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Abstract

Abstract

The ab initio prediction of molecular crystal structures is a scientific challenge.
Reliability of first-principle prediction calculations would mirror a fundamental
understanding of crystallisation. Crystal structure prediction is also of considerable
practical importance as different crystalline arrangements of the same molecule in the
solid state (polymorphs) are likely to have different physical properties. A method of
crystal structure prediction based on lattice energy minimisation has been developed in
this work. The choice of the intermolecular potential and of the molecular model is
crucial for the results of such studies and both of these criteria have been investigated.
An empirical atom-atom repulsion-dispersion potential for carboxylic acids has been
derived and applied in a crystal structure prediction study of formic, benzoic and the
polymorphic system of tetrolic acid. As many experimental crystal structure
determinations at different temperatures are available for the polymorphic system of
paracetamol (acetaminophen), the influence of the variations of the molecular model on
the crystal structure lattice energy minima, has also been studied.

The general problem of prediction methods based on the assumption that the
experimental thermodynamically stable polymorph corresponds to the global lattice
energy minimum, is that more hypothetical low lattice energy structures are found
within a few kJ mol' of the global minimum than are likely to be experimentally
observed polymorphs. This is illustrated by the results for molecule I, 3-
oxabicyclo(3.2.0)hepta-1,4-diene, studied for the first international blindtest for small
organic crystal structures organised by the Cambridge Crystallographic Data Centre
(CCDC) in May 1999.

To reduce the number of predicted polymorphs, additional factors to
thermodynamic criteria have to be considered. Therefore the elastic constants and
vapour growth morphologies have been calculated for the lowest lattice energy
structures of paracetamol and the carboxylic acids. These provide approximate

mechanical and kinetic models to refine polymorph prediction.
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Chapter 0. Overview

Chapter 0. Overview

‘[...] So one has here a big theoretical challenge

going hand in hand with big business.* 1

The phenomenon of polymorphism of organic crystal structures, the occurrence
of different packing arrangements of the same molecule in the solid state 2, was known

at the beginning of the 19" century 3. (Chapter 1 provides an introduction into
polymorphism and molecular crystals). Due to its significant influence on the physical
properties of molecular materials, it has experienced a scientific renascence on an

international scale from the late 1960s when the pharmaceutical industry was

confronted with regulations on the bioavailability of new drug substances 4. These days,
a tight control of quality in manufacture and product reliability has become important in

any application industry and the need to identify polymorphic behaviour at an early

12



Chapter 0. Overview

stage of development has fostered the scientific desire of understanding the underlying
concepts of crystal formation.

This progress almost naturally faced crystallographers and computational
chemists with another challenge, probably one of the scientifically most ambitious goals
in this research area, the ab initio prediction of molecular crystal structures. The reliable
determination of the full crystal structure, including possible polymorphs, using just the
atomic connectivity for the organic compound, would mirror a fundamental
understanding of the factors that govern the relationship between the molecular and the
crystal structure.

A method of molecular crystal structure prediction based on lattice energy
minimisation has been developed in this work. The underlying assumption that the
experimental thermodynamically stable polymorph corresponds to the global lattice
energy minimum has been utilised by many structure prediction programmes (reviewed
in chapter 3). All of them have four main components in common, a model for the
molecular structure, a method for generating and searching for initial crystal structures
and an intermolecular potential for evaluating the lattice energy using a minimisation
procedure.

The majority of currently available prediction programmes based on this general
concept competed in the first international blind test for crystal structure prediction of

small organic molecules organised by the Cambridge Crystallographic Data Centre

(CCDC) in May 1999. 5 The crystal structures of three organic compounds had to be
proposed by the workshop participants and the details of the study and the results for

molecule I, 3-oxabicyclo(3.2.0)hepta-1,4-diene are presented in chapter 5. Overall none
of the programmes, including methods 6 based on statistical data derived from the

experimental coordinates stored in the Cambridge Structural Database (CSD) 7, gave
consistently reliable results, though there were some correct predictions.

