 158(2) 
3 1 N(13 ) -H(17) . .N(11 ) [2745.011 (189(2) 1.97(2) 2.845(2) 166(2) 

4 INTRA 1 a i 5 ) - H ( 1 5 ) . . 0 ( 1 2 ) 1 1 0 .90(2 ) 2 .566(17 ) 2.928(2) 104.7(13) 

5 1 C ( 1 5 ) - H ( 1 5 ) . . 0 ( 1 2 ) [3765.011 0 .90(2 ) 2 .559(19 ) 3.189(2) 127.6(14) 

Translation of ARU-code to Equivalent Position Code 
[3765.] = 2-x, 1-y, -z, [1655.] = 1+x, y, z, [2745.] = 2-x, -Vi+y, Vi-z 

e) For Sulfathiazole Polymorph V 

No. Type Res Donor-H..A [ARU] D-H H..A D..A D-H..A 
1 1 N(11 ) -H(10) . .N(12 ) [4554 .01] 0.88(3) 2 .37(3 ) 3 .175(2 ) 153(2) 
2 1 N ( 1 1 ) - H ( 1 1 ) . . 0 ( 1 1 ) [2655 .01] 0 .85(3) 2 .18(3 ) 2 .987(2 ) 159(2) 

3 1 N ( 1 3 ) - H ( 1 7 ) . . N ( 1 1 ) [2655 .01] 0 .89(2 ) 2 .04(2 ) 2 .900(2 ) 164.9(19) 

4 INTRA 1 C ( 1 5 ) - H ( 1 5 ) . . 0 ( 1 2 ) f 1 0.98(2) 2.54(2) 2 .939(3) 103.9(15) 

5 1 C ( 1 5 ) - H ( 1 5 ) . . 0 ( 1 2 ) [3655.011 0 .98(2) 2 .60(2) 3.249(2) 124.0(16) 

Translation of ARU-code to Equivalent Position Code 
[3655.] = 1-x, -y, -z, [2655.] = 3/2-x, Vi+y, Vi-z, [4554.] = Vi+x, Vi-y, -V2+Z 

Table 5.8a-e Analysis of potential hydrogen bonds and schemes for the sulfathiazole 
polymorphs using PLATON. 

The list may be refined according to the van der Waals radii of its components to 

define two classes of intermolecular interaction. The first division H-bonds consist of 

strong/medium strength H-bonds whilst the second division are composed of 

weaker/longer range weak interactions. The first division H-bonds are thought to be 

"structure-forming". 

This classification is in agreement with Steiner [2002] who adopted the method of 

Jeffrey [1997]. Basically, Steiner considered H-bonds moderate if they resembled those 

between water molecules or those in carbohydrates, such bonds were associated with 

energies in the range of 4-15 kcal mol"'. H-bonds above and below this range are termed 

strong and weak respectively. Table 5.9 illustrates the classification according to the 

method of Jeffrey. 
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Strong Medium Weak 

Interaction type strongly covalent mostly electrostatic 
electrostatic 
/dispersion 

Bond lengths 
H...A, [A] 

1.2-1.5 1.5-2.2 >Z2 

Lengthening of X-
H[A] 0.08-0.25 0.02-0.08 <0.02 

X-H vs. H...A X-H = H...A X-H < H...A X-H « H... A 
X...A, [ A ] 2.2-2.5 2.5-3.2 > 3 2 

Directionality strong moderate weak 
Bond Angles, [°] 170-180 >130 >90 

Bond ener^, [kcal 
m o r ] 

15-40 4-15 <4 

Table 5.9 Hydrogen bond classification according to the method of Jeffrey [1997]. 

It should be noted that chemically, the difference between "strong" (quasi-covalent 

nature) and "moderate" (mainly electrostatic) is larger than between "moderate" 

(electrostatic) and "weak" (electronic/dispersion). 

5.1.15 Representation of connectivity 

Our proposed solution to the problem of representing the connectivity, to include 

treatment of the Z > 1 cases was to accept that the full total of required detail could not 

be given in one representation. Accordingly, we have developed one mode to represent 

chemical connectivity and one the topology. For the first, a connectivity array is used. 

The concept of such an array is not new, as can be seen in the program NIPMAT. 

[Rowland. 1995]. However, we felt that NIPMAT [Rowland. 1995] contained too much 

data. Our simpler array was designed in order to provide us with important information 

regarding chemical connectivity. 

Essentially, each array is a method of representation in which H-bond donors and 

acceptors are listed, in a chosen order down the vertical columns, molecule by molecule 

and across the horizontal row in a similar fashion. This concept is illustrated in Figure 

5.17. 
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Molecule A Molecule B 

D1 D2 A1 A2 

D1 

Molecule A D2 ZONE 1 ZONE 2 

A1 

A2 

Molecule B ZONE 3 ZONE 4 

Figure 5.17 The connectivity array. 

Interactions are then represented by "blocking-in" the relevant positions. In the 

above. Figure 5.17, an interaction between D1 and A1 is represented. 

Although not relevant to this work, the presence of intra-molecular interactions is not 

recognised by this method. In fact, such donors and acceptors are not included in the 

array. 

The advantage of this method is that the problem of Z' > 1 is easily handled. The 

complete array is sub-divided into smaller regions that can be called 'zones'. Thus, for 

the case illustrated, representing a structure with Z = 2, we define four zones. 

Zone 1 representing any A-A interactions. Zone 2 for any A-B interactions, Zone 3 

for any B-A interactions and Zone 4 for any B-B interactions. 

In effect, this auay is an alternative but more rigorous, representation of the 

connectivity plots produced by RPLUTO [Motherwell etal. 1999] with an important 

addition. The involvement of individual molecules in Z' > 2 structures is immediately 

accounted for. Indeed, as will be seen, the method is also useable for mixed systems of 

co-crystals etc. A further, very important point is that by using the "square array" 

representation, as distinct from the abbreviated diagonal array, some aspects of the 

structural topology are included. 

142 



5. Description of the Polymorph Structures 
Results and Discussion I 

Thus, for Z' = 1 systems, the array (which contains only one zone) is diagonally 

symmetric. By definition, a contact D1 (Molecule A) to A1 (MoleculeB) between 

symmetry related molecules will have a symmetry related A1 (Molecule A) to D1 

(Molecule B) connection in the reverse direction. This is demonstrated in Figure 5.18. 

D1 

Molecule -B 

: A I or 

Molecule A 

A 1 D F 

Molecule B 

Figure 5.18 Conditions for a diagonally symmetrical connectivity array. 

However, interactions between A-B molecules may involve different "forward" and 

"backward" interactions, as shown in Figure 5.19. 

,1 D f 

Molecule-B Molecule A Molecule B 

Figure 5.19 Conditions for a diagonally asymmetrical connectivity array. 

This will mean that two or more of the AA, AB, BA or BB zones will be 

unsymmetrical. The fact that we are dealing with a repeating crystal structure will, 

however, mean that the whole array will be diagonally symmetric. 

Examples of this intriguing behaviour will be met in the structures described later. 

The final point to make is that the similarity in chemical connection between the two 

molecules will be seen immediately, as equivalent zone patterns. 

The full representation for all the polymorphs is given in Figure 5.20. 
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d) Polymorph IV 
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e) Polymorph V 
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Figure 5.20a-e The connectivity arrays for the polymorphs of sulfathiazole. 

The above Figure 5.20a-e allows us to discuss the chemical connectivity, and make 

some introductory remarks, regarding the topology of the polymorphs. 

• H-bond connectivity 

The only polymorph to contain dimers is polymorph I as shown by entries in the N12-

H17andN22-H27 blocks. 

Polymorphs II, 111 and IV contain bifurcated H-bonds as shown by two entries in the 

same row/column. Note that this type of connectivity is fundamentally chemical and, 

by design, can not indicate the relationship between the two functions linked by the 

bifurcating atom. The concept of the topology graph, introduced in the next section, 

covers this point. 

Polymorph I is the only polymorph to contain a "clathrate-like" intermolecular 

contact (N11 ...H20) between molecules A and B. 

In all polymorphs the H17/H27 row contains an entry (indicating that the N13-

H17/N23-H27 bond is the strongest H-bond donor). 

In polymorphs lA, III. IV and V the N11 acts as both a donor and acceptor. 
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Considering pure H-bond connectivity Polymorph III can be seen to be a composite of 

those found in polymorphs IV and V. 

• A+B Connectivity 

Polymorph I contains 2 separate networks - all molecule A and all molecule B. If we 

treat this structure as a clathrate then the two networks may be treated independently 

for the purposes of further study. 

Polymorph II contains a mixture of AA and BB connectivity. 

Polymorph III only contains A-B interactions but the chemical connectivity array for 

III is unsymmetrical for reasons described earlier (Section 5.1.15). 

Obviously, polymorphs IV and V only contain A-A interactions (Z' = 1). 

• Topology 

Although this connectivity array nicely describes the combinations of donor and 

acceptor groups, and is therefore of special relevance to vibrational spectroscopy 

studies, it was soon realised that it could not completely solve the topology problem. 

Thus whilst we might assume three blocks in the same zone indicates a framework 

(3D) structure and two blocks in the same zone a sheet (2D) structure, this is actually 

not always the case. 

It works well for polymorph I, molecules A and B, where, as expected, there are three 

and two blocks per zone respectively. 

The method also works for polymorph II where chains of molecule A are Unked with 

chains of molecule B forming a 2D sheet structure. 

However, as we already know, polymorphs III, IV and V are sheet structures and so 

there must be some redundancy in this method of representation when considering 

symmetry relationships. The origin of this problem is the presence of multiple 

bonding between ARU's. 

Accordingly, an additional approach is needed and this is described in the next 

section. 
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5.1.16 Topology 

The final task of this work was to develop and utilise an improved graphical model for 

representing the topology of the networked crystal structures. 

Palin and Powell [1948] were the first to describe an organic crystal as a network with 

the molecules represented as nodes. They used this approach on several host-guest 

systems in which only the network structures were shown. 

Wells [1962] recognised the importance of H-bonded patterns in topological studies 

and subsequently went on to propose a classification scheme based on considerations of 

molecules as single points with H-bonds as lines emanating from these points. 

Hamilton and Ibers [1968] developed this idea further, characterising the H-bond 

networks with two numbers (N, M). Where N is the number of H-bonds formed by one 

molecule and M is the number of molecules to which the given molecule is attached. If 

M < N, then the interactions will involve bifurcation or "multiple bonding". This 

concept has already been mentioned and will be mentioned in greater detail later on. 

Kuleshova and Zorkii [1980] recognised that these early classification schemes were 

applications of graph theory. 

Etter [1990] developed graph-set theory, using chemical information, in a manner 

described earlier. We have already commented on the limited applicability of this 

method. 

Desiraju [1997] made some preliminary analogies between organic and inorganic 

network structures. Simplifying molecules to spheres and displaying only the hydrogen 

bond connections it was stated that the node connections were of greater significance 

than the nodes. However, he did not develop this concept any further. 

After assessing several possible alternatives, it was decided to describe the topology 

of the polymorph crystal structures in a manner similar to Desiraju [1997]. We aimed to 

provide a full description in terms of chemical connectivity, topology and chirality, thus 

placing equal emphasis on the nodes and their connections in the network model. 

For this purpose, the extensive output provided in PLATON [Spek, 2000] proved to 

be very helpful. For each molecule (or more generally, ARU) in the asymmetric unit, 

represented by 1555.n, the co-ordinates of the centroid are listed, and then a list of H-

bond connected ARU's is given. These can be other ARU's in the asymmetric unit or 

symmetry generated ones. Finally, the program provides a summary of the topology 

generated by the H-bond connections as 0, 1,2 or 3 dimensions. For the 1 (chain), 

2(sheet) and 3(framework) dimensional cases the base vectors are also specified. 
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To l urlher describe the topology of the system, it is necessary to define the actual 

symmetry relationships contained within the framework. Knowledge of these symmetry 

relationships identifies the chiral relationships between the component molecules of the 

structure. 

Thus, for example, a polymorph chain structure can be created using: 

1. A lattice translation. 

2. A screw axis operation. 

3. A glide operation. 

4. A row of inversion centres. 

These symmetry relationships are encoded within the ARU descriptor and can be 

identified by inspection of the numbered symmetry operators. It is at this point where 

consistency in labelling of symmetry operators is important. For example, in SHELX 

programs fSheldrick, 1997] where LATT and SYMM data is used, the SYMM entries 

are variable and, in addition, any centre of inversion will be symmetry operator 2. 

PLATON [Spek, 2000] has its own consistent selection so that for all P2i/c, a or n 

structures operator 1 is identity, 2 is a screw axis. 3 an inversion and 4 is the glide. Then 

operator 2 will retain chirality. 3 and 4 will invert it. Note, however, this information is 

only relevant for members of the same ARU extension. 

The procedure used for generating the topological representation for structures is thus 

as follows: 

1. Compute centroids for all ARU s involved in the assembly. 

2. Convert this list into a set of orthogonal Angstrom co-ordinates. 

3. Generate a suitable plot of these using information on the base vectors from 

PLATON [Spek. 2000]. It is worth noting at this point that as a result of the process 

of orthogonalisation the : axis direction is not the same as the crystallographic c axis 

for non-orthogonal unit cells. 

4. Join all "connected" ARU s. 

5. Confirm connectivity by creating a Topology diagram and RASMOL [Sayle and 

Milner-White. 1995] representation where appropriate. All RASMOL [Sayle and 

Milner-White. 1995] images may be viewed using the "raswin" executable found in 

the directory labelled APPENDIX D in the supplementary data folder on the 

enclosed CD. 

6. Identify symmetry and chirality relationships. 
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In the case of 1D chains and 2D sheets this procedure is relatively easy to apply. In 

the case of 3D frameworks, it is more complicated. In order to simplify matters, 

component sheets were considered to see if an "Aufbau" approach can be developed. 

The following pages present the results of the procedure for the polymorph structures. 

5.1.17 Representations of the topology of the H-bond connections for the 
polymorphs 

As mentioned earlier (section 5.1.10) Polymorph 1 is the only 3D framework structure 

and thus presents the first opportunity to follow the methods introduced at the end of the 

previous section. 

Polymorph I 

A first approach to describing three-dimensional arrays is to seek any dominant two-

dimensional structures. In the case of the polymorph I framework this proved to be very 

convenient. Figure 5.21a shows a collection of ARU nodes that form a sheet of six-

membered rings, each containing two double and four single connections. The 

translation vectors for this sheet are [010] and [201]. Thus the sheet is parallel to the 

(10-2) lattice planes. 

S C R E W 

0 5 10 

X Data 

Base vectors [201] [010] Plane (10-2) 

Figure 5.21a The sheet component of the framework structure is seen to be comprised 
of six-membered rings. 

149 



5. Description of the Polymorph Structures 
Results and Discussion / 

The normal graphical image of this sheet is shown in Figure 5.21b. 

[555.01 
3575.Ot 

3555.01 

Figure 5.2lb The polymorph I sheet component of the 3D framework formed by the A 
molecules. 

These sheets are then connected to neighbouring parallel sheets related by the glide 

operation, forming stacks with interplanar spacings of Z x V2. There are single bond 

connections along the Z direction. 

Figure 5.21c shows a pair of neighbouring sheets, viewed in the Z direction, with all 

connections included. 

X Data 

Figure 5.21c A pair of neighbouring sheets, viewed down the Z direction, with all 
connections included. Interlayer connections are shown using short-dashed lines. 
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As an integral part of the analysis of the topology, it is possible to describe the sheet 

section in terms of the "pseudochirality" of its components. Thus, Figure 5.2Id shows 

the chirality relationships of the molecules within the sheet. 

Q 

\ 

/ x j 
S C R E W 

\ \ X ' 

5 Q >-

0 5 
X Data 

Figure 5.21d The chirality plot for the sheet structure of the framework component of 
polymorph I. 

The full structure is conveniently represented in the RASMOL [Sayle and Milner-

White, 1995] diagram shown in Figure 5.21e. 

Figure 5.21e The connection between the parallel sheets viewed down the 
crystallographic y axis. 
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Figure 5.21 f shows the open sheet structure of Polymorph I composed entirely of B 

molecules. Intriguingly, the open sheet structure also comprises a sheet of fused six-

membered rings, each ring containing two double bonds. Whilst the symmetry and 

topology are analogous to those found in the equivalent sheet in the framework, the 

"conformation" of the rings is different. Here, the double bonds are parallel and there 

are no connections in the third direction. The symmetry relationships generating the 

sheet are the glide and the screw (plus centre of inversion by implication) and the sheet 

runs parallel to the crystallographically different (100) plane. The origin of the 

"conformational" difference is due to the chemical connectivity shown in Figure 5.20a. 

This sheet interpenetrates the framework, placing the sulfathiazole B molecules at the 

centre of the 3D cavity described above. 

Q 
N 

Y Data 

Base vectors: [010] [001] Plane (100) 

Figure 5.21f The polymorph I open sheet topology composed entirely of B molecules. 

The usual graphical image for this structure is shown in Figure 5.21g below. It is 

orientated to match, as closely as possible, the ring structure just described. 
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T/EG.OI 

2785.01 4545.01 

37f5.0l 
4544.01 

Figure 5.21g The polymorph I open sheet structure. 

The chirality diagram for the sheet is given in Figure 5.21h and the relationship with 

Figure 5.2Id is immediately apparent. 

i s 
N 

S C R E W 

" 5 5 I ? TD 5 0~ 

YData 
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Figure 5.2Ih The chirality plot for the open sheet structure of polymorph I. 

