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Abstract 

The knowledge of the packing behaviour of small organic compounds in crystal lattices 

is of great importance for industries dealing with solid state materials.  The properties of 

materials depend on how the molecules arrange themselves in a crystalline environment.  

Crystal structure prediction provides a theoretical approach through the application of 

computational strategies to seek possible crystal packing arrangements (or polymorphs) 

a compound may adopt.  Based on the chemical diagrams, this thesis investigates 

polymorphism of several small organic compounds.  Plausible crystal packings of those 

compounds are generated, and their lattice energies are minimised using molecular 

mechanics and/or quantum mechanics methods.  Most of the work presented here is 

conducted using two software packages commercially available in this field, Polymorph 

Predictor of Materials Studio 4.0 and GRACE 1.0.  In general, the computational 

techniques implemented in GRACE are very good at reproducing the geometries of the 

crystal structures corresponding to the experimental observations of the compounds, in 

addition to describing their solid state energetics correctly.  Complementing the CSP 

results obtained using GRACE with isostructurality offers a route by which new 

potential polymorphs of the targeted compounds might be crystallised using the existing 

experimental data.  Based on all calculations in this thesis, four new potential 

polymorphs for four different compounds, which have not yet been determined 

experimentally, are predicted to exist and may be obtained under the right crystallisation 

conditions.  One polymorph is expected to crystallise under pressure.  The remaining 

three polymorphs might be obtained by using a seeding technique or the utilisation of 

suitable tailor made additives.   
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Aims and Objectives 

 

According to a Nature editorial of Maddox in 1988, crystal structure prediction (CSP) 

was once considered a 'continuing scandal' in physical science
1
, due to the inability to 

predict the crystal structure of a given compound based on its molecular diagram. 

Surely, many CSP methodologies have appeared since that time; however, for almost 

two decades, none of them provided a consistent prediction result as evaluated by a 

series of blind tests
2,3,4

 in CSP.  It was only until the most recent blind test in 2007
5
 that 

a new method using a quantum mechanical approach to calculate the lattice energies 

predicted all crystal structures of the blind test molecules correctly.   

 

The principal aim of this thesis is to assess in greater detail the capability of this new 

methodology in delivering the ability to predict crystal structures from first principles.  

Through the application of its computational strategies to a total of seven molecules, 

some of which are structurally related, the ability of the latest algorithms in CSP will be 

critically examined.    

 

The majority of CSP methods work on the underlying assumption that the lattice energy 

is a suitable criterion for the prediction of stability.   Until the application of quantum 

mechanical methods no method had been capable of modelling the relative lattice 

energies of different crystal packings with an accuracy that could serve as a 'gold 

standard'. Using this gold standard the thesis will examine the hypothesis that the lattice 

energy is indeed a valid predictor of crystal structure stability.  Furthermore, the ability 

of well parameterised force fields to predict accurate lattice energies will be explored.   
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It is well known that crystallisation is a kinetic phenomenon.  The final outcome of the 

crystal form is heavily influenced by the experimental conditions, including 

temperature, solvent, pressure, and supersaturation.  The use of a thermodynamic 

quantity such as lattice energy therefore needs justification.  This thesis will show that, 

through the concept of isostructurality, some additional experimental insights can be 

brought into the field of CSP.  By using CSP to investigate similar molecules which are 

known experimentally to crystallise into different packings, it is shown that it may be 

possible to identify new potential crystal structures of the compounds.  These structures 

are thermodynamically stable from the point of view of lattice energy, but may only be 

observed experimentally as stable packings of other related molecules.  This provides 

strong evidence for both a thermodynamically stable structure and a possible kinetic 

pathway that would allow it to crystallise.     
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CHAPTER 1 

Introduction to crystals, polymorphism and crystal structure 

prediction 

 

1.1 Crystals, lattices, and unit cells 

A crystal is a solid material that possesses unique and regular arrangements of atoms, 

ions, or molecules in three-dimensional space [1].  The structure of a crystal is described 

by a mathematical concept known as the lattice.  A lattice is made up of lattice points 

that translate in three dimensions to build a network structure in space. Between one 

lattice point to another point, the relationship is expressed by a vector v, 

v = n1a + n2b+ n3c 

where n1, n2, n3 are integers and a, b, c are the basis vectors.   

 

In the lattice, the simplest repeating unit that has the smallest volume is known as the 

unit cell [2] as illustrated by Figure 1.1.  The unit cell is defined by the basis vectors a, 

b, and c, or equivalently the three cell lengths (a, b, and c) and three angles between the 

vectors, α, β, and γ.  α is defined as the angle between vectors b and c, β is between a 

and c, and γ is between a and b.  These three vectors and angles are also known together 

as the lattice parameters of the unit cell.  Wide variations in the lattice parameters are 

shown by crystal structures.  These parameters, which dictate the geometry of the unit 

cell, are used to classify a crystal into one of the seven possible systems as summarised 

in Table 1.1.    
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a

bc

α

βγ

 

Figure 1.1  Unit cell and its lattice parameters. 