Two major components of the crystal structure prediction procedure, the
molecular model and the intermolecular potential are crucial for the results of such
studies. Even if the experimental data is available, an ab initio optimised molecular
model is used for genuine ab initio crystal structure prediction in this work, to not bias
the search towards one polymorphic structure. The influence of the variations of the
molecular model, including an ab initio optimised molecular structure, on the static

crystal structure lattice energy minima has been studied (chapter 6) in this thesis for the

13



Chapter 0. Overview

polymorphic system of paracetamol (acetaminophen). This has been feasible as a
variety of experimental crystal structure determinations (X-ray and neutron) at different
temperatures are available for both polymorphic forms of this system.

A variety of theoretically based and empirically fitted potentials for modelling the
intermolecular interactions in molecular crystal structures can be found in the literature
(see chapter 2). Throughout this work, an accurate model for the intermolecular forces
based on a Distributed Multipole Analysis (DMA) of an ab initio charge distribution
combined with an empirical atom-atom repulsion-dispersion potential has been used.
An optimised intermolecular potential for carboxylic acids which reproduces the crystal
structures and the available heats of sublimation of several carboxylic acid structures
has been derived and applied in a crystal structure prediction study of formic, benzoic
and the polymorphic system of tetrolic acid (see chapter 7). As carboxylic acids in
general show a variety of different packing motifs, based on chains and dimers, the
generated low lattice energy minima give an indication for which compounds the chain
and dimer motifs are thermodynamically competitive.

Exact figures for the frequency of occurrence of polymorphism, let alone of
‘disappearing polymorphs’ 8, among molecular crystal structures are not known, and

there is still scientific dispute if polymorphism is a pervasive phenomenon 4 or
restricted to a few cases. However large the number of polymorphic molecular crystal
structures, crystal structure prediction methods based on lattice energy minimisation
will generally find more hypothetical low lattice energy structures within a few kJ mol™

of the global minimum, with numbers very probably increasing with the thoroughness

of the search 9, than could be considered as potential polymorphs. This is shown by all
prediction searches in this work. Being at or near the global lattice energy minimum is
therefore a necessary, but not sufficient condition for a crystal structure to be
experimentally observed.

In the prediction search for paracetamol (see chapter 6) both experimental
structures were found as low energy forms, reproducing the order of thermodynamical
stability. For this pharmaceutical drug, also the difference in mechanical behaviour of
the experimentally known polymorphs has been investigated theoretically as the
compression ability of a crystal form is a crucial physical property in tablet production.

In this work additional properties to thermodynamic criteria have been

considered to reduce the number of hypothetical structures being suggested as predicted

14



Chapter 0. Overview

polymorphs. The elastic constants and vapour growth morphologies (for an introduction
into the calculation of elastic constants and morphologies, see chapter 4) have been
calculated for the lowest lattice energy structures for paracetamol (chapter 6) and for the
three carboxylic acids (chapter 7). The mechanical stability of a generally stable crystal
can be very low which could enable an easy transformation into a related, more stable,
crystal structure. The relative growth rates of the slowest growing faces for each of the
low lattice energy crystal structures of one compound, can give some indication on the
likelihood with which a structure is going to be observed experimentally.

Thus, in this thesis, current concepts in crystal structure prediction are critically
investigated and additional approaches to thermodynamical methods are being

developed.
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Chapter 1.

Molecular crystals and polymorphism

‘Today, more than ever, the only practicable way to find details of particular
structures or classes of structures is through the CSD for organic and
organometallic structures (...). It is essential that these (...) compilations
continue to be kept running smoothly and efficiently for the foreseeable future,
otherwise the only people acquainted with any particular crystal structure will

be the people who solved it — or the people for whom it was solved — and their

friends.” 1

This chapter gives a brief introduction into the theory of molecular crystals. This
wide field of research combines very different scientific areas, such as solid-state
thermodynamics, database studies and crystal engineering. One reason for the
increasing interest into this group of crystal structures is the solid state phenomenon of
polymorphism. The occurrence of different packing arrangements for the same
molecule has proven to be a curse, though if understood and successfully exploited, it
could be a blessing at the same time. But some of the basic foundations of
crystallisation are still awaiting to be revealed and it is certainly not an exaggeration to

say that ‘...small —molecule organic crystal structures conceal the answer to some of the

most challenging and fascinating questions in modern chemistry.’ 2
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Chapter 1. Molecular crystals and polymorphism