153 



5. Description of the Polymorph Structures 
Results and Discussion I 

Polymorph II 

Figure 5.22a shows the sheet structure comprising An chains alternating with parallel 

Bn chains, developing the b axis and stacked in the a direction. Each molecule has eight 

connections with six neighbours. The "unsaturation" in this case arises from two 

bifurcated connections, as identified in the chemical connectivity array in Figure 5.20b. 

It is interesting to note, as shown both by the chemical connectivity array in Figure 5.20b 

and Figure 5.22a that molecules A and B have identical connectivities (8:6) via 

analogous real and pseudo-symmetries (bifurcations are shown as dotted lines). 

- 1 0 q 
> 

Q 
N 0 10 

XData 

Base vectors: [010] [100] Plane (001) 

Figure 5.22a The polymorph II sheet topology formed by the A(.01)and B(.02) 
molecules. 

The absence of the double bonded dimer found in polymorph I prohibits any obvious 

comparisons between this structure and that found in either component of polymorph I. 

The compact and more numerous connections in this sheet do not contain any primary 

six-membered rings. 

The crystallographic program PLATON [Spek, 2000] may be used to prepare a 

standard graphical image, as shown in Figure 5.22b below. 
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Figure 5.22b The polymorph II sheet structure. 

The molecules in each chain (both An and Bn) are related by screw axis operations 

whilst the A,, and Bn chains are related very approximately by "local" pseudo a glide 

relationships. A schematic representation of the polymorph II sheet structure 

highlighting the chirality relationships between the A and B molecules that create the 

sheet is shown in Figure 5.22c below. 

10a 

—I 1 1 1 1 1 1 1 1— 
N o 2 4 B 8 10 12 14 16 18 20 

X Data 

Figure 5.22c The chirality plot for the sheet structure of polymorph II. 
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Polymorph III 

In discussions of the chemical arrays presented earlier, attention was drawn to the fact 

that both molecules, A and B had "unsymmetrical" zones indicating the two had 

different chemical connectivity. However, the asymmetric "Perlstein" dimer does 

connect into a 2D extended sheet in a way that compensates for this imbalance. This 

concept is demonstrated in Figure 5.23a. Basically, sheets of 4-membered rings, with 

continuous AB strings, composed of double bonds run along the sides in the Y direction. 

These strings are joined to the next string with single bonds such that A and B molecules 

are always joined to the opposite type. These structural details are illustrated using 

standard graphical procedures in Figure 5.23b. 

I 
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3575.02 / / 1565.01 4474.01 

4464.02 ^ 3575.01 W 1565.02 \ \ 2 6 % P1 

4464.01 

b65.02 

15.02 yV 1555.01 A655.02" ® 

—I— 
- 1 0 

1 
0 

X Data 

8 Q 

Base vectors: [010] [201] Plane (10-2) 

Figure 5.23a The polymorph III sheet structure composed of four-membered rings with 
continuous AB strings. 
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4W54. 

Figure 5.23b The polymorph III extended sheet structure. 

A schematic representation of the polymorph III sheet structure highlighting the chirality 

relationships between the A and B molecules that create the sheet is shown in Figure 

5.23c below. 

XData 

Figure 5.23c The chirality plot for the polymorph III sheet structure. 
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Polymorph IV 

This structure comprises corrugated single sheets of four-membered rings with screw 

axis related doubly bonded strings along Y, linked by translation in Z, as shown in 

Figure 5.24a. Consequently, an all-R sheet is produced in the crystal structure that is 

related by symmetry to all-S sheets above and below the plane. 

^ 2 6 6 6 2 7 5 5 

\ \ 1 4 5 S ^ 1 5 5 5 

2 8 4 5 2 7 4 5 

2Q 

8 10 

Base vectors: [100] [010] Plane (001) 

Figure 5.24a The polymorph IV sheet topology. 

A normal graphical image of the sheet identified above is presented in Figure 5.24b. 

\2755.0l 

Figure 5.24b The polymorph IV sheet structure. 
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A schematic representation of the polymorph IV sheet structure highlighting the 

chirality relationships between the A molecules that create the sheet is given in Figure 

5.24c below. 

X Data 

Figure 5.24c The chirality plot for the polymorph IV sheet structure. 

Polymorph V 

This structure also has sheets of four-membered rings, doubly bonded screw axis 

tapes, now composed of two types - (R).. and (S)«,joined side by side in the [10-1] 

direction and related by the n glide. The topology of the polymorph V sheet structure is 

shown in Figure 5.25a. The symmetry of the sheet is thus (screw x glide (+centre)). In 

the crystal structure, the sheets are related by other screw axes. 
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Base vectors: [10-1] [010] Plane (101) 

Figure 5.25a The polymorph V sheet topology. 
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The normal graphical image of this sheet is shown in Figure 5.25b below. 

Figure 5.25b The polymorph V sheet structure. 

A schematic representation of the polymorph V sheet structure highlighting the 

chirality relationships between the A molecules that create the sheet is shown in Figure 

5.25c below. 

X Data 

Figure 5.25c The chirality plot for polymorph V. 
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5.1.18 The polymorphs - contrasts and comparisons 

In conclusion, it is clear that the structures of the five polymorphs of sulfathiazole 

present a remarkably varied combination of both chemical connectivities and topologies. 

Polymorph I is unique in that it has a 3D framework and contains the amido-imido 

dimer. It can be identified as a "self clathrate", although the interpenetration of the 3D 

structure by the 2D sheet is totally independent. 

The first clear indication of the significant differences is given by the chemical 

connectivity arrays, no two molecules having the same zonal pattern. Although double 

bonded connections occur, in each case they involve different chemical connectivities. It 

is very surprising that the amido-imido dimer, expected to be the strongest interaction 

(i.e. 2 X N-H...N) occurs only in polymorph I. 

The only relationship that occurs in this context is between polymorph III, IV and V, 

where the former comprises a mix of connectivities of the latter two. This can be 

illustrated by taking the top triangle of each of the symmetrical zones of polymorphs IV 

and V and combining them to give the unsymmetrical zones of polymorph III. This 

concept is nicely illustrated by the use of colour in Figure 5.26. 
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Figure 5.26 The chemical connectivity arrays illustrating the relationship between 
polymorphs 111. IV and V. 

Further discussion of these results will be given after the work on the solvates has 

been presented. 
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Chapter Six 

Description of the Solvate Structures - Results and Discussion II 

A systematic analysis of the solvates of sulfathiazole was undertaken that utilised the 

methods validated during the study of the polymorphs. 

6.1 The solvates of sulfathiazole 

Nangia and Desiraju [1999] highlighted the need for a systematic study of the 

formation and structure of solvates. We have engaged in such a study as part of our re-

investigation of the polymorphs of sulfathiazole. A preliminary report was published in 

March 2001 [Bingham et al., 2001]. In the conclusion to this communication we 

pledged to search for other compounds that have the potential of forming large numbers 

of solvates or whether sulfathiazole was unique. During this search we became aware 

of a systematic study that had been overlooked by Nangia and Desiraju [1999]. The 

study by Ibragimov et al. [1994] described the crystallographic parameters for 80 

c lath rate single crystals of the biologically active compound, gossypol. Using the 

method of single crystal X-ray diffraction, the structures of 30 of the inclusion 

complexes were determined subsequently by Gdaniec et al. [1996]. This study became 

particularly important as it cited the classification scheme of solvates formulated by 

Weber and Josel [1983] and described in detail in Chapter Two of this thesis, allowing 

us to achieve a further goal of the project. 

As shown in the previous section, sulfathiazole demonstrates extensive 

polymoiphism. The polymorphs were found to crystallise erratically from solution. In 

search of reliable crystallisation procedures for the sulfathiazole polymorphs several 

less common solvents were tried and in a large number of cases solvates were obtained. 

This was suiprising. since the only well-defined solvate encountered in over 30 papers 

(see literature review), and 60 years of investigation, was that produced from dioxan 

[Babilev. 1987]. Shirotani et al. [1983] have described 3 further solvates but their work 

seems to have been subsequently overlooked. Since structural data on solvates may 

provide useful data for the further assessment of the growth of polymorphs, this work 

developed to include a study of these. 

Over one hundred solvates of sulfathiazole have been prepared and many of these 

have been structurally characterised. This thesis work has concentrated on solvates 

from oxygen containing molecules i.e. those containing alcohol, ether and lactone 
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functional groups. This group comprised some 29 inclusion complexes determined by 

the method of single-crystal X-ray diffraction. In a related thesis the results for the 

nitrogen-containing solvates were reported [Bingham, 2002]. 

6.1.1 Experimental 

X-ray data were collected, and the structures determined and refmed according to 

procedures described earlier. Crystal data and details of refinement are presented in 

Table 6.1a-g. 

6.1.2 Crystal Data 

Solvate Dimethyl-
ethyleneurea 

N-formyl-
piperidine 

Cyclohexanol 
Diethyl-
malonate 

Formula C5Hi()N20 C f i H n N O CfiHioO C7H12O4 

Diffractometer KCCD KCCD FAST CAD4 
Temperature, [K] 150(2) 150(2) 150(2) 150(2) 
Wavelength, [A] 0.71073 0.71073 0.71069 1.54178 
Crystal system Triclinic Triclinic Monoclinic Monoclinic 

Space group P 1 P 1 P2, Pc 
a, [A] 8.051(2) 10.539(2) 8.541(2) 8.409(2) 
b, [A] 11.492(2) 12.189(2) 12.401(2) 16.640(1) 
c, [A] 15.552(3) 13.981(3) 8.836(2) 11.274(1) 

a, [deg] 77.45(3) 95.29(3) 90 90 

0, [deg] 88.64(3) 107.38(3) 102.96(2) 101.370(2) 

Y, [deg] 88.64(3) 90.63(3) 90 90 
Volume, [A"̂ ] 1403.9 1705.3(6) 912.0(3) 1546.6(4) 
SLFZ:Solvate 2:1 2:2 1:1 2:1 

Z 2 2 2 2 
Calculated density, [Mg/m^] 1.478 1.435 1.294 1.440 

Absorption Coefficient, [mm '] 0 3 8 9 0.334 0.308 1 3 1 3 
F(OOO) 652 776 376 700 

Crystal habit Block, clear Block, clear Needle, clear Block, clear 

Crystal size, [mm] 
0.3 X 0.2 X 

0.15 
0.3 X 0.3 X 

0.3 
0.3 X 0.10 X 

0.10 
0.30 X 0.30 X 

0.20 

0 range for data collection, [°] 1.82-24 .98 3 . 0 7 - 3 0 . 5 0 2.37 - 24.89 2 . 6 6 - 4 4 . 3 9 

-9 < h < 9 - 1 2 < h < 12 -9 < h < 9 -7 < h < 0 

Index ranges - 1 3 < k < 13 - 1 7 < k < 17 - 1 3 < k < 11 - 1 5 < k < 0 
- 1 8 < 1 < 18 - 1 9 < I < 19 - 1 0 < 1 < 9 - 1 0 < 1 < 10 

Reflections collected 14543 16954 3778 1337 

Independent reflections, [R|n,] 
4891, [0.1442] 8576, 

[0.0642] 
2376, [0.1014] 1337, [0.0000] 

Complete to 0, [%] 24.98, [98.9] 30.50, [82.6] 24.89, [85.4] 44.39, [99.9] 

Data/restraints/Parameters 4891/1/445 8576/0/449 2376/1/209 1337/3/391 

Goodness of fit F^ 0 875 1.058 0.637 1.220 

Final R indices, [F^>2a(F^)] 
R 1=0.0558 

wR2=0.1064 
Rl=0.0591 

wR2=0.1204 
Rl=0.0482 

wR2=&1123 
Rl=0.0481 

wR2=0.1130 

R indices, (all data) 
Rl=0.1608 

wR2=0.1504 
R l = a 0 9 8 4 

wR2=0.1370 
Rl=0.0932 

wR2=0.1245 
R1 =0.0491 

wR2=0.1139 

Abs. str. parameter 0.15(16) 0.03(3) 

Largest peak and hole, [eA"'] 0.337,-0.351 0.531,-0.418 0.257,-0.257 0.481,-0.476 

Table 6.1a Crystallographic data for the solvates of sulfathiazole. 
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Solvate 
N,N- dibutyl-

formamide 
Acetone 

Diethyl-
oxalate 

y-butyrolactone 

Formula CtjHjcjNO CjHfiO CfiHioOj C4H6O2 
Diffractometer KCCD FAST FAST CAD4 

Temperature, [K] 150(2) 150(2) 150(2) 293(2) 
Wavelength, [A] 0.71073 0.71069 0.71069 1.54178 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group Cc f 2 , / c P2,/c 
a,[k] 16.616(3) 8.322(1) 8.416(2) 8.636(2) 
b,[k\ 16.088(3) 16.020(1) 17.394(3) 19.187(4) 
c , [ A ] 12.630(3) 11.352(1) 10.342(2) 9.354(2) 

a, [degl 90 90 90 90 

A [ d e g ] 110.69(3) 100.29(1) 104.70(3) 91.03(3) 

% [clegl 90 90 90 90 
Volume, [A^] 3158.5(11) 1489.1(2) 1464.4(5) 1549.7(6) 

SLFZ:Solvate 2:1 1:1 2:1 1:1 
Z 4 4 2 4 

Calculated density, [Mg/m^] 1.405 1.398 1.489 1.463 
Absorption Coefficient, [mm '] 0.350 0.367 0.382 3.318 

F(OOO) 1408 656 684 712 
Crystal habit Block, clear Needle, clear Block, clear Block, clear 

Crystal size, [mm] 
0.20 X 0.20 X 

0.15 
0 . 3 0 x 0 . 1 0 

xO.lO 
0.20 X 0.20 X 

0.20 
0J0X&30X 

0.30 

G range for data collection, f°l 1 .82-27 .51 2.22 - 25.04 2 . 3 4 - 2 4 . 9 9 4 . 6 1 - 7 4 . 2 3 

Index ranges 
-21 < h < 2 0 

- 1 5 < k < 2 0 

- 1 2 < 1 < 16 

-9 < h < 7 

- 1 6 < k < 18 

-13 < 1 < 11 

-9 < h < 9 

- 1 9 < k < 1 8 

- 9 < 1 < 11 

- 1 0 < h < 10 

0 < k < 23 

-11 < 1 < 0 

Reflections collected 13222 4971 5244 3240 

Independent reflections, [Rjn,] 
6385, 

[0.0366] 
2096, 

[0.1337] 
2090, 

[0.0882] 
3059, 

[0.0174] 

Complete to 9, [%] 
27.51, 
[99.9] 

25.04, 
[79.7] 

24.99, 
[81.3] 

74.23, 
[96.8] 

Data/restraints/Parameters 6385/2/536 2096/12/191 2090/0/211 3059/0/207 

Goodness of fit, F^ 0.948 0.710 0/483 1.107 

Final R indices, [F^>2o(F^)] 
Rl=0.0352 
wR2=0.819 

Rl=0.0504 
wR2=0.1106 

Rl=0.0601 
wR2=0.1508 

Rl=0.0552 
wR2=0.1594 

R indices, (all data) 
Rl=0.0436 

wR2=0.0868 
R 1=0.0883 

wR2=0.1182 
Rl=0.1418 

M'R2=0.1935 
Rl=0.0975 

wR2=0.1758 

Abs. str. parameter 0.01(4) 

Largest peak and hole, [eA"^] 
0.220 and 

-0.359 
0.345 and 

-0.332 
0.567 and 

-0.263 
0.409 and 

-0.399 

Table 6.1b Crystallographic data for the solvates of sulfathiazole. 
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Solvate a-Me-y 
butyrolactone 

e-capro-
lactam 

Sulfolane 
5-methyl-
isoxazole 

Formula C5H7O2 CfiHuNO C4H8O2S C4H5NO 
Diffractometer KCCD KCCD FAST FAST 

Temperature, [K] 150(2) 150(2) 150(2) 150(2) 
Wavelength, [A] 0.71073 0.71073 0.71069 0.71069 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P2i/n P2\/n F2,/« Pl\ln 
a, [A] 8.392(2) 11.448(2) 6.036(1) 8.366(2) 
b, [A] 21.207(4) 14.224(3) 21.020(4) 21.353(4) 
c , [A] 9.302(2) 15.323(3) 12.791(3) 9.097(2) 

oc, fdeg] 90 90 90 90 
A [deg] 93.12(3) 111.60(3) 94.44(3) 93.37(3) 
Y, [deg] 90 90 90 90 

Volume, [A ] 1653.0(6) 2319.9(8) 1618.0(6) 1622.3(6) 
SLFZiSolvate l:l(Disorder) 1:2 1:1 l:l(Disorder) 

Z 4 4 4 4 
Calculated density, [Mg/m^] 1.364 1.379 1.541 1.386 

Absorption Coefficient, 0.337 0.268 0.481 0.345 
[mm'] 
F(00()) 712 1024 784 704 

Crystal habit Block, clear Block, clear Needle, clear Block, clear 

Crystal size, [mm] 
0.30 X 0.30 X 

0.30 
0 .30x0 .30 

xO.30 
0.30 X 0.10 X 

0.10 
0.20 X 0.20 X 

0.20 

6 range for data collection, f°] 2.92 - 24.98 3 .13 -30 .52 1 .87 -25 .08 2.94 - 24.93 