 

Every unit cell representing the crystal system in Table 1.1 is a „primitive‟ unit cell, 

consisting of only lattice points at every corner of the cell.  Each of the eight crystal 

systems is characterised by a different primitive unit cell, in terms of its lattice 

parameters.  Additionally, the monoclinic, orthorhombic, tetragonal, trigonal, and cubic 

systems may also have a non-primitive unit cell, in which the lattice points are not only 

located at the corners but also at the centre of the cell faces or at the centre of the cell.  

Combinations of these additional types of cells with the eight primitive cells yield the 

fifteen Bravais lattice shown in Table 1.2.  

 

Table 1.1  The eight crystal systems. 

 
System Cell lengths relations Cell angles relations 

Triclinic None None   

Monoclinic None α = γ = 90° 

Orthorhombic None α = β = γ = 90° 

Tetragonal a = b  α = β = γ = 90° 

Hexagonal
a 

a = b  α = β = 90, γ = 120° 

Trigonal
a
 a = b  α = β = 90, γ = 120° 

Cubic a = b = c α = β = γ = 90° 

Rhombohedral
b
  a = b = c α = β = γ ≠ 90° 

 
a
 The unit cells in both systems have the same relationship for their spatial and angular lattice parameters, 

however, with different symmetries. The hexagonal system has a 6-fold rotational axis, while the trigonal 

system has a 3-fold axis. 
b 

The rhombohedral system is a special case of the trigonal system [2].  Their 

unit cells share the same 3-fold symmetry, but with differences in their lattice parameter relationship.   
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The atomic positions within the unit cell are assumed to be the nuclear positions of the 

atoms, and expressed by the fractional coordinates, x, y, z of the cell lengths.  For 

example, atomic coordinates of (½, ½, ½) refer to a position in the middle of the cell.  

Furthermore, each unit cell contains one or more relevant symmetry operators (such as 

inversion, screw, glide, etc) that can be applied to an atom to create a new atomic 

position related by the symmetry [3].  Combination of possible symmetry operators 

together with the fourteen Bravais lattices originating from the eight crystal systems 

form the 230 space groups as found in the International Tables for Crystallography [4].   

 

Table 1.2  The fourteen Bravais lattices. 

 

System 

 

Number of  

Bravais lattices 

Possible 

Lattice
a 

Triclinic 1 P
 

Monoclinic 2 P, C 

Orthorhombic 4 P, C, F, I 

Tetragonal 2 P, I 

Hexagonal
b
 1 P 

Cubic 3 P, F, I 

Rhombohedral 1 R 

 
a 

P (primitive) has lattice points at the corners, C (two-face centred) has lattice points at the corners and at 

the centre of C faces, F (all face centred) has lattice points at the corners and at the centre of all faces, I 

(inner) has lattice points at the corners and at the centre of the cell, and R (rhombohedral) has lattice 

points at corners.  
b
 Trigonal is classified as the same system as hexagonal.       

 

The unit cell has an asymmetric unit, which is a group of atoms whose positions are 

unique [2].  The asymmetric unit may contain a whole molecule, a fragment of a 

molecule, or two or more molecules.  The whole content of the unit cell is generated by 

applying the symmetry operator(s) of the space group to this unit.   
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1.2 Experimental crystal structure determination  

All necessary information about the atomic arrangements and the structure of crystalline 

materials can be obtained experimentally by means of X-ray diffraction [2-3, 5].  The 

method determines the atomic positions within the crystal as well as the geometry of the 

crystal lattice.  It works on the basis of the scattering phenomenon of an x-ray beam by 

the electrons in the atoms of the molecules contained in the crystal lattice.  The general 

principle of how the method works can be explained as follows.  A single crystal of 

sufficient size is beamed by the x-ray which is then scattered by the electrons.  These 

scattered x-ray beams are recorded and the data consists of patterns of spots of different 

intensities, having particular geometry and symmetry.  The measurement of the 

geometry and symmetry of the pattern gives information about the geometry of the unit 

cell as well as the symmetry available in the unit cell.  Afterwards, to determine the full 

atomic positions of the molecule, all intensities are measured individually.  

 

The x-ray diffraction method is based on the work of W. L. Bragg in 1912.  He showed 

that every x-ray beam diffracted by the crystal can be considered geometrically as a 

reflection from sets of parallel planes constructed by lattice points.  The analogy can be 

made to a beam of light that is reflected by a mirror surface.  

 

Every plane that gives rise to a reflection is known as a lattice plane.  The relative 

orientation of each plane in the crystal lattice is characterised by using the Miller indices 

which contain three integers, hkl, that correspond to the unit cell edges.  Miller indices 

are defined as “the reciprocal of the fractional intercepts which the plane makes with 

the crystallographic axes” [6].  All planes that are stacked parallel to each other share 

the same distance between them as well as the same indices.  Spacing between planes is 

dictated by the lattice geometry, which is a function of unit cell geometry.   
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The relationship between each observed scattered beam and the hkl lattice plane by 

which it is reflected is expressed mathematically with the Bragg equation: 

n λ = 2 dhkl sin θ 

where dhkl is the spacing between the successive parallel Miller planes, λ is the 

wavelength of the x-ray beam, n represents the integer of diffraction order, and θ is the 

scattering angle.  