1.1  Molecular crystals

As a main criterion for a substance to belong to the group of molecular crystals,

Kitaigorodskii 3 used the ratios between the inter- and intramolecular bond lengths. For
molecular crystals, this difference is relatively large, compared to ionic crystals.
Kitaigorodskii also included a few crystals formed by inorganic substances, as nitrogen
and oxygen crystals, carbonyl and complex compounds of certain metals and he
excluded organic salts from his definition of molecular crystals.

In the early days of organic X-ray crystallography, the main interest of studies
was on the determination of the intramolecular forces: the molecular structure. The

_intermolecular packing patterns of ionic crystals had been decribed in the 1940s by a
few simple principles as Pauling’s rule of complementariness 4 and his set of van der

Waals radii 9. And also for molecular crystals with their irregularly shaped molecules,
the importance of intermolecular interactions, in particular the influence of hydrogen
bonds, had been recognised at an early stage. But the importance of non-hydrogen bond

close contacts was less well understood and their description very often either ignored

or standardised. 2. This lack of understanding can partly be attributed to the fact that the
quantity of available molecular crystal structures was not large enough to draw general

conclusions. It was only in the early 1960s that Kitaigorodskii put forward a method of
rationalising molecular crystal structures with his theory of close packing 6 of

molecules in crystals. His ideas reflect a subtle combination 2 of different fields of
chemistry, the essence of which is unfortunately often just known and cited as the ‘The

mutual arrangement of the molecules in a crystal is always such that the ,,projections

of one molecule fit into the ,,hollows* of adjacent molecules.’ 3. Early verifications 3 of
this hypothesis of the avoidance of free space have been successfully carried out by the
calculation of possible crystal structure packing patterns for a variety of molecules with
the experimentally observed crystal structure being found among the highest density
(most tightly packed) structures. As there were more close-packed crystal structures
found than experimentally observed, this early work of calculating hypothetical high-
density packing patterns already shows that close packing is a necessary, but not
sufficient condition for crystallisation. Thermodynamics and kinetics have to be
considered together for an attempt of a further understanding of the phenomenon ‘solid

state’.
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Chapter 1. Molecular crystals and polymorphism

1.2  The phenomenon of polymorphism
1.2.1 Discovery and the definition of polymorphism

Historically, the discovery of the phenomenon of polymorphism can get traced

back to the end of the 18" century 7 when Klaproth 8: 9 in 1798 proposed that the

minerals calcite and aragonite have the same chemical composition, CaCQOs. Further

work on this system has been reported by Thernard and Biot 10 and Mitscherlich. 11 In
the same paper Mitscherlich also published two different crystallographic forms for

sodium phosphate. A year later, he discovered the allotropy (elements crystallising in
more than one crystal form) of sulphur 12. The first report of polymorphism in an

organic compound was benzamide in 1832 by Wohler and Liebig 13,
A large number of cases of polymorphism have become known, over the years,

in both inorganic and organic systems. Many of them are listed in von Groth’s
compilation, 14 together with their physical properties, such as their melting behaviour,

In 1942 Deffet 15 compiled the first documentation purely about polymorphic systems,
including more than 1200 organic compounds. A later detailed collection of

polymorphic crystal structures and their properties has been published by Kuhnert-

Brandstitter. 16

Although polymorphism is a well-known phenomenon, it is difficult to define it

accurately. A multitude of definitions has been developed, 17 often based on different
experimental consequences of polymorphism. The implication of all of them is that

polymorphs involve different packing arrangements of the same molecules in the

solid.18 The widely accepted definition is that by McCrone. 19 He has defined a
polymorph as a ,solid crystalline phase of a given compound resulting from the
possibility of at least two crystalline arrangements of the molecules of that compound in
the solid state* and has listed those types of solid phenomena, which are excluded from

this definition. Later writers have accepted this description and have often substituted

their own list of exclusions. 20

The general problem in defining polymorphism arises from cases where the
structure of the molecule is different in different polymorphic forms, such as tautomeric,
zwitterionic, chiral structures and crystals with different conformers. Also the
distinction between solvates, where solvent molecules form part of the crystal structure,

and polymorphs is not «clear cut and the often misleading term of
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Chapter 1. Molecular crystals and polymorphism