-9 < h < 9 - 1 6 < h < 16 -6 < h < 4 -9 < h < 8 
Index ranges -20 < k < 25 -20 < k < 20 -23 < k < 2 1 -24 < k < 24 

-11 <1< 11 -20 < 1 < 20 - 1 3 < 1 < 1 4 - 7 < 1 < 10 

Reflections collected 9717 13167 6448 5760 
Independent reflections. 2891 6772 2423 2329 

[Rin.] [0.0866] [0.0348] [0.1754] [0.1136] 

Complete to 0, 
[%] 

24.98 
[99.6] 

30.52 
[95.7] 

25.08 
[84.5] 

24.93 
[82.6] 

Data/restraints/Parameters 2891/6/154 6772/0/397 2423/24/276 2329/0/169 
Goodness of fit, F^ 1.602 1.291 0.717 0.728 

Final R indices, [F^>2o(F^)] 
Rl=0.1501 

MR2=0.4139 
Rl=0.0567 

wR2=0.1712 
Rl=0.0570 

>vR2=0.1142 
Rl=0.0719 

wR2=0.1827 

R indices, (all data) 
Rl=0.2141 

H'R2=0.4587 
R1 =0.0806 

wR2=0.1873 
Rl=0.0992 

wR2=0.1227 
Rl=0.1481 

wR2=0.2039 

Abs. str. parameter 
Extinction coefficient 

Largest peak and hole, [eA'^] 
2.557 and 

-0.927 
0.831 and 

-0.794 
0.547 and 

-0.642 
0.449 and 

-0.447 

Table 6.1c Crystallographic data for the solvates of sulfathiazole. 
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Solvate a-angelica Propylene P-butyro- 2-methylcyclo-Solvate 
lactone carbonate lactone pentanone 

Formula CsHfiO: C4H6O3 C4H6O2 CfiHioO 
Diffractometer FAST FAST KCCD KCCD 

Temperature, [K] 150(2) 150(2) 150(2) 150(2) 
Wavelength, [A] 0.71073 0.71073 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group Pl^/n P2\ln f 2 , / M Fl\ln 
a, [A] 8.194(2) 8.628(2) 8.606(2) 8.550(2) 
b, lA] 21.111(4) 21.151(4) 21.643(4) 21.491(4) 
c, [A] 9.570(2) 9.135(2) 8.735(2) 9.215(2) 

a Ideg] 90 90 90 90 
A [deg] 94.20(3) 97.70(3) 98.76(3) 90.27(3) 
Y, [degl 90 90 90 90 

Volume, [A^l 1651.0(6) 1652.0(6) 1608.0(6) 1693.2(6) 
SLFZ:Solvate 1:1 1:1 1:1 l:l(Disorder) 

Z 4 4 4 4 
Calculated density, [Mg/m^l 1.422 1.437 1.410 1.387 

Absorption Coefficient, 0.345 0.350 0.351 0.332 
[mm' ] 
F(()()0) 736 744 712 744 

Crystal habit 
Block, clear ?,? Needle, 

clear 
Needle, clear 

Crystal size, [mm] 
0.20 X 0.20 X 

0.20 
0.30 X 0.20 X 

0.20 
0 . 3 0 x 0 . 1 0 

xO.lO 
0 . 3 0 x 0 . 1 0 x 0 . 1 0 

9 range for data collection, 
[°] 

1.93-25.06 1.93 - 2 5 . 0 3 3 . 0 2 - 3 0 . 4 9 2 . 4 0 - 2 5 . 0 2 

-8 < h < 6 - 8 < h < 10 - 1 2 < h < 12 - 1 0 < h < 10 
Index ranges -23 < k < 24 -23 < k < 24 -29 < k < 28 -25 < k < 22 

- 1 0 < 1 < 10 - 1 0 < I < 10 - 1 2 < 1 < 12 - 1 0 < 1 < 10 
Reflections collected 6254 6296 9351 13217 

Independent reflections, 2405 2448 4773 2980 
[Riml [0.0834] [0.1227] [0.0435] [0.0666] 

Complete to 0, 25.06 25.03 30.49 25.02 
[ % ] [82.1] [84.2] [97.2] [99.6] 

Data/restraints/Parameters 2405/0/245 2448/0/245 4773/0/251 2980/1/233 
Goodness of fit, F^ 0.642 0.550 1.021 1.700 

Final R indices, [F^>2a(F^)] 
R 1=0.0479 

H'R2=0.1008 
R1 =0.0463 

wR2=0.1091 
Rl=0.0655 

wR2=0.1771 
Rl=0.1052 

wR2=0.2933 

R indices, (all data) 
Rl=0.1459 

vvR2=0.1169 
Rl=0.0947 

wR2=0.1255 
Rl=0.1003 

wR2=0.2011 
Rl=0.1409 

wR2=0.3162 

Abs. str. parameter 

Largest peak and hole, [eA" ]̂ 
0.229 and 

-0.197 
0.319 and 

-0.216 
1.166 and 
-0.0647 

2.335 and 
-0.768 

Table 6.Id Crystallographic data for the solvates of sulfathiazole. 
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Solvate Cyclo-
hexanone 

Cyclo-
heptanone 

y-valero-
lactone 

4-methylcycIo-
hexanone 

Formula Cr,H,„0 C7H12O C5H8O2 C7H.2O 
Diffractometer FAST CAD4 CAD4 KCCD 

Temperature, [K] 150(2) 150(2) 150(2) 150(2) 
Wavelength, [A] 0.71069 1.54051 1.54178 0.71073 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P2\ln f 2 , / M P2,/n P7.\ln 
a, [A] 6.487(3) 6.613(3) 8.417(2) 6.572(1) 
b, [A] 12.332(3) 12.074(3) 20.975(4) 12.959(3) 
c, [A] 22.259(3) 22.085(3) 9.472(2) 21.533(4) 

a [deg] 90 90 90 90 

A [deg] 94.19(3) 93.440(1) 93.83(3) 92.48(3) 

y, fdegl 90 90 90 90 
Volume, [A^] 1775.9(10) 1760.2(9) 1668.5(6) 1832.2(6) 

SLFZ:Solvate l:l(Disorder) 1; 1 (Disorder) 1:1 1:1 
Z 4 4 4 4 

Calculated density, [Mg/m'] 1.322 1.387 1.415 1.332 
Absorption Coefficient, 

[mm'] 
0.316 2.914 3.103 0.309 

F(00()) 744 776 744 776 
Crystal habit Block, clear Needle, clear Block, clear Needle, clear 

Crystal size, [mm] 
0.20 X 0.20 X 

0.20 
0.30 X 0.10 X 

0.10 
0.20 X 0.20 

xO.20 
0 . 3 0 x 0 . 1 0 x 0 . 1 0 

0 range for data collection, 

n 
1.83-24.93 4 .01 -47 .09 4.22 - 74.26 1 .83-26 .11 

Index ranges 
-7 < h < 7 

-13 < k < 14 
-26 < 1 < 20 

-5 < h < 6 
-11 < k < 0 
-20 < 1 < 0 

0 < h < 10 
-26 < k < 0 
-11 < 1 < 11 

-8 < h < 8 
- 1 5 < k < 16 
-26 < 1 < 26 

Reflections collected 6474 1473 3411 21581 
Independent reflections, 

[Rin.] 

2593 
[0.1103] 

1428 
[0.0248] 

3203 
[0.0405] 

3608 
[0.1816] 

Complete to 6, 
[%] 

24.93 
[83.2] 

47.09 
[90.3] 

74.26 
[94.1] 

26.11 
[99.4] 

Data/restraints/Parameters 2593/12/241 1428/0/178 3203/0/217 3608/0/301 
Goodness of fit, F^ 0.722 3.214 0.951 1.003 

Final R indices, [F^>2a(F^)] 
Rl=0.0586 

wR2=0.1643 
R 1=0.1222 

wR2=0.3371 
Rl=0.0592 

wR2=0.1486 
Rl=0.0618 

wR2=0.1286 

R indices, (all data) 
Rl=0.1912 

wR2=0.1861 
Rl=0.1281 

wR2=0.3437 
Rl=0.1322 

wR2=0.1697 
Rl=0.1706 

wR2=0.1734 

Abs. str. parameter 
Extinction coefficient 0.012(3) 

Largest peak and hole, [eA"'] 
0.513 and 

-0.170 
0.834 and 

-0.715 
0.317 and 

-0.346 
0.347 and 

-0.384 

Table 6.1e Crystallographic data for the solvates of sulfathiazole. 
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Solvate Cyclo-
octanone 

Cyclo-
pentanone 

5-valero-
lactone 

Dimethyl-
propyleneurea 

Formula CsHuO CsHgO C^HgO] CgHiiNzO 
Diffractometer CAD4 CAD4 CAD4 CAD4 

Temperature, [K] 293(2) 293(2) 293(2) 293(2) 
Wavelength, fAl 1.54178 1.54178 1.54178 1.54178 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P2i/n P2i/n P2i/n P2i/n 
8.783(1) 8.454(1) 8.583(1) 16.533(3) 

MA] 14.728(4) 20.699(1) 20.652(2) 9.996(1) 
c, [A] 23.800(5) 9.487(1) 9.520(4) 19.810(2) 

«. [deg] 90 90 90 90 

A fdegl 98.46(1) 92.37(1) 93.66(3) 112.26(2) 

r, Ideg] 90 90 90 90 
Volume, [A'] 3045.2(11) 1658.7(3) 1684.0(8) 3029.9(7) 

SLFZ:Solvate 2:1 1:1 1:1 2:1 
Z 4 4 4 4 

Calculated density, [Mg/m^l 1389 1.359 1.402 1.400 
Absorption Coefficient, 3.257 3IW8 3.075 3.295 

[mm"'] 
F(OOO) 1336 712 744 1336 

Crystal habit Block, clear Block, clear Needle, clear Block, clear 

Crystal size, [mm] 
0.30 X 0.30 X 

0.30 
0 J 0 x 0 3 0 x 

0.30 
0 . 3 0 x 0 . 1 0 

xO.lO 
0 . 3 0 x 0 . 3 0 x 0 . 3 0 

6 range for data collection, [°] 3 . 5 4 - 5 7 . 1 8 4.27 - 74.24 4.28 - 64.88 2.98 - 74.21 

-8 < h < 9 - 1 0 < h < 10 - 1 0 < h < 0 -20 < h < 0 
Index ranges 0 < k < 14 0 < k < 25 0 < k < 24 - 1 2 < k < 0 

-23 < 1 < 0 0 < 1 < 11 -11 < 1 < 11 -22 < 1 < 24 
Reflections collected 3082 3469 3057 6198 

Independent reflections. 2999 3276 2857 5995 
[Rim] [0.1543] [0.0141] [0.0309] [0.0232] 

Complete to 6, 
[%] 

57.18 
[72.6] 

74.24 
[96.8] [100] 

74.21 
[96.9] 

Da ta/rest ra i nts/Pa rameters 2999/0/370 3276/0/208 2857/0/210 5995/0/389 
Goodness of fit, F^ 0.920 1.137 0.968 1.103 

Final R indices, [F^>2a(F^)] 
R 1=0.691 

h'R2=0.1658 
Rl=0.0593 

m'R2=0.1777 
Rl=0.0743 

wR2=0.1929 
Rl=0.0534 

h'R2=0.1506 

R indices, (all data) 
R 1=0.1367 

wR2=0.1861 
Rl=0.0724 

wR2=0.1871 
Rl=0.1513 

wR2=0.2253 
Rl=0.0794 

wR2=0.1633 

Abs. str. parameter 
Extinction coefficient 0.0072(9) 0.0033(3) 

Largest peak and hole, [eA"'] 
0.465 and 

-0.413 
0.362 and 

-0.335 
0.305 and 

-0.392 
0.326 and 

- 0 3 5 8 

Table 6.1f Crystallographic data for the solvates of sulfathiazole. 
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Solvate 
Cyclo-

pentanol 
Tetrahydro-

furan 
Triethyl-

phosphate 
Tetraoxaspiro-

undecane 
Formula C5H10O C A O C7H12O4 

Diffractometer CAD4 KCCD KCCD FAST 
Temperature, [K] 293(2) 150(2) 150(2) 150(2) 
Wavelength, [A] 1.54178 0.71073 0.71073 0.71069 
Crystal system Monoclinic Orthorhombic Orthorhombic Orthorhombic 

Space group C2/c f 2 , 2 , 2 , Aba2 pbca 
a, [A] 20.705(4) 9.515(2) 19.639(4) 20.406(4) 
b, [A] 11.385(2) 16.675(3) 8.864(2) 9.016(2) 
c, lA] 14.136(3) 19.249(4) 24.612(5) 20.494(4) 

a, [tlegl 90 90 90 90 

A Ideg] 99.02(3) 90 90 90 

7? [rfeg] 90 90 90 90 
Volume, [A ] 3291.0(11) 3054.1(11) 4284.5(16) 3770.5(13) 
SLFZ:Solvate 1:1 1:1 1:1 1:1 

Z 8 8 8 8 
Calculated density, IMg/m'l 1.378 1.424 1.356 1.464 

Absorption Coefficient, 
Imm'l 

3.073 0.362 0.358 0.321 

F(OOO) 1440 1376 1840 1744 
Crystal habit Needle, clear Block, clear Block, clear Needle, clear 

Crystal size, [mm] 
0.30 X 0.10 X 

0.10 
0.20 X 0.20 X 

0.20 
0.20 X 0.20 X 

0.15 
0.30 X 0.10 X 

0.10 

6 range for data collection, 

n 

4 . 3 2 - 7 4 . 2 2 1 .62-30 .51 1 . 6 5 - 2 7 . 4 8 1 . 9 9 - 2 4 . 9 3 

Index ranges 
0 < h < 25 

- 1 4 < k < 0 

- 1 6 < 1 < 17 

- 1 0 < h < 12 

-23 < k < 17 

- 1 9 < 1 < 2 7 

-25 < h < 24 

- 1 0 < k < 10 

-31 < 1 < 3 1 

-22 < h < 16 

-9 < k < 7 

-22 < 1 < 22 

Reflections collected 3086 20973 19196 14364 
Independent reflections, 

IRlnll 

3007 
[0.0340] 

8806 
[0.0576] 

4689 
[0.0705] 

2877 
[0.1383] 

Complete to 0, 
[%] 

74.22 
[89.5] 

30.51 
[96.7] 

27.48 
[98.4] 

24.93 
[87.1] 

Data/restraints/Parameters 3007/0/209 8806/0/515 4689/1/256 2877/0/252 

Goodness of fit, F^ 1.026 0.992 1.071 0.761 

Final R indices, [FS2a(F^)] 
R 1=0.0506 

H'R2=0.1265 
Rl=0.0453 

wR2=0.0918 
Rl=0.0745 

wR2=0.2040 
Rl=0.0507 

wR2=0.1224 

R indices, (all data) 
Rl=0.1024 

wR2=0.1411 
R1 =0.0676 

wR2=0.1012 
R1=0.1074 

wR2=0.2240 
Rl=0.1269 

wR2=0.1376 

Abs. str. parameter 0.45(5) 0.00(16) 

Extinction coefficient 0.00025(6) 0.0004(2) 

Largest peak and hole, [eA"'] 
0.271 and 

-0.336 
0.369 and 

-0.407 
1.111 and 

-1.084 
0.587 and 

-0.516 

Table 6.1g Crystallographic data for the solvates of sulfathiazole. 
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Further details: 

CAD4 

Diftractometer: Enraf Nonius Turbo CAD4 (non-profiled omega scans). Data collection and cell refinement; CAD4 Express 

(hnral Nonius, 1992). Absorption correction:psi scans. Data reduction: XCAD4 (Harms, 1996). Program used to solve 

structure: 5 / / / f /XV(G. M. Sheldrick, Acw Co-.vr.. (1990), A46, 4 6 7 ^ 7 3 ) . Program used to refine structure: SHELKL97 {Q. M. 

Sheldrick, (1997), University oi'Gottingen, Germany). 

FAST 

Uiffractometer: FAST TV area d(?(ecwr (Hnraf Nonius Users Guide, 1980). Cell refinement and data collection: FIND, 

(MADNKS rel'ercnce manual version 2.4, 1993, Delft Instruments, Netherlands) and MADNES, (J. W. Pflugrath and A. 

Messerschmidt, Munich Area Detector New EEC software, Version 11, Sept 1989). Absorption corrections: (Lorentz and 

polarisation corrections applied). Program used to solve structure: SHELXS (G. M. Sheldrick, Acta Cryst., (1990), A46 

467-473) . Program used to refine structure: SHEIJ(L97 (G. M. Sheldrick, (1997), University of Gottingen, Germany). 

KCCD 

DifTractomeler: Enraf Nonius KappaCCD area detector (0 scans and O) scans to fill Ewald sphere). Data collection and cell 

refinement: DEN7.0 (Z. Otwinowski & W. Minor, Methods in Enzyrnology, (1997), Vol. 276, Macromolecular Crystallography, 

part A, pp. 307-326; C. W. Carter, Jr. & R. M. Sweet, Eds., Academic Press). Absorption correction: SORTAV {R. H. Blessing, 

Acta Cryst,. A51, (1995), 33-37; R. H. Blessing, J. Appl. Cryst., 30, (1997), 421-426) . Program used to solve structure: 

SIIEIJCS (G. M. Sheldrick, Acta Cryst., (1990), A46, 4 6 7 ^ 7 3 ) . Program used to refine structure; SHELXL97 (G. M. Sheldrick 

(1997), University of Gottingen, Germany). 