‘pseudopolymorphism’ has become common 21 particularly in the pharmaceutical
industry. With the gradual discovery of the rich variety of the structures in the solid
state, it was generally more and more difficult and also less sensible to maintain a

narrow definition and it seems that even until today, the boundaries have not been

clearly defined. 17
Despite all the work on polymorphic systems, there is still scientific dispute on

the true extent of polymorphism among crystalline systems. It either being a pervasive

phenomenon 22 with ‘Every compound’ having ‘different polymorphic forms and the

number of forms known for a given compound’ being ‘proportional to time and the
energy spent in research on that compound.’ 19 or restricted to a few cases, under
unusual temperature or pressure conditions. Sarma and Desiraju 23 have only identified

3.5 % of the entries in the CSD as polymorphic and Gavezzotti and Filippini 24 only
found 16 examples of molecules with three or more polymorphs in the CSD. This
relatively small ratio is certainly related to the fact that crystallographers tend to choose
the ‘best’ single crystal from a sample, rather than investigating the smaller crystallites.
An extensive investigation of the thermal behaviour of organic crystals has shown that

around one-third of organic substances show polymorphism under normal pressure and

temperature conditions. 23 26

1.2.2 Conformational polymorphs
As pointed out before in this chapter, the molecular structure was the centre of
attention in the early years of organic X-ray crystallography. The first report of an

apparent interplay between the intra- and intermolecular forces inside a crystal, was

given by Dunitz 27 who observed a distortion from the expected molecular structure for

tetraphenylcyclobutane. This early work exactly highlights the opportunity this

phenomenon of conformational polymorphism 18, 28 the existence of different
molecular conformations in different polymorphic structures, offers. It provides an

opportunity to study the influence of the crystal environment on the molecular
conformation. 29

Further examples have been published over the years, 30-32 45 the study on

dichloro-benzylideneaniline, where the crystalline environment of the triclinic form

stabilises the higher-intramolecular-energy planar molecular conformer. 33
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In contrast to this, the existence of non-conformational polymorphism provides a
unique opportunity for the investigation of the relationship between the crystal structure
and the physical and mechanical properties of a system, since the only variable between

such polymorphic forms is that of structure of the crystal.

1.2.3 The importance of polymorphism

Even though the investigation and classification of all different polymorphic
forms of one system for different temperatures and pressures represent a demanding
goal, the study of polymorphs is not only of pure scientific interest. As the adopted
crystal structure determines the properties of the material, such as density, taste, colour,
conductivity, morphology, solubility, elasticity, melting point, chemical reactivity and
optical properties, the determination of the structural packing arrangements within the
substance is of great general interest. In particular, the early identification of possible
polymorphs is of commercial significance for all molecular materials, including food,
pharmaceuticals, pigments, electronic material and explosives. This is due to the fact
that unexpected changes in the polymorphic form during manufacture and storage, i.e.
the transformation to another structure after crystallisation, are likely to cause
significant processing problems and compromise quality control as well as patents.

The commercial area in which the study of polymorphism has received most

interest is the pharmaceutical industry because of the effect a structural transformation
can have on the solubility and therefore on the bioavailability of a drug. 34 1t has to be

mentioned at this point, that Burger 33 suggested that the difference in solubility
between polymorphs would in practice result in a significant bioavailability difference
only in exceptional cases. Nevertheless, in 1998 the Abbott Laboratories withdrew its
HIV drug, Ritonavir, because of the unexpected appearance of a new crystal form,
which had different dissolution and absorption characteristics to the standard product.