Special details: 

Acetone 

Very large ellipsoids for solvate, indicating disorder of this component. 

a-methyl-7-butyrolaCtOne 

Due to disorder of the butyrolactone ring it was impossible to locate the methyl carbon and all solvate hydrogens. These positions 

were later modelled using Cerius2. 

5-Methylisoxazole 

Due to disorder, atoms of solvate could only be refined in the isotropic approximation. For the purposes of the model the most 

reasonable set of c(X)rdinates were taken as correct (ensuring chemical sense) and hydrogens added using Cerius2. 

a-Angelica lactone 

l^rge ellipsoids due to disorder. 

Propylene carbonate 

Note large solvate ellipsoids as a result of high displacement. 

2-methylcyclopentanone 

Large ellipsoids with irregular shapes on solvate as a result of disorder. 

Cyclohexanone 

Note large ellipsoids on solvate. Impossible to locate hydrogens on C(30) and C(36). These were modelled using Cerius2, 

Cycloheptanone 

Solvate refined to isotropic positions due to disorder. Hydrogen positions were positioned using Cerius2. 

Cyclopentanone 

Large ellipsoids on solvate due to collection at room temperature. 
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6.1 3 Results 

Table 6.2a,b lists the "partner" molecules for which solvates or addition complexes 

have been determined, together with some molecular properties. The molecular 

properties were obtained using SPARTAN'02 [Wavefunction, Inc.] software. The 

crystallographic co-ordinates for each solvate molecule were minimised using the 

HF/3-21G basis-set and the area, volume and dipole moments for each solvate 

molecule calculated. Due to the nature of this basis-set the dipoles obtained were 

systematically lower than those obtained by experiment as shown by reference to the 

CRC Handbook of Chemistry and Physics [Lide, 1996]. 

A dioxan solvate had already been reported [Babilev et al., 1987]. Accordingly, 

details have been added to the list, the crystal data have also been added to Table 6.3. 

Further details of this structure will be addressed later. 
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Solvate 
Empirical 
formula 

2D Structure Area, [A^] Volume, [A^] 
Dipole, 
[Debye] 

Di methy lethyleneurea C5H1UN2O / y -
0 

148.90 125.02 4.28 

A^-Formyl Piperidine Cr,H„NO 

A 
148.05 127.98 2.33 

Cyclohexanol CfiHioO^ 9 137.51 118.13 -

Diethylmalonate QH.zO, 160.17 200.59 -

MA'-Dibutylformamide Ci)H|yNO 
\:H,CH,CHjCHI 

157.26 196.34 -

Acetone CjH^O 

0 

A 
95.65 72.63 3.58 

Diethyloxalate C^HioO^ 182.66 149.03 0.00 

y-Butyrolactone C4H6O2 108.31 86.09 5.26 

a-Me-y-butyrolactone C5H7O2 
0 % 

127.06 106.62 5.25 

e-Caprolactam CfiHiiNO Q . 

H 

144.87 125.89 4.37 

Sulfolane C^HgOiS 131.52 109.20 5.67 

5-methylisoxazole C4H5NO 109.58 88.63 3.85 

a-angelica lactone CJHSOT - Q ^ o 123.71 102.55 4.60 

Propylene carbonate C4H6O3 

0 

119.78 97.74 6.36 

Table 6.2a Some physical properties of the solvates used in this study. 
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Solvate 
Empirical 
formula 

2D Structure Area, [A^] Volume, [A^] 
Dipole, 
[Debye] 

P-butyrolactone C4HAO2 
0 = 3 ^ ^ 

0 
112.48 90.61 4.96 

2 methylcyclopentanone Cr,Hi()0 9 -
0 

135.98 115.85 3.08 

Cyclohexanone CfiH.oO 
9 

0 

132.48 114.39 3.38 

Cycloheptanone C7H12O 
9 

0 

148.52 131.76 3.25 

y-valeroiactone CsHsO? 128.19 106.83 5.20 

4-methylcyclohexanone C7H12O 151.51 132.43 3.43 

Cyclooctanone CsHi^O Q 162.68 149.03 3.07 

Cyclopentanone CjHsO 
9 0 

116.79 97.75 3.21 

5-valerolactone CsHxO] 
a 

124.56 105.49 5.29 

Dimethylpropyleneurea CgHuNzO 
n 

" Y " 
0 

162.56 141.16 4.36 

Tetrahydrofuran CjHsO 
0 

105.73 86.39 2.29 

Cyclopentanol CjHioO 
9 

HO 

122.82 102.69 1.76 

Triethylphosphate C6H15O4P X 
H3CH2CO 1 OCH^CHj 

OCHgCH, 

222.94 182.56 4.27 

Tetraoxaspiroundecane C7H12O4 <X) 170.01 153.91 3.30 

Dioxan C4H«0; o Q o 182.66 149.03 0.00 

Table 6.2b Some physical properties of the solvates used in this study. 
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The overall structural results were then assessed in more detail in the following way; 

1. Grouped according to space group - these results are shown in Table 6.3. 

2. Within each space group, groupings were made according to cell dimensions. 

This enabled potential isostructurality to be identified and further explored. 
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In this way, out of the 29 solvates studied only two groups of isostructural compounds 
were distinguished, both of which assumed the space group P2\/n. (See Table 6.4 
below). A third group (acetone and diethyloxalate) appeared to be isostructural when 
comparing cell dimensions but further investigation disproved this assumption. The 
remaining solvates were ordered according to space group. 

1. The First Isostructural Series 

Solvate Molecule 
Space 

G r o u p 
a, [A] b, [A] c, lA] 

a, 
[°] 

r i 

y 
n 

V o l u m e , 

[A' ] 

Propylene carbonate P2i/n 8.628(2) 21.151(4) 9.135(2) 90 97.70(3) 90 1652.0(6) 

a-angel ica lactone Pl^/n 8.194(2) 21.111(4) 9.57092) 90 94.20(3) 90 1651.0(6) 

Cyclopentanone P2Jn 8.454(1) 20.699(1) 9.487(1) 90 92.37(1) 90 1658.7(3) 

Y-valerolactone P2Jn 8.417(2) 20.975(4) 9.472(2) 90 93.83(3) 90 1668.5(6) 

3-butyrolactone n j n 8.606(2) 21.643(4) 8.735(2) 90 98.76(3) 90 1608.0(6) 

2 methylcyclopentanone n j n 8.550(2) 21.491(4) 9.215(2) 90 90.27(3) 90 1693.2(6) 

5-valerolactone P2Jn 8.583(1) 20.652(2) 9.520(4) 90 93.66(3) 90 1684.0(8) 

5-methylisoxazole n j n 8.366(2) 21.353(4) 9.097(2) 90 93.37(3) 90 1622.3(6) 

a-Me-y-butyrolactone n j n 8.392(2) 21.207(4) 9.302(2) 90 93.12(3) 90 1653.0(6) 

2. The Second Isostructural Series 

Solvate Molecu le 
Space 
G r o u p 

a, [A] b, [A] c, lA] 
a, 

n n 
X 

n 

V o l u m e , 

lA^] 

Cyclohexanone P2,/n 6.487(3) 12.332(3) 22.259(3) 90 94.19(3) 90 1775.9(10) 

Cycloheptanone P2Jn 6.613(3) 12.074(3) 22.085(3) 90 93.44(1) 90 1760.2(9) 

4-methylcyclohexanone n j n 6.572(1) 12.959(3) 21.533(6) 90 92.48(3) 90 1832.2(6) 

Tabic 6.4 The two isostructural groups. 

In order to confirm the isostructural nature of these groups, the crystal structure of the 

members of each group were compared using the procedure outlined in the chart 

illustrated in Figure 6.1. 
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solvate.res 

s92.hkl s92.ins 

s92temp.ins 

s92.ins s92.hkl 

s92temp.hkl 

s92.ins 

s92mast.ins 

Compound 1 
STZl+Xl 

Compound 2 
STZ2+Y2 

MASTER 
Edit s92.ins 
Remove XI component 

WORKING [continued] 
Refine s92.ins 
Locate Q-peaks 
Refine —> 4% 

TEMP 
Edit s92.ins 
Remove STZ2 component 
Rename s92.hkl s92temp.hkl 

CERIUS2 
Use s92.ins as template 
Remove STZ from solvate.res 
Overlay s92.ins using solvate.res 
Repeat for all members of series 

Initial selection by cell dimension and volume criteria 
Compound 1 (MASTER) has lowest R value of the series 

Compound 2 (TEMP) is a further member of the same series 

WORKING 
Edit s92mast.ins 
Change cell dimensions and esd's using information from s92temp.ins 
Rename s92mast.ins s92.ins 
Rename s92temp.hkl s92.hkl 

Figure 6.1 Analysis of the first isostructural series. 
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A similar procedure was attempted for the second isostructural series but visualisation 

of the results was unsuccessful due to the disordered nature of the guest molecules. 

For the first isostructural series, however, the result is visualised in Figure 6.2 

below. The exact locations of the guest molecules are shown in relation to each other 

and the sulfathiazole framework. 

Figure 6.2 The first isostructural series. 

Inspection of Figure 6.2 reveals some features of immediate note: 

• All guest molecules occupy roughly the equivalent area of the thiazole ring. 

• All guest molecules are held in virtually identical regions (volumes) of crystal 

space - the hydrophobic forces that exist between the aniline and thiazole rings 

probably create these regions. 
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The next stage of the analysis is to explore and characterise the solvate structures 

using procedures defined in the description of the polymorphs. However, in the case of 

the solvates there is a fundamental difference brought about by the presence of an 

additional component. 

The procedure used to address this situation was as follows: 

For each structure, PLATON [Spek, 2000] calculations were made using a) a 

complete set of co-ordinates and b) only co-ordinates of sulfathiazole molecules 

present. This allowed a decision to be made as to the role of the solvent molecules 

using the classification scheme introduced by Weber and Josel [1983] (See Section 

2.2.1) producing two classes of solid state forms: 

1. No interaction between solvent and sulfathiazole i.e. a host-guest complex. 

Depending on the structure of the sulfathiazole part, the complex could be a 

'clathrate' (cavity or channel), an intercalate (layer or sandwich) or a 'cable' (chains 

of sulfathiazole separated by guests. 

2. Interaction between the solvent and sulfathiazole. Again, depending on the 

structure of the sulfathiazole part, the complex could be one of the types listed in 

(1), with solvate anchored onto the sulfathiazole part. Alternatively, it could 

become a co-crystal, where zero dimensional sulfathiazole components i.e. single 

molecules or isolated oligomers (e.g. dimers) are separated by solvate guests, with 

or without H-bonding. 

Results of the preliminary studies using PLATON [Spek, 2000] allowed several 

structural classes to be identified as illustrated in Table 6.5a-c. 

a) The first isostructural series 

Solvate Base vectors Structural class 
Propylene carbonate 

[100] [001] [010] 3D framework 

oc-angelica lactone 

[100] [001] [010] 3D framework 

Cyclopentanone 

[100] [001] [010] 3D framework 
y-valerolactone 

[100] [001] [010] 3D framework p-butyrolactone [100] [001] [010] 3D framework 

2-methylcyclopentanone 

[100] [001] [010] 3D framework 

5-valerolactone 

[100] [001] [010] 3D framework 

5-methylisoxazole 

[100] [001] [010] 3D framework 

a-Me-y-butyrolactone 

[100] [001] [010] 3D framework 
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b) The second isostructural series 

Solvate Base vectors Structural class 
Cyclohexanone 

[100] [010] [001] 3D framework Cycloheptanone [100] [010] [001] 3D framework 
4-methylcyclohexanone 

[100] [010] [001] 3D framework 

c) The rest of the solvates of sulfathiazole 

Solvate Base vectors Structural class 
Dimethylethyleneurea [100][0-11] Plane(Oil) 
A^-formyl piperidine - Co-crystal 

Cyclohexanol [100] [010] Plane (001) 
Diethylmalonate [100][001] Plane (010) 

MA^-dibutylformamide [001] [100] [010] 3D framework 
Acetone [100] ID chain [100] 

Diethyloxalate [201] [0-10] Plane (10-2) 
y-butyrolactone [100] ID chain [100] 

e-caprolactam [010] [10-1] Plane (101) 

Sulfolane [100] [001] Plane (010) 
Cyclooctanone [100] [010] [001] 3D framework 

Dimethylpropyleneurea [010][100][001] 3D framework 
Cyclopentanol [001] [020] Plane (100) 

Tetrahydrofuran [010] [100] [001] 3D framework 
Triethylphosphate - Co-crystal 

Tetraoxaspiroundecane [010] [100] [001] 3D framework 
Dioxan [010][001] Plane (100) 

Table 6.5a-c Organisation of the solvates of sulfathiazole to obtain structural 
classification. 

Having made a decision as to the type of structure adopted by the solvates, where 

relevant, the connectivity arrays and topologies were evaluated as for the polymorphs. 

In the next sections the results are presented and identified as 2D sheet structures, 

3D frameworks. ID chains and finally co-crystals. 

For each structure, the connectivity array is presented followed by a description of 

the structure obtained using the topological diagram. Finally, a normal graphical 

structure diagram is given, which attempts to translate the topology assignment into a 

more recognisable image. 
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6.1.4 Presentation of the connectivity and topological results for the 
solvates of sulfathiazole 

In this section, the schematics developed for describing the polymorph structures are 

applied for each host i.e. sulfathiazole structure. In each case a revised RPLUTO 

[Motherwell et al. 1999] plot, connectivity array, topological graph and normal 

graphical structure are presented as an aid to describing and classifying the structures 

encountered in the course of this study. Using the best plane established in the analysis 

of the host as a starting-point the host- guest relationship is then analysed. 

6.1.4.1 The sheet structures 

The dimethylethyleneurea solvate (P 1, Z = 2) 

Chemical connectivity 

As indicated on the chemical connectivity chart in Figure 6.3a A molecules are linked 

only to B molecules but B molecules are linked to both types. 
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Figure 6.3a The chemical connectivity for the dimethethyleneurea solvate 
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Host topology 

This Z' = 2 structure comprises 2D sheets in which rows of parallel BB centro-

symmetric, amido-imido dimers (slightly modified by bifurcation) are linked together 

in a complex manner by four connections to a row of separated A molecules. The A 

molecules in turn form an infinite "tube" along the crystallographic a axis as shown in 

Figure 6.3b below. The symmetry of the topology is ( l)n. 

2674.02 

TRANSLATION 

20 C) >-

X Data 

Base vectors: [100] [01-1] Plane (Oil) 

Figure 6.3b Topology of the highly condensed sulfathiazole sheet in the 
dimethylethyleneurea solvate. 

The topology of the sheet structure is shown using normal graphical methods in Figure 

6.3c below. 

l4SS.0t 

Figure 6.3c The sulfathiazole sheet structure of the dimethylethyleneurea solvate. 
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The host-guest relationship (2:1) 

There are specific interactions between the sulfathiazole sheet and the guest in this 

structure. This situation is illustrated in Figure 6.3d below. 

wmmm 

ft i f 

Figure 6.3d The host-guest relationship in the dimethylethyleneurea solvate. 

Figure 6.3e The host-guest relationship in the dimethylethyleneurea solvate to show 
the relationship between the guest and the thiazole ring of the host. 
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The cyclohexanol solvate (F2i, Z = 1) 

Chemical connectivity 
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Figure 6,4a The chemical connectivity for the cyclohexanol solvate structure. 

Host topology 

As can be seen from an inspection of Figure 6.4b this structure also has a new kind of 

topology. It comprises four-membered fused rings with single bonds, arranged in a zig-

zag fashion. The sheet has screw axis and translation symmetry. 

SCREW 

XD#a 

Base vectors [100] [010] Plane (001) 

Figure 6.4b Topology of the sulfathiazole 2D sheet composed of single-bonded four-
membered rings. 
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The sheet structure of sulfathiazole comprising 4-membered rings is represented, using 

normal graphical methods, in Figure 6.4c below. 

2548 

iess.01 

Figure 6.4c The sulfathiazole sheet structure. 

With regard to the sulfathiazole component, this is a Z' - 1 structure and the 

(sulfathiazole)o<. sheet has an all-R chirality via a screw x translation connectivity. 

The host-guest relationship (1:1) 

There is involvement of the guest molecules that form attachments in a bridging mode 

between two sulfathiazole molecules as shown in Figure 6.4d. The guest occurs 

alternately on each side of the sheet in the crystallographic c direction. 

E 
N.̂ o 

\ 2648.01 

Figure 6.4d The host-guest relationship in the cyclohexanol solvate. 

186 



6. Description of the Solvate Structures 
Results and Discussion II 

The interaction involving solute molecules presumably precludes formation of dimers 

in the host structure. 

The diethylmalonate solvate (Pc, Z = 2) 

Chemical connectivity 
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Figure 6.5a The chemical connectivity for the diethylmalonate solvate. 

Host topology 

As shown in Figure 6.5b the sulfathiazole molecules form a complex slab. Tapes of 

sulfathiazole molecules consisting of pseudo centrosymmetric AB dimers are linked by 

translation along X. One edge of each tape is then linked by a single connection to the 

edge of the next tape in a c glide anangement. The main components of the sheet of 
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four-membered rings are thus one set of dimer-dimer translation connections plus the c 

glide connections. These rings produce a (glide x translation) sheet that is an (RS) 

composite. 

a 
N 

1756.01 

2765.02 

1455.01 1555.01 1655.01 1755.01 

X D d a 

25^ > 

Base vectors: [100] [001] Plane (010) 

Figure 6.5b The topology diagram for the diethylmalonate solvate. 