In general, polymorphism is ubiquitous among pharmaceutical compounds
36-38 and an area of enormous financial interest is the prolongation of the life of

patents of drugs 39, 40, With the discovery of polymorphism, patents had to become

more sophisticated, as illustrated in the most prominent case, Glaxo Wellcome’s anti-

ulcer drug, Zantac (ranitidine hydrochloride) with worldwide sales worth $16000m 41,
A later discovery of an apparently second polymorph — which had in reality always been

the commercial product - would have offered Glaxo Wellcome an extended patent
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protection for a few more years. But a final court ruling gave Novopharm the right to
produce and sell the first, originally patented but so far not commercially produced,
polymorph.

Another field being dramatically influenced by the phenomenon of
polymorphism is the explosives industry as a wrong polymorph can have greatly
increased sensitivity to detonation. 42,43

Similarly product performance is related to polymorphism, as the appearance
and consumer perceived properties of products based on natural fats is very often
dependent on the degree of crystallinity. The metastable polymorphs of fat crystals are
regularly employed for the production of margarine/spreads, ice cream and
chocolates#4, as they often display better dispersibility and melting behaviour at body
temperature.

Organic pigments 45 are also affected, as the mode of molecular stacking clearly

exerts a major influence on its colouristic properties. Although the optical properties of
polymorphs have been extensively studied 46, 47 the specific relationship between the

solid-state property, as for example the crystal color 46 and the solid state structure is

not always clear. In addition, polymorphism can affect the macroscopic size and shape

of crystals, 48 and hence influence the aggregation properties and dispersion
performance of a pigment.

In 1961 Franken discovered that the frequency of red light from a ruby laser is
exactly doubled when passed through a quartz crystal. 49 This observation of the

generation of a ‘second harmonic’ has motivated a search for non-linear optical (NLO)
materials for the application in optoelectronics. 47> 50, 51 Most of the NLO substances
are inorganic, 92 but some organic materials show a NLO response that is several orders

of magnitude higher than that observed for inorganic systems. 53, 54 Organic
molecules which contain polar groups with conjugated 7-electron systems, and which
crystallise in a non-centrosymmetric space group, are able to show this desirable effect.
As the majority of organic substances crystallise in centrosymmetric space groups,
various synthesis strategies have been developed to try to crystallise and stabilise non-
centrosymmetric polymorphs with applicable properties. 52

And finally, even the materials in living organisms crystallise in specific

polymorphic forms under selective controls, as observed in biological mineralisation.d>
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Apart from all these applications, it is also important to press ahead with the
work in this area to clarify the literature and to provide a good database of information.
The increase of interest in polymorphism in recent years caused by pharmaceutical
patent problems has brought to light how unsorted the information in this area is. There
is in general no agreement for the designation of polymorphs. Numbering based on the
order of the melting points would have to be changed as new polymorphic forms are
discovered and a chronological order related to the date of detection would require a
substantial knowledge of the history of each of the polymorphic forms. Because of these
non-uniform classifications, it is unfortunately often the case that publications contain

conflicting data, as the spectrum of one polymorph together with the phase
transformation data of another form. 17 For cimetidine, a crystal structure of an
apparently novel polymorph was published 56 while the same polymorphic form had

already been reported earlier 57,

The investigation of polymorphic systems, especially those with a large number
of forms, provides the basis of an understanding of the intermolecular interactions and
their influence on the crystal properties. This insight may help to design new molecular

crystals for the use in very special applications.

1.2.4 Thermodynamic stability of polymorphs

In 1897 Ostwald 98 published his rule of stages in his ‘studies on the formation
and transformation of solid phases’: ‘When leaving an unstable state, the form with the
smallest free energy does not appear, rather the form which can be reached with the
smallest possible loss of free energy, or the form with the next largest free energy.’ The
relative equilibrium thermodynamical stability of different crystal packings at a given

temperature and pressure is determined by their difference in Gibbs free energy

AG = AU + pAV —TAS 1.1

with energy U, pressure p, volume V, temperature 7, and entropy S.
Thus the relative stability depends on the differences in lattice energy, crystal density

and entropy of the polymorphs. For cases at OK the packing energy is the main criterion

as the other two contributions can often be approximated as zero. 24 As the difference

in density between polymorphs for small organic molecules rarely exceed a few
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percent,24 pAV is small and therefore negligible at normal pressure. At high pressures

this term can be of significance, as illustrated in the example of benzene at 25 kbar. 59