The sheet may be represented as a complex slab formed by the sulfathiazole molecules, 

using normal graphical methods. This is shown in Figure 6.5c below. 

175B. 

Z4B5.02 

24B5.01 

1455.02 

1555.01 1655.01 755.01 
1455.01 

Figure 6.5c The complex sheet of sulfathiazole molecules found in the 
diethylmalonate solvate. 
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The host-guest relationship (2:1) 

In this structure the guest molecule is sandwiched between layers. Again the guest is 

orientated in relation to the thiazole rings of the host structure as shown in Figure 6.5d. 

3 

I diemal 

Figure 6.5d The host-guest relationship in the diethylmalonate solvate. 
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The diethyloxalate solvate iP2\/c, Z = 1) 

Chemical connectivity 
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Figure 6.6a The chemical connectivity for the diethyloxalate solvate. 

Host topology 

The sulfathiazole molecules form a corrugated sheet. Inspection of Figure 6.6b shows 

the sheet to be comprised fused six-membered rings, each containing two 

centrosymmetric double bonds. The double bonds are the same as those constituting 

the amido-imido dimer of Polymorph I. The sheet is constructed by the "stitching" 

together of parallel rows of these dimers, stretching along the b direction, by a screw 

axis operation. The generation in the [201] direction involves glide relationships. The 

topology is thus analogous to that in polymorph I. 
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SCREW 

X Data 

Base vectors [201] [0-10] Plane (10-2) 

Figure 6.6b The topology of the corrugated sheet formed by sulfathiazole. 

The topology is represented using normal graphical methods in Figure 6.6c below. 

1555.01 

2S4E.OI 

Figure 6.6c The sulfathiazole sheet structure of the diethyloxalate solvate. 

The host-guest relationship (1:0.5) 

Two guests occupy the space between the framework molecules in a double-sandwich 

arrangement. The space between guests is filled by layers above and below the layer 

shown in Figure 6.6d. 
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r? 

Figure 6.6d The host-guest relationship in the diethyloxalate solvate. 

Again the guest is orientated in relation to the thiazole rings of the host as shown in 

Figure 6.6e. 

Figure 6.6e The relationship between the guest and the thiazole rings of the host 

structure. 
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The e-caprolactam solvate {P2\ln, Z' = 1) 

Chemical connectivity 
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Figure 6.7a The chemical connectivity of the e-caprolactam solvate. 

Host topology 

The first feature of note is the familiar sheet of six-membered ring as shown in Figure 

6.7b. The sheet is composed of parallel tapes of centrosymmetric dimers linked by 

screw axes. The n glide vector is also in the plane of the sheet, (the reflection plane 

being perpendicular to it) and created from a combination of screw + centre symmetry 

operations. 

SCREW 

GLIDE 

X Data 

Base vectors: [010] [10-1] Plane (101) 

Figure 6.7b The topology of the sulfathiazole sheet in the e-caprolactam solvate. 
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The topology may be represented using standard graphical methods in Figure 6.7c 

below. 

4 5 6 4 . 0 1 

3 B 7 5 . 0 

1 5 E 5 . 0 1 

Z 5 5 5 . 

5 4 5 . 0 1 

4445.01 

Figure 6.7c The sulfathiazole sheet structure found in the e-caprolactam solvate. 

The host-guest relationship (1:2) 

The guests form a thick double sandwich in which there is a unique non-covalent 

interaction between them. The nature of this relationship is shown in Figure 6.7d. 

Figure 6.7d The host-guest relationship in the e-caprolactam solvate. 
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The solvate molecule is anchored to an unused aniline H atom as shown in Figure 6.7e. 

J 

Figure 6.7e The relationship between the guest molecules and the host framework in 
the e-caprolactam solvate. 
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The sulfolane solvate {P2\/n, Z = 1) 

Chemical connectivity 
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Figure 6.8a The chemical connectivity of the sulfolane solvate. 

Host topology 

Figure 6.8b illustrates the 2D sheet topology of this solvate. The sheet is composed of 

simple chains connected by translation along the a axis using N-H(17)...0(12) bonds, 

stitched to neighbouring parallel chains generated via the n glide utiUsing N-

H( 10)...0(11) bonds. This simple sheet is different to that in the cyclohexanol solvate 

due to the different symmetry (translation + glide here, translation + screw previously) 

relations. 

Q ' 

TRANSLATION 

0 5 

X Data 

15O 

Base vectors [100] [001] Plane (010) 

Figure 6.8b The topology of the sulfathiazole 2D sheet composed of four-membered 
rings. 
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The topology is represented using standard graphical methods in Figure 6.8c below. 

4455.01 H ^555.01 

1655.01 

4e54..01 

Figure 6.8c The sulfathiazole sheet found in the sulfolane solvate. 

The host-guest relationship (1:1) 

The sheet contains no dimers but sheet connections are via SO2-H2N and thiazole NH 

links creating corrugations and extruding thiazole rings to form channels along % that 

accommodate guests. The situation created by this connectivity is illustrated in Figure 

6.8d below. 

Figure 6.8d The host-guest relationship in the sulfolane solvate. 
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The cyclopentanol solvate (C2/c, Z = 1) 

Chemical connectivity 
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Figure 6.9a The chemical connectivity of the cyclopentanol solvate. 

Host topology 

This solvate has a unique structure, as shown in Figure 6.9b, in relation to all those 

considered so far but has tenuous links to the structure of polymorph I. The structure 

consists of a composite, interpenetrating bilayer of six-membered "unsaturated" rings. 

Each corrugated single sheet is constructed via glide related zig-zag chains along c 

connected via centres of inversion along b, producing the familiar glide x screw (+ 

centre) symmetry. The two interleaving components are then related by the 2-fold axis 

parallel to b. The solvate attaches to an aniline hydrogen in a manner similar to that 

found in e-caprolactam. 

3548.01 

S C R E W 

3646.01 

0 -5 

YDah 

5̂ #0 

Base vectors: [001] [020] Plane (100) 

Figure 6.9b Topology of the interpenetrating bilayer of six-membered sulfathiazole 

rings. 
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This topology of one of the interpenetrating layers is shown in Figure 6.9c below using 

standard graphical methods of representation. 

4555.01 

2546.01 

/ 354b.01 

Figure 6.9c The sulfathiazole sheet structure in the cyclopentanol solvate. 

The host-guest relationship (1:1) 

The guests are situated in pockets formed by topological hexagonal rings of one layer 

and double bonds of another. This occurs in such a way that the pockets open to each 

side of the bilayer as shown in Figure 6.9d. 

Figure 6.9d The host-guest relationship in the cyclopentanol solvate. 
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The dioxan solvate {Pbca, Z = 1) 

Chemical connectivity 
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Figure 6.10a The chemical connectivity of the dioxan solvate. 

As shown in the connectivity array in Figure 6.10a the dioxan solvate has the same 

chemical connectivity as found in the e-caprolactam solvate. 

Host topology 

As seen in Figure 6.10b.this structure also contains a 2D sheet arrangement of fused 

six-membered rings. It is again similar to the e-caprolactam solvate in that the sheet is 

planar. The plane is formed by the "stitching" of the tapes of parallel centrosymmetric 

double bonds (amido-imido dimers) by a 2i screw axis in the Y direction and by b glide 

translations that are perpendicular to the sheet. 

Base vectors: [010] [001] Plane (100) 

Figure 6.10b Topology of the planar 2D sheet of sulfathiazole. 
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Figure 6.10c shows the topology of the sheet using standard graphical methods. 

B5G5,01 8555.GI 

56SE.Q1 5656 .01 

1555,01 1545.0[ 

4655 .01 4G45.01 

8564 .01 B554.Q1 

5665 .01 5655 ,01 

Figure 6.10c The sulfathiazole sheet structure in the dioxan solvate. 

The host-guest relationship (1:1) 

There are large holes in the 2D sheet with thiazole and phenyl rings forming the sides 

whilst hosting two guests. This situation is illustrated in Figure 6.10d. 

Figure 6.10d The host-guest relationship in the dioxan solvate. 
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6.1.4.2 The framework structures 

The first isostructural series {P2\/n, Z = 1) 

This series consists of nine sulfathiazole solvates containing propylene carbonate, a -

angelica lactone, cyclopentanone, y-valerolactone, P-butyrolactone, 2-methylcyclo-

pentanone, 6-valerolactone, 5-methylisoxazole and a-Me-y-butyrolactone. 

Chemical connectivity 

This series demonstrates the same chemical connectivity as Polymorph I but close 

examination shows the topology to be different. 
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Figure 6.11a The chemical connectivity of the first isostructural series. 

Host topology 

As shown in Figure 6.1 lb the framework contains six-membered rings but they are not 

like either of those seen in the Polymorph I structure i.e. the framework layer of A 

molecules or the highly corrugated sheet of B molecules. In fact, here, the sheet is 

completely flat but is assembled using all three available symmetry elements - it is a 

screw X glide (centre) sheet, as found in all other similar sheets. The plane of the sheet 

is parallel to the (101) lattice plane of the structure. The framework is then constructed 

using simple translation in the crystallographic a direction. 
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Figure 6.11b The completely flat six-membered rings of the framework structure of 
the first isostructural series. 

The usual graphical image for this structure is shown in Figure 6.1 Ic below. It is 

orientated to match, as closely as possible, the ring structure just described. 

3 5 e 7 . 0 1 

3557.at 

2 5 4 6 . 0 1 

3 6 6 6 . 0 1 

5B.01 

2545.Dl 

Figure 6.11c The common sheet found in the sulfathiazole framework structure of the 
first isostructural series. 

203 



6. Description of the Solvate Structures 
Results and Discussion II 

Figure 6.1 Id shows the way in which the 3D structure is arranged and demonstrates the 

channel nature of the structure. 

Figure 6.1 Id Topological representation of the 3D framework structure of the first 
isostructural series. 

The host-guest relationship (1:1) 

The guest lies in the channels shown above and in Figure 6.1 le below. 

UM 

Figure 6 . l i e The channel-like clathrate framework structure found in the first 
isostructural series 
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Again, it is worth noting in Figure 6.1 If the relationship between the guest structure 

and the thiazole rings of the host framework 

Figure 6.1 If The host-guest relationship in the first isostructural series. 
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The second isostructural series iP2\/n, Z' = 1) 

This series consists of three sulfathiazole solvates containing 4-methylcyclohexanone, 

cyclohexanone and cycloheptanone. 

Chemical connectivity 

One particularly interesting point is that whilst the connectivity array appears to be 

similar to that for the first isostructural series - it differs as a result of the switching of 

the H-bonding between the two aniline H's (HIO, HI 1) and the sulfonyl oxygens (011, 

012). 
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Figure 6.12a The chemical connectivity of the second isostructural series. 

Host topology 

This structure contains the same planar sheet of connected six-membered rings found in 

the first series, again constructed using all symmetry elements (glides x screw 

(+centres)). As seen in Figure 6.12b the plane of the sheet is parallel to the (101) plane 

in the unit cell. However, the assembly into 3D frameworks is not as simple. In this 

case, the sheets are connected by a zig-zag set of links alternating on each side of the 

plane in the b direction and this is demonstrated in Figure 6.12d. 
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Figure 6.12b The sulfathiazole sheet structure comprising six-membered rings with 
contiguous chains of double bonds found in the second isostructural series. 

The topological information described above may be used to prepare a standard 

graphical representation as shown in Figure 6.12c. 

Figure 6.12c The framework sulfathiazole structure found in the second isostructural 

series. 
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Figure 6.12d Topological representation of the 3D framework structure of the second 
isostructural series viewed down the a direction and slightly tilted from the b axis. 

The host-guest relationship (1:1) 

The host-guest relationship is very similar to that of the first isostructural series, in that 

the guests occupy channels created by the host framework. As shown in Figure 6.12e 

members of the second isostructural series may be described as channel-like clathrate 

structures. 

Figure 6.12e The host-guest relationship in the second isostructural series. 
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The A^,A^-dibutylforniamide solvate (Cc, Z = 2) 

Chemical connectivity 

The connectivity array shows clearly that in this Z' = 2 structure A and B molecules 

connect only to B and A molecules respectively. The connectivity of both molecules is 

identical. 
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he chemical connectivity of the N,N-dibutylformamide solvate. 

Host topolog) 

This structure contains sheets of the six-membered "cyclohexadiene" rings as seen in 

Figure 6.13b. However, the sheets are now stepped, to give a "factory roo f 

appearance. The ridges of these roofs run in the crystallographic a direction and the 

roofs are stacked in the b direction, as shown in Figure 6.13d. The sUghtly zig-zagged 

ridges are connected to the bases of the neighbouring roof via pairs of linkers to give a 

3D channel structure. Figure 6.13d shows the resulting four-sided channels that run in 

the crystallographic c direction. 
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Figure 6.13b The six-membered sheet structure of sulfathiazole molecules found in 
the N,N-dibutylformamide solvate. 

The six-membered rings are clearly shown in the graphical representation shown below 

in Figure 6.13c. 

1 5 5 6 . 0 2 

5 6 5 . 0 2 

4 . 0 1 

Figure 6.13c The six-membered sheets of sulfathiazole molecules found in the N,N-
dibutylformamide solvate. 
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The relationship with the four-membered rings is not so clear but an attempt to 

represent the intersecting perpendicular sheets, using topological methods, is shown in 

Figure 6.13d below. 

Figure 6.13d Topological representation of the "factory r o o f appearance down the 
crystallographic a axis. 

The host-guest relationship (2:1) 

The clathrate nature of this structure is clearly shown by the view down the 

crystallographic z axis as shown in Figure 6.13e below. 

Figure 6.13e The host-guest relationship in the MA^-dibutylformamide solvate. 

The interleaving nature of the host-guest relationship is shown in Figure 6.13f below. 
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Figure 6.13f The host-guest relationship in the A^,A^-dibutylformamide solvate. 
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The cyclooctanone solvate iP2\/n, Z' = 2) 

Chemical connectivity 
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Figure 6.14a The chemical connectivity of the cyclooctanone solvate. 

Host topology 

This structure is particularly complex. It is a Z' = 2 structure and there are no sheets of 

six-membered rings. The simplest view is given by looking directly down the 

crystallographic a axis. As shown in Figures 6.14b columns of A molecules and 

columns of B molecules travel in this direction linked by simple a translations. Two 

neighbouring A columns are linked across centres of inversion to give amido-imido 

dimers. Each of these A columns are then linked to three B columns but with non-

coplanar linkers. The overall structure is then channel-like with five and four-sided 

tubes. Figure 6.14d attempts to show the level of complexity of this structure. 
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Figure 6.14b Complex XY sheet comprising four and five-membered rings, connected 
in the X direction by simple translations. 

An attempt to demonstrate this complex topology is shown using normal graphical 

procedures in Figure 6.14c below. 
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Figure 6.14c The sulfathiazole sheet component of the 3D framework in the 
cyclooctanone solvate. 
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§ I 

Figure 6.14d The complex topology of the 3D sulfathiazole framework structure of 
the cyclooctanone solvate. 

The host-guest relationship (2:1) 

Thus, the cyclooctanone solvate is clearly a channel clathrate. However, as can be seen 

in Figure 6.14e free thiazole rings from the topologically "non-double bonded" 

molecules insert into the channels, providing spacers between the guest molecules. 

JO 

L 

Figure 6.14e The host-guest relationship in the cyclooctanone solvate. 
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The dimethylpropyleneurea solvate {P2\ln, Z' = 2) 

Chemical connectivity 

The connectivity array shows that the oxygen (030) of the guest molecule is strongly 

attached to the H17 of the sulfathiazole molecule, thus blocking one of the major 

linkage sites for this molecule. 
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Figure 6.15a The chemical connectivity of the dimethylpropyleneurea solvate. 

Host topology (Z' = 2) 

This Z' = 2 structure contains puckered sheets of six-membered "cyclohexadiene" rings 

that are and possess a chair conformation. The sheets are composed of only B 

molecules. Figure 6.15b shows the sheet that is constructed using the full symmetry 

available (screw + glide + centre). The plane of sheet is parallel to the (Oil) 

crystallographic plane. The sheets are connected together by zig-zag chains of A 

molecules running in the b direction using two NH2 group interactions with sulfonyl 
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oxygens. One of these is to the B sheet, one to form the chain. There are no further 

connections between these A chains as can be seen in Figure 6.15d. The sheet itself is 

racemic. 
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Figure 6.15b This is the famihar six-membered ring sheet, constructed from only B 
molecules. 

The sheet may be represented using standard graphical methods and is shown in Figure 

6.15c below. 
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Figure 6.15c The sheet structure of the sulfathiazole B molecules in the dimethyl-

propyleneurea solvate. 
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Figure 6.15d The six-membered sheet of B molecules tilted to show the chains of A 
molecules on either side. 

The host-guest relationship (2:1) 

Although topologically a channel structure, intruding parts of the sulfathiazole 

molecules again provide spacers, enclosing the guests in pockets. The situation is 

illustrated in Figure 6.15e below. 

Figure 6.15e The host-guest relationship in the dimethylpropyleneurea solvate. 
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The tetrahydrofuran solvate (P2i2i2i,Z' = 2) 

Chemical connectivity 
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Figure 6.16a The chemical connectivity of the tetrahydrofuran solvate. 

Host topology 

This Z' = 2 structure is composed of flat sheets of connected "cyclohexadiene" rings, 

parallel to the be face. The sheets are built using pseudo screw related chains of A and 

B molecules, stitched together via A = B amido-imido dimers. The sheets themselves 

are then connected via zig-zag chains of linkers running in the b direction. Figure 

6.16b shows the sheets, viewed down the a axis, whilst Figure 6.16d shows the 

connection of the sheets down b. 
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Figure 6.16b The almost planar (AB).. sheets of six-membered sulfathiazole rings. 

Using standard graphical procedures the six-membered rings may be highlighted as 

shown in Figure 6.16c below. 

4 6 4 5 . 0 1 

Figure 6.16c The familiar six-membered sheet of sulfathiazole molecules. 
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Figure 6.16d The connection between the parallel sheets, as viewed down the 
crystallographic b axis. 

The host-guest relationship (2:2) 

This is a classic clathrate structure in which there are clear channels along the 

crystallographic x axis. 

Figure 6.16e The host-guest relationship in the tetrahydrofuran solvate. 
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6.1.4.3 The chain structures 

The acetone solvate (P2i/c, Z' = 1) 

Chemical connectivity 
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Figure 6.17a The chemical connectivity of the acetone solvate. 

Host topology 

The structure consists of ID tapes of parallel dimers along a as shown in Figure 6.17b. 

Q 
N 

X D a t a 

Base vectors; [100] Infinite ID chain 

Figure 6.17b The topology diagram showing the infinite chain of sulfathiazole 

molecules. 
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The chain structure may be highlighted using standard graphical procedures, as shown 

in Figure 6.17c. 

3 5 5 6 . 0 1 3 B 5 6 . 0 1 
3 7 5 B . 0 1 

1655.01 5 5 5 . 0 1 
1 4 5 5 . 0 1 

Figure 6.17c The sulfathiazole tape structure found in the acetone solvate. 

The host guest relationship (1:1) 

The acetone molecule is weakly H-bonded via the carbonyl oxygen to the aniline 

hydrogen not involved in the sulfathiazole chain formation. 

Figure 6.17d The host-guest relationship in the acetone solvate. 
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The attached acetone protrudes from the chain and sits over the cavity of the 

neighbouring chain as illustrated in Figure 6.17e. 

Figure 6.17e The host-guest relationship in the acetone solvate to show the protruding 
guest molecule. 
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The Y" butyrolactone solvate (Pli/c, Z' = 1) 

Chemical connectivity 
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Figure 6.18a The chemical connectivity of the y-butyrolactone solvate. 

Host topology 

The structure consists of ID tapes of parallel dimers along a as shown in Figure 6.18b. 

-8 .6 -4 -2 0 2 4 6 8 10^ 

X D a t a 

Base vectors: [100] Infinite ID chain 

Figure 6.18b The topology of the tape found in the y-butyrolactone solvate. 
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The tape shown above may also be illustrated by the use of standard graphical 

procedures once its topology is known. This tape is shown in Figure 6.18c. 

1455.01 

3655.01 V\V 3455.01 

Figure 6.18c The sulfathiazole 1D chain found in the y-butyrolactone solvate. 

The host-guest relationship (1:1) 

This structure and that of the acetone solvate have the same topology. They differ in 

the identity of the sulfonyl oxygen used for the aniline N-H. . .0 connection producing a 

slightly different conformation. 

Figure 6.18d The host-guest relationship in the y-butyrolactone solvate. 
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6.1.4.4 The co-crystal structures 

The A^-formyl piperidine co-crystal {P 1, Z = 2) 

Chemical connectivity 

The A and B molecules form a dimer, involving the thiazole N-H as donor and the 

amide nitrogen as acceptor. 
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Figure 6.19a The chemical connectivity of the A^-formyl piperidine co-crystal. 

Co-crystal topology 

As seen in Figure 6.19b the structure comprises of a complex column arrangement. 

The column encompasses two independent sulfathiazole molecules (A and B) plus two 

independent guests (C and D) running parallel to a. 
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Figure 6.19b A complex tube of sulfathiazole molecules and guests (two of each), 
linked along the a axis with double bonds between the A and B sulfathiazole 
molecules. 

The co-crystal relationship (2:2) 

This complex tube arrangement may be illustrated using standard graphical procedures 

as shown by Figure 6.19c. 

Figure 6.19c The co-crystal network (chain) of N-formyl piperidine and sulfathiazole. 
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The triethylphosphate co-crystal (Abal, Z = 1) 

Chemical connectivity 
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Figure 6.20a The chemical connectivity of the triethylphosphate co-crystal. 

Co-crystal topology 

The presence of only the sulfathiazole dimer results in a zero dimensional sulfathiazole 

structure. It is pertinent to note that the dimer has 2-fold symmetry, rather than the 

inversion symmetry found in all other cases. 

The co-crystal relationship (1:1) 

Figure 6.20b shows isolated dimers with only one link between the triethylphosphate 

and sulfathiazole molecules using standard graphical procedures. 

1555.Dl 

2gg5.0z 
1555.02 

Figure 6.20b The isolated sulfathiazole rotation dimers found in the triethyl-phosphate 

co-crystal structure. 
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The tetraoxaspiroundecane co-crystal (Pbca, Z = 1) 

Chemical connectivity 

Each guest molecule forms three links (OH bonds) to aniline H atoms. For each NH2 

group, one of the hydrogens is bifurcated and the groups links to three different guest 

molecules. 
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Figure 6.21a The chemical connectivity of the tetraoxospiroundecane co-crystal. 

Co-crystal topology 

The co-crystal structure comprises isolated sulfathiazole centrosymmetric dimers, with 

amido-imido double bonds, linked into a 3D network via tetraoxaspiroundecane 

molecules as shown in Figure 6.21b. 
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Figure 6.21b The sheets are connected into a 3D framework via translation vectors in 
Y involving those ARU's that are not part of the dimer groups. 
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The co-crystal relationship (1:1) 

An attempt to illustrate this network, using standard graphical procedures, is shown in 

Figure 6.21c below. 
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Figure 6.21c The co-crystal network formed by sulfathiazole and tetraoxa-
spiroundecane. 
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Chapter Seven 

Relationships amongst the Polymorphs and Solvates of 

Sulfathiazole - Conclusions and further work 

7.1 Analysis of the results 

The isostructural and topological evaluations outlined in Chapters Five and Six can 

now be applied to quantify the relationships that exist amongst the polymorphs and 

solvates of sulfathiazole. 

Work in this Chapter is, therefore, composed of three sections. First the 

relationships amongst the polymorphs and solvates in terms of isostructurality and 

pattern recognition are described which leads to the second section, the formulation of 

a proposed "Aufbau" mechanism for crystal growth. Finally, some areas for further 

research are discussed and evaluated. 

7.1.1 Isostructurality 

As described in Section 6.1.3 two groups of isostructural compounds were identified 

on the basis of cell dimensions and volume. Due to the disordered nature of the guest 

component and the limited data-set within the second isostructural series no further 

analysis was undertaken beyond a preliminary investigation relating the volume of 

guest to the resulting unit-cell volume of the host-guest complex. However, data for 

the first isostructural series were of greater quality and quantity. This series was 

therefore subjected to further detailed examination as described in Section 7.1.1.2 

below. 

7.1.1.1 Steric effects within the second isostructural series 

A preliminary investigation into the relationship between the guest volume and the 

volume of the resultant unit-cell was undertaken for the second isostructural series. 

Data for the second isostructural series are compiled in Table 7.1 and plotted in 

Figure 7.1 below. 
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Solvate Guest volume, [A^] Unit-cell volume, [A^] 
Cyclohexanone 114.4 1775.9 
Cycloheptanone 131.8 1760.2 

4-methylcyclohexanone 132.4 1832.2 

Table 7.1 The relationship between the volume of the guest and the volume of the 
unit-cell in the second isostructural series. 
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Figure 7.1 The graphical relationship between the volume of the guest and the 
volume of the unit-cell in the second isostructural series. 

The graph in Figure 7.1 shows there is no obvious trend in the relationship between 

guest volume and cell volume in the second isostructural series. One must assume, 

therefore, that on the basis of the disorder present in all these structures, the 

frameworks are very flexible, as will be indicated later in Table 7.6 of torsion data. 

Thus creating an essentially "spherical cavity" that can not trap the cyclic molecules 

into an ordered arrangement. This topology creates only a small increase in the 

"effective" guest volume when moving down the series, insufficient to alter the 

overall host dimensionality in the resultant host-guest complex. Thus, retaining the 

isostructurality of the group. 

Due to the disordered nature of the guest and the limited data-set within this group 

no further analysis was applied to this series of isostructural compounds. 

7.1.1.2 Steric effects within the first isostructural series 

However, due to the presence of "ordered" guest molecules and a more extensive 

data-set the above analysis was repeated for the first isostructural series using data 

compiled in Table 7.2. Due to the systematic nature of this project it should be noted 

at this point that each table will contain the solvates in the same sequence i.e. the 
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order presented in Table 6.5a so as to facilitate inter-tabular comparisons. In some 

cases this order may not correspond to that chosen if the table where to be plotted 

manually. Thus, the results of the volume analysis were visuaUsed graphically in 

Figure 7.2. 

Solvate Guest volume, [A^] Unit-cell volume, [A^] 
Propylene carbonate 97.74 1652.0 

a-angelica lactone 102.55 1651.0 

Cyclopentanone 97.75 1658.7 

Y-valerolactone 106.83 1668.5 

p-butyrolactone 90.61 1608.0 

2-methylcyclopentanone 115.85 1693.2 
5-valerolactone 105.49 1684.0 

5-methylisoxazole 88.63 1622.3 

a-Me-y-butyrolactone 106.62 1653.0 

Table 7.2 The relationship between the volume of the guest and the volume of the 
unit-cell in the first isostructural series. 

1700 

2-mpthy lcyc lo 

tanone 

5-valerot t fctone 

yva le ro l ac tone 

1660 -
c y c l o p e n t a n o n * 

propylene ca rbona te 

methyl isoxazole 

• R-butyrolactone 

1620 -

# • a -me-y-buty ro lac tone 

a -ange l i ca lactone 

95 100 105 

Vguest [Angstrom^] 

120 

Figure 7.2 The graphical relationship between guest volume and resultant unit-cell 
volume in the first isostructural series 

Figure 7.2 shows there is a linear relationship between guest volume and the 

resultant unit-cell volume in the first isostructural series. 

Further analysis could then be undertaken in order to determine the more subtle 

effects of the volume/shape of the guest on the overall volume/shape of the resulting 

unit-cell data taken from Tables 6.2 and 6.4. These results are compiled in Table 7.3 

and plotted graphically in Figure 7.3. 
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Solvate Molecule a, [A] b,[k\ c, [A] Calculated guest 
volume, [A] 

Propylene carbonate 8.628 21.151 9.135 97.74 

a-angelica lactone 8.194 21.111 9.5709 102.55 

Cyclopentanone 8.454 20.699 9.487 97.75 

y-valerolactone 8.417 20.975 9.472 106.83 

(3-butyrolactone 8.606 21.643 8.735 90.61 

2-methylcyclopentanone 8.550 21.491 9.215 115.85 

5-valerolactone 8.583 20.652 9.520 105.49 

5-methylisoxazole 8.366 21.353 9.097 88.63 
a-Me-y-butyrolactone 8.392 21.207 9.302 106.62 

Table 7.3 The relationship between guest volume and expansion along each unit-cell 
axis in the first isostructural series. 

24 

22 

r 
< 16 
§ 

g 14 
<D 
I 12 
0) 
U 10 

• # 

80 85 90 100 105 110 120 

Guest volume [Angstroms ] 

• a axis [001] 
O b axis [010] 

• cax is [100] 

Regression 

Figure 7.3 The graphical relationship between guest volume and expansion along 
each unit-cell axis [base vector] in the first isostructural series. 

Figure 7.3 shows a small increase in the length of the unit-cell c axis as a result of 

increasing guest volume. 

In summary, the graphs in Figures 7.2 and 7.3 show: 

1. There is a linear relationship between increasing guest volume and unit-cell 

volume in the first isostructural series. 

2. More specifically, growth appears to be along the c axis [001]. 
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These results show that even within an isostructural series the guest does have an 

effect on the overall structure, as reflected by changes in unit-cell volumes and 

relative unit-cell dimensions. The effects in this case, however, are insufficient to 

alter the overall architecture of the host framework. 

7.1.1.3 Electronic effects within the first isostructural series 

The directional effects noted above were explored further by considering the effects 

of polarity of the guest molecules on cell dimension. The calculated dipoles obtained 

by the method outlined in Section 6.1.3 were visualised using SPARTAN'02 

[Wavefunction, Inc.] software and used to prepare the schematics shown in Table 7.4. 
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Solvate 2D structure with 
dipole direction 

Dipole value, 
[Debyel 

Propylene carbonate (1) 
/ 

0 

c 

lo 6.36 

a-angelica lactone (2) — C ^ o 
0 

4.60 

Cyclopentanone (3) 

4 
c ) 

3.21 

y^valerolactone (4) ^ ^ 0 
0 

5.20 

y^butyrolactone (5) 
o 

4.96 

2-methylcyclopentanone (6) 

0 

3.08 

^valerolactone (7) 
1 . 

5.29 

5-methylisoxazole (8) 3.85 

or-Me- y^butyrolactone (9) 5.25 

Table 7.4 Dipole direction and value for the solvate molecules of the first 
isostructural series. 
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The schematics showing the direction of the dipole moments were then used to 

prepare Figure 7.4 using CERIUS2 [Accelrys Ltd.] software. 

Figure 7.4 The first isostructural series. The green arrows show the direction of the 
dipole of the included guest. 

Figure 7.4 shows there are two main directional components to be considered when 

looking at the effect of guest dipole on unit-cell length within the first isostructural 

series. Principally, one might expect expansion of the unit-cell along the 

crystallographic b axis in 1 (propylene carbonate), 3(cyclopentanone) and 5(fi-

butyrolactone). The rest are directed along the crystallographic c axis. The 

indications are, therefore, that the polarity of the guest does not have any effect on its 

orientation. 

To investigate this situation further, data from Table 6.4 and Table 7.4 were used 

to prepaie Table 7.5. This Table shows the relationship between the unit cell 

238 



7. Relationships amongst the Polymorphs and Solvates of Sulfathiazole 
Conclusions and Further Work 

dimension and calculated guest dipole within the first isostructural series. Figure 7.5 

is a graphical representation of this data. 

Solvate Molecule a, [A] 6, [A] c, [A] Calculated guest 
dipole, [debye] 

Propylene carbonate 8.628 21.151 9T35 636 
a-angelica lactone 8.194 21.111 9.571 4.60 
Cyclopentanone 8.454 20.699 9.487 3.21 
y^valerolactone 8.417 20.975 9472 5^0 

y9-butyrolactone 8.606 21.643 8J35 4.96 
2 methylcyclopentanone &550 21.491 9.215 3.08 
<5-valerolactone &583 2a652 9^20 5^9 
5-methylisoxazole 8366 2L353 9.097 1*5 
a-Me- y^butyrolactone 8392 21.207 9302 525 

Table 7.5 The relationship between calculated guest dipole and unit-cell expansion 
within the first isostructural series. 
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Figure 7.5 The effect of guest polarity on cell expansion within the first isostructural 
series. 

Figure 7.5 shows that guest polarity within the first isostructural series has no 

significant effect on individual cell dimensions. Expansion is therefore a result of a 

purely steric mechanism. 

In summary, it would appear that there is some sort of "templating mechanism" at 

work as guests of similar volumes and polarities produce similar host architectures. 
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This hypothesis will now be rigorously tested using a variety of guests with 

differing sizes and polarities to see if the guest does indeed exert any form of 

"templating-effect" on the resultant structure. 

7.1.2 Pattern recognit ion 

7.1.2.1 Conformational considerations of the host-guest relationship 

Analysis, such as that undertaken above, does not take into consideration how the host 

accommodates the guest. Since we know the exact topology of all the solvates from 

the topological studies discussed in Chapters Five and Six, it is possible to make some 

important inferences with regard to the host-guest relationship. 