The contribution of the vibrational entropy to the free enthalpy is negligible for strong

covalent bonds, but as the entropy-energy compensation shows 60, it becomes
important for weaker interactions. In general the influence of entropy differences to the

relative thermodynamical stability of polymorphs have so far often been ignored

because of the difficulty of reliable calculation. 61 Nevertheless, in a recent case study
for glycol and glycerol it was found that the entropy and zero-point energy give the

largest contribution to free energy differences between hypothetical crystal structures,

with up to 3 kJ/mol for the lowest energy structures. 62

Ostwald himself already reported many exceptions to his ‘rule’ and 100 years
after his publication, at the BCA symposium in celebration of the centenary of
Ostwald’s rule of stages in Manchester, it is known that crystallisation does not only
depend on thermodynamic factors. Each polymorph shows a unique nucleation and
growth rate and in fact, little is known about the initial steps of crystal nucleation, the
formation of a viable nucleus. In many cases of commercial interest the transformation
process between different polymorphs is influenced by conditions like supersaturation

or the solvent environment, with the simultaneous dissolution of the metastable form

and growth of the stable form from solution. ©3 In cases of conformational
polymorphism, the crystallisation of the more stable crystal modification can be
hindered when the molecular conformer present in the thermodynamically stable crystal
is different from the most stable conformer in solution. Therefore, the growth of

molecular crystals, also of metastable forms, can be controlled and inhibited by tailor-

made additives 64 and by the presence of reaction by-products. 41 And sometimes even

multiple polymorphic forms nucleate in the same solution and mixtures of polymorphs

crystallise simultaneously. 65, 66

1.2.5 Disappearing polymorphs

There are numerous examples 67 in the literature of polymorphs that appeared,
following Oswald’s rule, at an early stage in the crystallisation process, and behaved
respectably until the nucleation of a more stable form. After this, the previously

obtained form, could not or just with difficulty, be crystallised again, often also
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affecting distant laboratories. 68 There have been reports of successful attempts, 69, 70

to recover a disappeared polymorph of dimethyl-benzylideneaniline by using a new
laboratory. 71 1t is believed that any polymorph should be re-obtainable by finding the
right experimental conditions.67

As Bemnstein pointed out, 72 the idea that polymorphs can disappear is an

anathema to crystal engineering and scientific principles of reproducibility.

1.3  Crystal engineering

The field of crystal engineering has been developed by structural chemists and

crystallographers for the design of new materials and solid state reactions. 73 The term
crystal engineering was initially introduced by Schmidt in the 1970s to address the
problem of crystal structure prediction in the context of organic solid state

photochemical dimerisation of trans-cinnamic acids, pioneering the topochemical

approach to solid-state chemical reactions. 74 Following Lehn’s analogy 75 that
‘supermolecules are to molecules and the intermolecular bond what molecules are to

atoms and the covalent bond’, crystal structures have been described as the
‘supramolecule par excellence’. 20. In this context the definition and aim of crystal
engineering has been described by Desiraju in 1987 76 as | the understanding of
intermolecular interactions in the context of crystal packing and in the utilisation of
such understanding in the design of new solids with desired physical and chemical
properties*.

The motifs or patterns of these interactions are described by synthons 77 and
hydrogen bonds play a large role in these concepts of crystal engineering. But as the
exceptional example of alloxan 78 illustrates, a molecule containing good hydrogen
bond donors or acceptors may prefer a close packed crystal structure lacking hydrogen
bonds over less dense structures with hydrogen bonds.