As a first step, the torsion angle data employed in the analysis of the polymorphs 

was extended to include that of the solvates. Thus, the experimental values for Taul 

and Taul were obtained for the solvates in a manner similar to that described for the 

polymorphs in Section 5.1.8. The results for the polymorphs and solvates of 

sulfathiazole are tabulated in Table 7.6 and plotted in Figure 7.6. 
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Polymorph/Solvate Taul Taul 

Polymorph I 
-9.0 

-16.0 
33.4 
39.3 

Polymorph II 
14.1 
17.5 

37.1 
17.6 

Polymorph III 
6.3 
6.1 

39.9 
36.4 

Polymorph IV 6.0 39.3 
Polymorph V 7.3 37.1 

Propylene carbonate -16.1 42.6 
or-angelica lactone -16.9 39.6 
Cyclopentanone -22.8 37.9 
^^valerolactone -17.2 40.4 

/^butyrolactone -15.3 41.7 
2-methylcyclopentanone -21.5 40.5 
(^valerolactone -21.1 40.4 
5-methylisoxazole -21.8 38.4 
a-Me- ybutyrolactone -21.4 41.2 
4-methylcyclohexanone -3.6 41.9 
Cyclohexanone 1.4 40.5 
Cycloheptanone -1.2 37.1 

Dimethylethyleneurea 
4.0 

-21.0 
39.0 
45.6 

N-formyl piperidine 
-25.9 
-14.2 

36.7 
30.4 

Cyclohexanol -3.4 37.1 
Diethylmalonate -47.5 17.7 

N,N-dibutylformamide 
-20.8 
-1.1 

38.7 
53.8 

Acetone -46.8 17.9 
Diethyloxalate -4.7 43.8 
y^butyrolactone -9.6 40.0 

g-caprolactam -11.0 42.8 
Sulfolane 11.3 43.3 

Cycloctanone 
-17.1 
-14.1 

50.0 
33.4 

Di methylpropyleneurea 
-7.3 

-26.3 
31.3 
36.8 

Cyclopentanol -4.2 57.9 

Tetrahydrofuran 
-31.6 
-17.2 

36.1 
37.2 

Triethylphosphate -29.9 25.5 
Tetraoxaspiroundecane -20.2 22.8 
Dioxan -23.0 38.3 

Table 7.6 The torsion angles for the polymorphs and solvates of sulfathiazole. 
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The Polymorphs and Solvates of Sulfathiazole 

T a u 1 

Figure 7.6 The torsion angles for the polymorphs and solvates of sulfathiazole. The 
red boundary denotes the region of highest population. 

In a manner similar to that employed for the polymorphs it was possible to scale 

and overlay this boundary onto the theoretical conformational map. Thus, giving an 

accurate picture of the conformational space occupied by the polymorphs and solvates 

of sulfathiazole. Figure 7.7 shows a close-up of the region of interest. 

41̂)0 

•55.x 

•50.00 

^.00 
•40.00 

.̂00 

Taul 

4.00 29.00 79.00 

Tau2 
Figure 7.7 The theoretical 2D potential energy plot showing the regions occupied by 
the polymorphs(P) and solvates(S) of sulfathiazole. The red arrow indicates the 
region occupied by the components of the Polymorph I structure. 
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Close inspection of the theoretical 2D potential energy plot shows two regions of 

particular interest. The lower energy region (P) occupied by the polymorphs and the 

slightly higher energy region (S) occupied by the solvates. The only exception to this 

rule is provided by the component structures of Polymorph I (whose location is 

indicated by the red arrow). 

It is thought that the components of the Polymorph I structure are subjected to 

similar forces to those acting on the solvate host structures. Certainly the 

interpenetrating nature of Polymorph I is unusual amongst the polymorphs. It is thus 

rational to view Polymorph 1 as a "solvate-type" structure in which a host 3D 

framework accommodates a 2D sheet structure. 

If indeed, the guest does have a "templating-effect" on the resultant host-guest 

structure then it should be possible to correlate the steric/electronic properties of the 

guest with the structural dimension data provided by the topological studies. 

7.1.2.2 Steric effects within the solvate series 

As a first approximation the volume of the guest was related to the structural 

dimension of the host in the resultant host-guest complex. Data has been compiled in 

Table 7.7 below and plotted in Figure 7.8. 
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Polymorph/Solvate Sulfathiazole: 
Partner ratio 

Structural 
Dimension 

Volume of 
guest, 

Polymorph I 1 1 

3d 

190 
Propylene carbonate 1 1 

3d 

97.74 
a-angelica lactone 1 1 

3d 

102.55 
Cyclopentanone 1 1 

3d 

97.75 
y^valerolactone 1 1 

3d 

106.83 
/?-butyrolactone 1 1 

3d 

90.61 
2-methylcyclopentanone 1 1 

3d 

115.81 
^valerolactone 1 1 

3d 
105.49 

5-methylisoxazole 1 1 3d 88.63 
or-Me- ybutyrolactone 1 1 

3d 

106.62 
4-methylcyclohexanone 1:1 (disorder) 

3d 

132.43 
Cyclohexanone 1 :l(disorder) 

3d 

114.39 
Cycloheptanone l:l(disorder) 

3d 

131.76 
MA^-dibutylformamide 2:1 

3d 

196.34 
Cyclooctanone 2:1 

3d 

149.03 
Dimethylpropyleneurea 1:2 

3d 

141.16 
Tetrahydrofuran 2:2 

3d 

86.39 

Dimethylethyleneurea 2:1 

2d 

125.02 
Cyclohexanol 1:1 

2d 

118.13 
Diethylmalonate 2:1 

2d 

200.59 
Diethyloxalate 1:0.5 

2d 
149.03 

f-caprolactam 1:2 
2d 

125.89 
Sulfolane 1:1 

2d 

109.20 
Cyclopentanol 1:1 

2d 

102.69 
Dioxan 1:1 

2d 

149.03 

Acetone 1:1 
Id 

72.63 
y^butyrolactone 1:1 

Id 
86.09 

A^-formyl piperidine 2 2 
Od 

127.98 
Triethylphosphate 1 1 Od 182.56 

Tetraoxaspiroundecane 1 1 
Od 

153.91 

Table 7.7 The relationship between the structural dimension of the host in the host-
guest complex and the volume of the guest. 
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Structural dimension vs. Guest volume 
(All solvate structures) 

220 

0) 140 

CD 100 

3d 2d Od 

Structural dimension of host 

Figure 7.8 The graphical relationship between structural dimension of the host and 
guest volume is shown for all solvate structures. Each column is represented by a 
column mean and the error bars represent one standard deviation from that mean. 

To determine the statistical validity of the relationship demonstrated in Figure 7.8 a 

standard f-test was run. A /-test determines if the mean values of two data columns 

are significantly different by testing the hypothesis that the means of two columns are 

equal. A paired r-test requires columns of equal length, since the data is assumed to 

be before and after data on the same subjects. An independent r-test can be performed 

on differently sized columns, since no relationship is assumed between the groups. 

An unpaired Mest is therefore run to determine the Students t statistic. The results of 

this exercise are shown in Table 7.8. 

Id vs 3d 3d vs 2d 2d vs Od 
T value -1.74 -1.02 -0.96 
P value 0.10 a 3 2 036 
Degrees of freedom 17 23 9 
T value: the student's t statistic 
P value: the probability that you are incorrect in stating the two means are different. 

Table 7.8 Statistical analysis of the relationship between the structural dimension and 
guest volume. 
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Reading across the P values it can be seen that no real conclusions can be reached 

from the analysis in its present form. 

To obtain a more homogeneous data-set only solvates in a 1:1 relationship with the 

host are considered in Table 7.9. 

Solvate Sulfathiazole: 
Partner ratio 

Structural 
Dimension 

Volume of 
guest, [A^] 

Propylene carbonate 1 1 

3d 

97.74 
cr-angelica lactone 1 1 

3d 

102.55 
Cyclopentanone 1 1 

3d 

97.75 
y^valerolactone 1 1 

3d 
106.83 

/9-butyrolactone 1 1 3d 90.61 
2-methylcyclopentanone 1 1 

3d 
115.81 

<5-valerolactone 1 1 

3d 

105.49 
5-methylisoxazole 1 1 

3d 

88.63 
a-Me- ybutyrolactone 1 1 

3d 

106.62 

Cyclohexanol 1 1 

2d 

118.13 
Sulfolane 1 1 

2d 
109.20 

Cyclopentanol 1 1 
2d 

102.69 
Dioxan 1 1 

2d 

149.03 

Acetone 
Id 

72.63 
y^butyrolactone 

Id 
86.09 

Triethylphosphate 
Od 

182.56 
Tetraoxaspiroundecane 

Od 
153.91 

Table 7.9 The relationship between st 
complexes) and the volume of the gues 

uctural dimension (selected 1:1 host-guest 
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Structural dimension vs Guest volume 
(selected 1:1) 
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Figure 7.9 The graphical relationship between structural dimension (selected 1:1 
host-guest complexes) and the volume of the guest. Each column is represented by a 
column mean and the error bars represent one standard deviation from that mean. 

Again, the validity of the relationship is tested statistically using the student's t 

test. The results are shown in Table 7.10. 

Id vs 3d 3d vs 2d 2d vs Od 
T value -3.24 -236 -Z73 
P value 0.01 0.04 0.05 
Degrees of freedom 9 11 4 
T value: the student's t statistic 
P value: the probability that you are incorrect in stating the two means are different. 

Table 7.10 Statistical analysis of the relationship between the structural dimension 
and guest volume for a selected group of 1:1 host-guest complexes. 

Checking the statistics shows there is a genuine relationship between increasing 

structural dimensionality and guest volume within this select group. This is in 

agreement with Kitaigorodskii [1961a] when he stated: 

" volume relationships are decisive in organic crystals, while the chemical nature 

of the atoms have little effect on the molecular interactions." 
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Size, measured in terms of volume is a crude measure. It might be possible to 

relate structural dimension to shape. 

In simple terms a descriptor for the shape of a guest molecule may be obtained by 

measuring the equatorial distance along the x, >' and z axes of the crystal structure 

using the structure builder module of CERIUS2 [Accelrys Ltd.]. These values were 

then computed and compared against the calculated value obtained using 

SPARTAN'02 [Wavefunction, Inc.]. This gave a "weighting factor" that was applied 

to the measured distances to give modified distances. These results are shown in 

Table 7.11. The results were then normalised and plotted on a ternary graph that is 

shown in Figure 7.10. 
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The effect of guest shape on host dimensional i ty 

Y Data 

Z Data ° ° 0.1 0.2 0.3 0.4 o.5 0.6 0.7 0.8 0.9 1.0 X Data 

• First Isostructural Series 
o Second Isostructural Series 

T 3d Structures 
V 2d Structures 
• I d Structures 
• Od Structures 

Figure 7.10 The graphical relationship between guest shape and dimensionality of 
the host. 

The results show strong correlation within each of the isostructural series and, 

indeed, between groups. Important outliers are compounds 2 (a-angelica lactone) and 

8 (5-methylisoxazole) caused by lengthening along y due to the presence of equatorial 

side-groups. Compounds 19(diethymalonate), 13(N,N-dibutylformamide) and 

20(diethyloxalate) are all long-chain molecules along the z axis. 

It is interesting to note the lack of compounds in the bottom-right sector of the red 

triangle. This area is significant as it means that either guests with such dimensions 

are excluded by the host-framework or they have been ignored as possible candidates 

for solvate formation. In either case, this raises some interesting questions. 

One group of chemicals significant by their absence is the rigid (in conformational 

terms) aromatics. It is possible the absence of this group is due to the large n cloud of 

250 



7. Relationships amongst the Polymorphs and Solvates of Sulfathiazole 
Conclusions and Further Work 

electrons or the inflexible nature of the ring-structures themselves. It is a feature of 

nearly all the solvates that they contain conformationally flexible ring systems. 

7.1.2.3 Electronic effects within the solvate series 

Correlation was sought between the electronic properties of the guest and the 

dimensionality of the resultant host-guest complex, as as an extension of Section 

7.1.13. Data for this exercise were compiled in Table 7.12 and plotted in graphical 

form in Figure 7.11. 

Solvate Sulfathiazole: 
Partner ratio 

Structural 
dimension 

Guest dipole, 
[debye] 

Propylene carbonate 1 1 

3d 

6.36 
<2-angelica lactone 1 1 

3d 

4.60 
Cyclopentanone 1 1 

3d 

3.21 
}^valerolactone 1 1 

3d 

5.20 
y9-butyrolactone 1 1 

3d 

4.96 
2-methylcyclopentanone 1 1 

3d 

3.08 
^valerolactone 1 1 

3d 
5.29 

5-methylisoxazole 1 1 3d 3.85 
a-Me- ybutyrolactone 1 1 

3d 

5.25 
4-methylcyclohexanone 1:1 (disorder) 

3d 

3.43 
Cyclohexanone l.T (disorder) 

3d 

3.38 
Cycloheptanone 1; 1 (disorder) 

3d 

3.25 
Cyclooctanone 2:1 

3d 

3.07 
Dimethylpropyleneurea 2:1 

3d 

4.36 
Tetrahydrofuran 2:2 

3d 

2.29 

Dimethylethyleneurea 2:1 

2d 

4.28 
Diethyloxalate 1:0.5 

2d 

0.00 
f-caprolactam 1:2 

2d 
4.37 

Sulfolane 1:1 
2d 

5.67 
Cyclopentanol 1:1 

2d 

1.76 
Dioxan 1:1 

2d 

0.00 

Acetone 1:1 
Id 

3.58 
y^butyrolactone 1:1 

Id 
5.26 

N-formyl piperidine 2:2 
Od 

2.33 
Triethylphosphate 1:1 Od 4.27 

Tetraoxaspiroundecane 1:1 
Od 

3.30 

Table 7.12 The relationship between the structural dimension of the host in the host-
guest complex and the polarity of the guest. 
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Structural dimension vs. Guest dipole 
(All structures) 
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Figure 7.11 The graphical relationship between structural dimension of the host and 
the guest dipole is shown for all solvate structures. Each column is represented by a 
column mean and the error bars represent one standard deviation from that mean. 

The validity of the relationship is tested statistically using the student's / test. The 

results are shown in Table 7.13. 

2d vs Od Od vs 3d 3d vs Id 
T value -0.41 -1.14 -0.37 
P value 069 0.27 0.72 
Degrees of freedom 7 16 15 
T value: the student's t statistic 
P value; the probability that you are incorrect in stating the two means are different. 

Table 7.13 Statistical analysis of the relationship between the structural dimension 
and guest dipole. 

Reading across the P values it is obvious that no real conclusions can be reached 

from the analysis in its present form. 

To obtain a more homogeneous data-set only solvates in a 1:1 relationship with the 

host are considered in Table 7.14. 
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Solvate Sulfathiazole: 
Partner ratio 

Structural 
dimension 

Guest dipole, 
[debyel 

Propylene carbonate 1 1 

3d 

6.36 
a-angelica lactone 1 1 

3d 

4.60 
Cyclopentanone 1 1 

3d 

3.21 
}^valerolactone 1 1 

3d 
5.20 

/9-butyrolactone 1 1 3d 4.96 
2-methylcyclopentanone 1 1 

3d 

3.08 
(5-valerolactone 1 1 

3d 

5.29 
5-methylisoxazole 1 1 

3d 

3.85 
or-Me- ybutyrolactone 1 1 

3d 

5.25 

Sulfolane 1 1 
2d 

5.67 
Cyclopentanol 1 1 2d 1.76 

Dioxan 1 1 
2d 

0.00 

Acetone 1:1 
Id 

3.58 
y^butyrolactone 1:1 

Id 
5.26 

Triethylphosphate 1:1 
Od 

4.27 
Tetraoxaspiroundecane 1:1 

Od 
3.30 

Table 7.14 The relationship between the structural dimension (selected 1:1 host-
guest complexes) and the polarity of the guest. 

Structural dimension vs. Guest dipole 
(selected 1:1) 

2d Od 3d I d 

Structural dimension of host 

Figure 7.12 The graphical relationship between structural dimension (selected 1:1 
host-guest complexes) and the dipole of the guest. Each column is represented by a 
column mean and the enor bars represent maximum and minimum values for that 
column. 
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The results above show a logarithmic relationship between structural dimension 

and guest dipole. Indeed, there is very little difference between the means computed 

for the Od, Id or 3d structures. 

These results are surprising as one might expect the most polar solvates to form co-

crystals and therefore create Od sulfathiazole structures. Further, the order of 

dimensionality might be expected to be Od > Id > 2d > 3d on account of the more 

polar guests either permanently, or at least in the early stages of nucleation, blocking 

possible host-host interactions. 

7.1.2.4 Summary of factors effecting the stability of the host-guest 

relationship 

Any two atoms that are not bonded to each other can interact in several ways, 

depending on their size and polarity, and how closely they are brought together. 

These non-bonded interactions can either be repulsive or attractive and the result can 

either be destabilisation or stabilisation of the resulting complex [Morrison and Boyd, 

1983]. 

A survey of the methods available for analysing this relationship shows that there 

are several concepts that might be useful in such an investigation. The method 

adopted above assumes the guest templates the resulting host structure. However, the 

results obtained regarding the electronic relationship between the host and guest 

shows no rational conelation. An alternative view may be adopted by assuming a 

lock and key mechanism whereby the guest may be accommodated in a well-defined 

host cavity. The reality of the situation appears to be a combination of these ideas. 

Whilst electronic properties appear to be important at the nucleation stage thus 

supporting a lock and key mechanism, steric properties appear to be responsible for 

"templating" the resulting framework. 

Both host and guest appear to be compromised in the resulting complex. The host 

showing torsional accommodation around Taul and Tau2 and the guests showing 

some degree of conformational ring flexibility. 

In order to explain these results more fully, an "Aufbau" mechanism is proposed 

that accounts for the factors discussed above. 
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7.2 The "Aufbau" process in relation to the polymorphs and solvates of 

sulfathiazole 

During the course of this thesis several concepts have been introduced that are 

pertinent to the formation of the crystal structure. Using these concepts it is possible 

to build up a picture of how a crystal is formed and the key stages in any crystal 

building process. 

In the words of Perlstein [1996]: 

"Supramolecular chemistry, molecular self-assembly, molecular recognition, 

crystal engineering are used as descriptors of molecule-molecule interactions that 

involve non-covalent or van der Waals bonds. The packing of molecules into 

regular arrays to form crystal structures is the result of this non-covalent 

interaction. One of the goals of the supramolecular chemist is to be able to design 

such arrays a priori knowing only the "stereochemistry" of the non-covalent bond. 