A major example for the interference of the concept of close packing in crystal
engineering is the crystallisation of solid-state host guest complexes, clathrates.’9 The
synthesis of these porous lattices often fails when a close packed structure 80 is realised

by adopting a non-standard hydrogen bonding motif or when expected networks

interpenetrate to avoid free space. 81
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Therefore, it is of no surprise that the rapidly growing interdisciplinary field of
crystal engineering has to face the challenge that for some polymorphic systems, the

same functional groups form totally different synthons in the various polymorphic

forms. 77

1.4  Databases of molecular crystals and their properties
1.4.1 The Cambridge Crystallographic Database (CSD)

An enormous number of crystal structures have been solved since the
introduction of X-ray diffraction into organic chemistry, unfortunately not all published.
The Cambridge Crystallographic Data Centre (CCDC) keeps a record of the
bibliographic, 2D chemical, and 3D structural results for published organic and

organometallic compounds studied by X-ray and neutron diffraction. Its main product,

the Cambridge Structural Database (CSD) 82-86 has, together with software for search,
retrieval, analysis, and display of the stored information, developed into the
crystallographic data source with 224400 structural entries in the October 2000 release.
It has become a scientific instrument for studying the empirical systematics of
molecular and crystal structures.

The CSD system enables the analysis of intermolecular interactions and
molecular packing arrangements by obtaining statistical data for any geometrical
parameter in selected groups of structures. Correlations of different crystallographic,
chemical and pharmaceutical properties as the density and the calculated packing

energy were analysed by Gavezzotti and Filippini who retrieved and investigated 204

pairs of room temperature determined polymorphs. 24
A variety of different statistical studies show that a small number of popular

space groups comprise the majority of molecular crystal structures and that these
structures only contain one independent molecule in the unit cell. 87 Distributions based
on early work 88 were later revised 89 introducing a statistical weight for chiral space

groups. Wilson 90 was the first who actually employed the CSD for retrieving
information on the relation between the number and kind of symmetry elements in a

space group and its frequency of occurrence for organic crystal structures. He also
analysed the importance of the number of molecules in the asymmetric unit. 91 Many

other statistical studies for organic systems followed 92, 93 and one of the most recent
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investigations 94 showed that the nine top-ranking space groups, P2,/c (38.4 %), P-1
(20.1 %), P2;2,2, (10.6 %), C2/c (1.4 %), P2; (5.8 %), Pbca (4.3 %), Pnma (1.4 %),
Pna2; (1.1 %), Pbcn (0.9 %), comprise 90% of all determined organic crystal structures

and therefore confirmed the general outcome of previous studies. In their analysis of

inorganic systems, Baur and Kastner 95 found that there are much fewer unoccupied
space groups for inorganic structures.

This dominance of a few space groups for organic molecules is frequently
employed in crystal structure prediction studies to limit the number of space groups that

have to be searched. Furthermore, the coordination spheres generated by the search

program MOLPAK 96 are based on common patterns found in the CSD.

1.4.2 The WebBook by the National Institute of Standards and Technology

(NIST)

A very good web-based database (http://webbook.nist.gov/) is the experimental
property collection by the U. S. National Institute of Standards and Technology (NIST).
In particular the set of heats of sublimation, compiled by J. S. Chickos is very valuable
for the study of molecular crystals. The heat of sublimation, the difference in energy
between N molecules at infinite distance in the gas phase and N molecules having
condensed, is often compared to the calculated lattice energy. But a direct comparison
of these two values, although frequently used for the fitting of empirical intermolecular
potential parameters, should not be done without the consideration of the inherent
approximations. Sublimation enthalpies are measured at a certain temperature and
calculated lattice energies correspond to 0 K, with some temperature effects being
absorbed in empirical intermolecular potential parameters fitted to room temperature
crystal structures. Therefore calculated lattice energies do not include contributions due
to the molecular translations, vibrations or rotations at a certain temperature and they
also do not consider conformational rearrangements of the molecules passing from the
crystal to the gas phase. The experimental heats of sublimation include these effects and
they are frequently measured at temperatures well above 300 K. Furthermore, the
sublimation enthalpies also include the zero-point contribution to the lattice energy,

which is not considered in the calculated lattice energies. The inherent error of this

direct comparison has been estimated to about 8 kJ/mol 97 and even up to 15 kJ/mol.98
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Unfortunately, experimental values for the heats of sublimation are normally
published without any further reference to the crystal form employed, and oxalic acid