The closest equivalent to the covalent bond for supramolecular engineering of non-

covalent interactions is the hydrogen bond, whose quantum chemical description is 

still under discussion. Nevertheless, the H-bond has been used with success as a 

stereochemical force or vector in qualitatively designing molecular arrays." 

The geometric patterns these H-bonds form in the polymorphs and solvates of 

sulfathiazole have been described in Chapters Five and Six of this thesis. Aakeroy 

and Seddon [1993] call the hydrogen bond in such cases a synthetic "vector" since it 

acts as a regiospecific structure controlling agent. 

It would appear there are two opposing forces at work in the creation of a crystal 

structure. According to fitter's first rule [1991] "All good proton donors and 

acceptors are used in hydrogen bonding." However, Kitaigorodskii [1961a] proposed 

that arbitrary shaped organic molecules tend to adopt a closely packed arrangement 

filling as much space as possible, leaving a minimum of void density. Both of these 

concepts have been thoroughly investigated as part of the chemical connectivity and 

topological studies undertaken as part of this thesis. 

As a result of the studies undertaken as part of this thesis it is proposed that 

chemical connectivity plays a key role in molecular recognition, especially in the 

eariy stages of nucleation. It is at this stage that dimers or other such "synthons" are 

formed that will be vital to the formation of the ultimate crystal structure. It is 
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postulated that some of these dimers may be present in the solvent during 

crystallisation and are retained in the solid-state until the final crystal structure is 

formed. In order to facilitate our understanding of this process it was important that 

we adopted the concept of the asymmetric unit as described by Perlstein [1996]. 

Making the link between the "Perlstein unit" and the asymmetric residual unit used by 

Spek in his program PLATON [2000] proved a valuable step in understanding the 

"Aufbau" concept postulated in this thesis. In practical terms this meant for Z' > 2 

structures the original molecule A was always attached to its most strongly hydrogen-

bonded neighbour. In contrast to the crystallographic asymmetric unit, a "Perlstein 

unit" is the smallest number of whole molecules with which the whole crystal 

structure can be formed. If one hydrogen bond is formed between the constituent 

molecules of the "Perlstein unit" then it is termed a single-bonded unit whilst a dimer 

constitutes a double bonded unit. 

Combinations of dimers and "single-bonded" units create primary structural motifs 

(chains) and base-vectors that result from the direction of their combination. 

A one-dimensional infinite chain is formed when the following criteria are 

satisfied: 

1. The chain is infinite with a single repeat base-vector. 

2. The chain repeat need not occur along any X-ray derived unit-cell axis. 

3. Except for simple translation, the centroids of molecules in the chain do not lie on 

the chain axis, but may be offset from it by equal distances. 

4. A chain consists of combinadons of single and double-bonded "Perlstein units." 

To paraphrase Shubnikov and Kopstik [1974]: 

There are 75 ways to pack a stage 0 cluster (the equivalent of a "Perlstein unit") 

in one dimension. 

However, as shown in Chapter One of this thesis most crystals of pharmaceutical 

significance pack with orthorhombic or lower symmetry. As shown by Kitaigorodskii 

[1961a] only four of these chains arc of statistical relevance i.e. translation, 2i screw, 

glide and inversion chains. 
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Secondary structural motifs are determined from the above chains by repeating 

them along one, or more, base-vectors with appropriate symmetry. If the chains are 

created in two directions on the same plane then layers are formed. There are 85 

possible layers of this type [Wood, 1964] but, again, as shown by Kitaigorodskii 

[1961a] only seven of these are of relevance for crystals with orthorhombic or lower 

symmetry. 

All secondary structural motifs have the following common characteristics: 

1. They are infinite in extent, having at least one repeat base-vector. 

2. Molecules may not be related by symmetry within the plane. This is sometimes 

the case for molecules related by glide symmetry were translations outside the 

plane are required. 

The final stage defines the tertiary structure by combining secondary structural 

motifs with the appropriate symmetry in the third dimension. 

From our analyses of the host-guest relationships, it would seem that once the 

"Perlstein unit" has been created in two-component systems, the dimensionality of the 

resultant host structure is dictated by the steric requirements of the guest molecule. 

This was noted frequently where the position of the guest correlated closely with that 

of the host thiazole ring. Additionally, one may note the presence of hexagonal 

topological units in two-component systems. Only in the polymorphs and the smaller 

guest systems are four-membered host networks noted. The extra room made 

available by the larger, six-membered rings was filled by interpenetration of the host 

network, by adjacent layers or by the guest molecule. In all cases there was a drive to 

fill the empty space within the structure. 

In conclusion, therefore, from our work with the polymorphs and solvates of 

sulfathiazole it is possible to state that hydrogen bonding is important in molecular 

recognition. However, although we attempted to describe our structures purely in 

terms of chemical connectivity the whole structure was not revealed until an 

additional topological analysis of the relevant base-vectors was applied. Indeed, the 

absence of donors or acceptors in otherwise viable locations leads us to suppose a 

purely topological mechanism for crystal growth. 
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7.3 Further work 

One of the most difficult problems encountered during the writing-up of a thesis is 

when to stop writing. There appears to be so many lines of enquiry that remain 

unexplored that the feeling becomes one of creating more questions than obtaining 

answers. However, the preliminary investigations undertaken above show possible 

lines of enquiry that given more time could have been proved even more fruitful than 

those obtained during the period of this project. 

An obvious extension is to include data for the nitrogen-containing solvates 

reported by Bingham [2002] in the companion thesis to this one. This aim could 

easily be achieved and would create an extensive knowledge-base allowing more 

accurate interpretation of the results presented in this thesis. Even within the 

sulfathiazole family the co-crystals and salt forms have been subjected to only 

preliminary analysis. 

Application of the methods presented above may be extended to other groups of 

compounds such as the sulfanilamides, the sulfapyridines or the carboxamides. 

Equally other types of interaction may be explored for their directional properties e.g. 

halogen..halogen interactions, %..Ti interactions and the presence or absence of 

hydrophobic interaction. Even today the properties of the H-bond are not fully 

understood and a more exact definition may lead to more accurate methods of 

network prediction, leading eventually to theoretical methods for polymorph 

prediction. 

Time-constraints lead to limited work being undertaken on the systematic 

classification of the results obtained. It is anficipated that the relationships between 

the polymorphs and solvates could be rigorously defined using the language of Weber 

and Josel and the results of this project. Thomas Gelbrich, of this group, has written 

the program SYNTHON [2003] in order to compare the co-ordination 

neighbourhoods of suspected isostructural compounds. SYNTHON [Gelbrich, 2003] 

utilises internal co-ordinates to analyse the co-ordination environment of a compound 

and root mean square statistics to compare the results of this analysis between two or 

more compounds. It would be interesting to compare and contrast the results obtained 

using both methods as a means to further understanding the complexities of the 

structural relationships that exist within this system. 
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One of the primary aims after completion of this thesis is to write software to 

computerise the analysis routines undertaken manually during this project. It is 

anticipated that the analysis would be undertaken using a suite of programs to include 

chemical connectivity and topological analysis as separate routines with some type of 

visualisation interface. The algorithms used by Spek in his PLATON [2000] program 

might prove useful starting points for the analysis routines and RASMOL [Sayle and 

Milner-White, 1995] may be adapted for use with the visualisation aspect. Such a 

program could be written using Windows C++. 

In conclusion, this thesis finishes as it started by accepting the premise that all 

structural information is contained in the molecule. This was the view of Desiraju in 

1989 and it is still pertinent today. 
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APPENDIX A 

Crystallography Data 

Data for the polymorphs and solvates of sulfathiazole have been archived in a 

directory entitled "Crystallographic data" on the enclosed CD. The crystallographic 

data reference code may be related to the original sample obtained from Dr. T. L. 

Threlfall using Table A.l below. 

Polymorph/Solvate Crystallography Reference code 
Polymorph I 00ale002 

Polymorph II lUCr 

Polymorph III 99ale005 

Polymorph IV 99ale010 

Polymorph V 01ale005 

Dimethylethyleneurea 99ALE020 

N-Formyl Piperidine 98TLT024 

Cyclohexanol 98TLT017 

Diethylmalonate DAVE6 

A'.A'-Dibutylformamide 99ALE006 

Acetone 98DSH005 

Diethyloxalate 98TLT009 

y-Butyrolactone DAVE7 

a-me-y Butyrolactone 99ALE0I5 

e-Caprolactam 98TLT020 

Sulfolane 98ALE004 

5-Methylisoxazole 98TLT00I 

a-Angelica Lactone 98TLT003 

Propylene Carbonate 98TLT013 

p-Butyrolactone 98TLT022 

2-Methylcyclopentanone 99ALE016 

Cyclohexanone 97RES031 

Cycloheptanone DAVE3 

y-Valerolactone DAVES 

4-Methylcyclohexanone 99DSH002 

Cyclooctanone DAVE9 

Cyclopentanone DAVE 10 

5-Valerolactone DAVE 12 

Dimethylpropyleneurea DAVE 13 

Cyclopentanol DAVE 14 

Tetrahydrofuran 98SCW002 

Triethylphosphate 99ALE024 

Tetraoxaspiroundecane 98TLT007 

Table A.l Crystallographic data for the polymorphs and solvates of sulfathiazole. 
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Each reference code cited in Table A. 1 represents a folder containing the following 

files: 

• Tables.doc 

• s92.ins 

• s92.cif 

• s92.hkl 

Tables.doc is a Microsoft Word '97 document that contains: 

• Table 1 Crystal data and structure refinement. 

• Table 2 Atomic coordinates [x 10"*], equivalent isotropic displacement 

parameters [A xlO^] and site occupancy factors. Ueq is defined as one 

third of the trace of the orthogonalised Uij tensor. 

Bond lengths [A] and angles [°]. Table 3 

Table 4 Anisotropic displacement parameters [A'xlO^]. The anisotropic 

displacement factor exponent takes the form: 

-2K-[// 'a*'^7" + ••• + 2 A & w * 6 * f / - ] . 

An ORTEP representation of the asymmetric unit. 

s92.ins, s92.cif and s92.hkl are all ASCII text files written in SHELX-97 [Sheldrick, 

97] format. 
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APPENDIX B 
Torsion angle data 

The following files were created for the torsion angle analysis by removing the 

solvate where appropriate. The remaining framework molecules were then screened 

using CAMERON [Watkin, 1996] to ensure all A molecules were in the "R 

configuration". Where this procedure produced B molecules in the " S configuration" 

the file was reprocessed using the "Entio" command in CAMERON [Watkin, 1996]. 

Table B. 1 relates the initial torsion angle files to the original sample produced by Dr. 

T. L. Threlfall. These files were archived on the enclosed CD in a directory entitled 

"Cerius2 Torsion Data". 

Polymorph/Solvate Torsion File Reference Initial R/S configuration 

Polymorph I absl.ins R/R 

Polymorph II abs2.ins R/S 

Polymorph III abs3.ins R/R 

Polymorph IV abs4.ins R 

Polymorph V absS.ins R 

Dimethylethyleneurea dimetuh.ins R/S 

A'-Formyl Piperidine nfpih.ins R/R 

Cyclohexanol cychexph.ins R 

Diethylmalonate diemalh.ins R/S 

/V, A'-D i b u t y 1 formamide ndibutfh.ins R/S 

Acetone aceh.ins R 

Diethyloxalate dietoxh.ins R 

y-Butyrolactone g-butlah.ins R 

a-Me-y Butyrolactone ag-butlh.ins R 

e-Caprolactam e-caprh.ins R 

Sulfolane sulfoh.ins R 

5-Methylisoxazole misoxah.ins R 

a-Angelica Lactone a-an-lah.ins R 

Propylene Carbonate procarh.ins R 

P-Butyrolactone b-butlah.ins R 

2-Methylcyclopentanone 2-mcpeh.ins R 

Cyclohexanone cychexh.ins R 

Cycloheptanone cycheph.ins R 

y-Valerolactone g-vallah.ins R 

4-rvlethylcyclohexanone 4-mecyhh.ins R 

Cyclooctanone cycocth.ins R/S 

Cyclopentanone cycpenth.ins R 

5-Valerolactone d-vallah.ins R 

Dimethylpropyleneurea dmprourh.ins R/R 

Cyclopentanol cycpenoh.ins R 

Tetrahydrofuran 2thh.ins R/S 

Triethylphosphate trietph.ins R 

Tetraoxaspiroundecane tosuh.ins R 

Dioxan culfdxh.ins R 

Table B.l Torsion angle data for the polymorphs and solvates of sulfathiazole. 
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Appendix C 

APPENDIX C 
RPLUTO and PLATON data 

In order to facilitate the analysis of the polymorphs and solvates of sulfathiazole using 

the programs RPLUTO [Motherwell, 1999] and PLATON [Spek, 2000] the symmetry 

operators were ordered by constructing a "Perlstein unit". Essentially this process 

involved screening the Z' = 2 structures using the program XP to obtain a "Perlstein" 

unit that contained molecule A joined by the strongest intermolecular interaction to 

molecule B. The pseudochiraity of molecule A was always in the R configuration 

whilst that of the B molecule was defined according to the pseudochirality of the 

molecule linked by the strongest molecular interaction. The co-ordinates for this pair 

were retained for further analysis using RPLUTO [Motherwell, 1999] and PLATON 

[Spek, 2000]. In order to complete the analysis using RPLUTO [Motherwell, 1999] 

the co-ordinates were transformed to FDAT format using the CSD utility BEDLAM. 

Table C.I relates the PLATON [Spek, 2000] data containing the essential "Perlstein 

unit" to the original samples produced by D. T.L. Threlfall. The files containing the 

essential "Perlstein unit" were archived on the enclosed CD in a directory entitled 

"PLATON data". 
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Polymorph/Solvate PLATON File Reference 

Polymorph I (framework) absla.ins 

Polymorph I (sheet) abslb.ins 

Polymorph II abs2.ins 

Polymorph III abs3.ins 

Polymorph IV abs4.ins 

Polymorph V absS.ins 

Dimethylethyleneurea dimetuh.ins 

Af-Formyl Piperidine nfpih.ins 

Cyclohexanol cychexph.ins 

Diethylmalonate diemalh.ins 

N,N- Dibutylformamide ndibutfh.ins 

Acetone aceh.ins 

Diethyloxalate dietoxh.ins 

y-Butyrolactone g-butlah.ins 

a-me-y Butyrolactone ag-butlh.ins 

e-Caprolactam e-caprh.ins 

Sulfolane sulfoh.ins 

5-Methylisoxazole misoxah.ins 

a-Angelica Lactone a-an-Iah.ins 

Propylene Carbonate procarh.ins 

P-Butyrolactone b-butlah.ins 

2-Methylcyclopentanone 2-mcpeh.ins 

Cyclohexanone cychexh.ins 

Cycloheptanone cycheph.ins 

y-Valerolactone g-vallah.ins 

4-Methylcyclohexanone 4-mecyhh.ins 

Cyclooctanone cycocth.ins 

Cyclopentanone cycpenth.ins 

5-Valerolactone d-vallah.ins 

Dimethylpropyleneurea dmproiirh.ins 

Cyclopentanol cycpenoh.ins 

Tetrahydrofuran Zthh.ins 

Triethylphosphate trietph.ins 

Tetraoxaspiroundecane tosuh.ins 

Dioxan culfdxh.ins 

Table C.l Input files containing the "Perlstein unit" for the programs RPLUTO and 
PLATON. 
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APPENDIX D 
RASMOL data 

Using the PLATON [Spek, 2000] input files containing the "Perlstein unit" the output 

platon.lst was used to construct the topology graphs presented in Chapter Five and 

Six. Essentially the co-ordinates containing the "Perlstein unit" were orthogonalised 

by transforming them into PDB format using the CSD utility BEDLAM. The 

platon.lst output provided the centroid and co-ordination sphere data necessary to 

form the RASMOL [Sayle and Milner-White, 1995] images provided on the enclosed 

CD in a directory entitled "RASMOL data". Table D.l relates the RASMOL [Sayle 

and Milner-White, 1995] data to the original samples produced by Dr. T. L. Threlfall. 

Each RASMOL [Sayle and Milner-White, 1995] image maybe viewed using the 

"raswin" executable found in the supplementary data RASMOL directory on the 

enclosed CD. 

Polymorph/Solvate RASMOL File Reference 
Polymorph I (framework) absl I5.pdb 

Polymorph I (sheet) abslb.pdb 

Polymorph II abs2.pdb 

Polymorph III abs301.pdb 

Polymorph IV abs4.pdb 

Polymorph V absS.pdb 

Dimethylethyleneurea dimetuh.pdb 

Cyclohexanol cychexph.pdb 

Diethylmalonate diemalh.pdb 

MA'-Dibutylformamide ndibutO.pdb 

Acetone aceh.pdb 

Diethyloxalate dietoxh.pdb 

y-Butyrolactone g-butlah.pdb 

First Isostructural Series procarh2.pdb 

e-Caprolactam e-caprh.pdb 

Sulfolane sulfoh.pdb 

Second Isostructural Series 4-mecyh6.pdb 

Cyclooctanone cycoct3.pdb 

Dimethylpropyleneurea dmprou6.pdb 

Cyclopentanol cycpeno2.pdb 

Tetrahydrofuran 2thh3.pdb 

Table D.l RASMOL images of the polymorphs and solvates of sulfathiazole. 
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