seems to be the only polymorphic system for which sublimation enthalpies have been

explicitly determined and are separately reported for each polymorph. 99

1.5 Tools for a theoretical comparison of molecular crystal structures and

polymorphs

The theoretical study of polymorphism is fundamentally based on reliable tools
with which structural similarities and differences between different polymorphic forms
can be reproducibly detected and also be translated into an unambiguous, communicable
mode. The following theoretical methods have been developed over the years, and they
have proven to be most efficient when applied in combination with each other to allow
for a more complete description of the structures. A variety of them have been
employed in this thesis for the comparison of experimental polymorphs and also of

hypothetical crystal structures generated in the prediction searches.

1.5.1 Visual comparison
The most figurative way of contrasting polymorphic crystal structures is by

visual comparison. This is facilitated by choosing the same reference molecule and

molecular reference plane for all polymorphs.29 The graphical information is often

analytically summarised in lists of ‘short’ intermolecular contacts.

1.5.2 Graph set theory

The graph set formalism, developed by Etter 65, 100-104 provides a systematic
method of characterising and analysing hydrogen bond patterns in crystals on the basis
of topology.

The first attempt to classify networks of hydrogen bonds for crystal structures
seems to have been that of Wells covering both inorganic and organic systems. 105

Kuleshova and Zorkii 106, 107 recognised the correlation of these early classification
schemes to the mathematical concept of graph theory. In their statistical analysis of the
frequency of different patterns, as chains and layers, for polymorphic compounds, they
showed that about half of their investigated crystal structures exhibited the same

hydrogen-bonding patterns within all polymorphic forms of one system.
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Etter 108, 109 adopted the symbols introduced by Kuleshova and Zorkii to
create a nomenclature based on the combination of four simple motifs (chains, rings,
intramolecular hydrogen-bonded patters, and other finite patterns) to allow for a
comparison of the number of hydrogen bond donors and acceptors and the number of

bonds in the pattern. This encoding technique has been applied to the analysis of
polymorphs, as the dimorphic system of L-glutamic acid 110 and the trimorphic system

of iminodiacetic acid. 108, 111 Jt js generally found that the hydrogen-bond patterns
differ among polymorphic forms of one compound, though the analysis must often be

pursued to a higher level graph set by combinations of the basic motifs in order to

recognise the distinction. 109 Therefore, the graph set method also provides a way of

evaluating the consequences of having different definitions of hydrogen bonds, as

imposed by cutoff lengths or angles. 104 The statistical analysis of functional group

distributions for crystal structures with a particular graph set have resulted in the

development of three hydrogen-bonding rules. 100, 102, 112
Despite its limitations, as the inapplicability to interactions that cannot be

considered as being of the donor-acceptor type and as defining the acceptor as a single

atom, 113 the graph set theory is an efficient tool of analysing and visualising hydrogen

bond patterns in crystal structures. Its use has recently been simplified by its

incorporation into the CCDC software package. 129,130

1.5.3 Reduced cells
In many reports of crystal structure prediction studies, the cell parameters are
used to compare the experimental lattice with the structures found in the search

procedure. But, although rules exist for obtaining a set of standard cell parameters for a

given lattice, the conventional cell 114, 115, the choice of cell parameters is not unique
and the same lattice can be described by different sets of parameters. The concept of the

reduced cell has become a standard tool in crystallography and a review of the different
algorithms has been presented by Andrews and Bernstein 116, The Biirger reduced cell,

117 defined as the cell which uses as base vectors the three shortest non-coplanar

vectors of the lattice, is not unique and a single lattice can be described by up to five

Biirger reduced cells. 118 The unique Niggli reduced cell, 119 which has been
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employed in this work, corresponds to one of these reduced cell representations and is

equal to the Biirger reduced cell if this is unique.

1.5.4 Similarity searches

Methods for an explicit investigation of the similarity of crystal structures have

been developed. Based on a procedure by Dzyabchenko, 120 van Eijck and Kroon

developed a similarity search method 