 

1.3 Crystallisation, nucleation, and crystal growth 

Crystallisation is the formation process of crystalline solid from melt, solution, or 

vapour [7].  Crystallisation from solution and crystallisation from melt (also known as 

solidification of melts) are the two crystallisation techniques generally used in industrial 

applications [8].  Crystallisation from solution occurs when a solute dissolved in a 

solvent is crystallised by reducing the solubility of the dissolved species.  On the other 

hand, crystallisation from melt occurs when a molten material is cooled down until it 

crystallises.   

 

In industrial applications, crystallisation is widely used as a separation and purification 

technique [7].  The objective of all crystallisation processes is to produce a crystalline 

solid that meets a certain criterion of purity with additional important crystal properties 

[9].  These properties include the size of the crystals, uniformity in the crystal size 

distribution, the shape of the crystals, and crystal form (or known as polymorphs which 

will be discussed in the next section).  Since crystallisation from solution is the method 

that is most widely used for separation and purification, a more detailed discussion 

follows. 

 



 6 

In order for crystallisation from solution to take place, the solution itself has to be in the 

supersaturated state.  Preparing a supersaturated solution can be considered as the first 

step in crystallisation [10].  At a given temperature, there is a maximum amount of solid 

that can dissolve in a solvent and at this point, the solution is called saturated.  The 

amount of dissolved solid needed for the solution to reach this saturated condition is 

called its solubility in the given solvent.  The solubility is temperature dependent.  

Increasing the temperature may increase or decrease the solubility, or it may remain 

constant.  In general, the solubility of most solid materials is proportional to temperature 

as shown in Figure 1.2, which is a solubility curve of a hypothetical compound. 
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Figure 1.2  Solubility curve of a hypothetical substance. 

 

When the saturated state is obtained, the system is said to be in equilibrium.  For 

crystallisation to occur, the system has to be shifted to non-equilibrium, or 

supersaturated condition.  In a supersaturated solution, the amount of dissolved solute 

exceeds that of the saturated solution.  There are several ways of achieving this, 

including a) increasing the amount of solute concentration, b) reducing the temperature, 

or c) adding anti-solvent. 
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Once a supersaturated state has been achieved, crystallisation will not take place until a 

number of nuclei are present in the solution that will function as the centres for 

crystallisation.  A nucleus is a small cluster of molecules that are held together with 

relatively weak intermolecular interactions.  Nucleation can happen either 

spontaneously or by inducing it with an external stimulus such as seeding it with a 

crystal. 

 

Figure 1.3 shows the mechanism of the nucleation process [10].  In general, nucleation 

can be divided into two different types based on the presence of crystals in the system: 

primary nucleation and secondary nucleation.  Primary nucleation is nucleation that 

occurs in the absence of crystals in solution.  If the solution is pure, then the mechanism 

is considered as homogeneous nucleation.  If impurities, e.g. a foreign solid material, 

are present to catalyse or induce the nucleation, then it is called heterogeneous 

nucleation.  The other form of nucleation, termed secondary nucleation, occurs when 

new crystals are nucleated by the presence of crystals which have just been formed.   As 

soon as stable nuclei of sufficient size are formed in the solution, the next event is 

crystal growth.   

 

 

 

Figure 1.3  General mechanisms in nucleation.  
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Various theories have been proposed to model the growth mechanism of the crystal 

from solution [11].  In general, crystal growth is believed to consist of the following 

steps [12] : 

 The molecules are transported from the bulk solution to the solid/solution interface. 

 The molecules are then adsorbed to the surface and they become part of the crystal 

surface.  This step involves the release of the heat of crystallisation. 

 The heat of crystallisation is then transferred to the bulk solution.   

 

1.4 Polymorphism and its importance 

Polymorphism is the ability of a compound to crystallise in different structures, or to 

exist in different crystalline forms [13].  It arises due to differences in the molecular 

packing arrangements [14] in the crystal structure.  Different polymorphs yield different 

physical as well as chemical properties, such as solubility, morphology, dissolution rate, 

heat capacity, enthalpy of melting, melting and sublimation temperatures, rates of solid 

state reaction, and chemical stability [15].  The occurrence of polymorphism is common 

in organic solid state chemistry [16], and it is believed that all substances demonstrate 

this particular characteristic [17]. 

 

In 1965, Walter C. McCrone [14] produced his well-known quote, “It is at least this 

author’s opinion that every compound has different polymorphic forms and that, in 

general, the number of forms known for a given compound is proportional to the time 

and money spent in research on that compound.”  An example that follows McCrone‟s 

rule is an organic compound called 5-methyl-2-[(2-nitrophenyl)amino]-3-

thiophenecarbonitrile, commonly called ROY (red, orange, and yellow colours to 

describe the various shades of its polymorphs) [18, 19].  This molecule is used as a 

pharmaceutical precursor to synthesise the antipsychotic drug, olanzapine, produced by 
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the Lilly Research Laboratories.  Seven polymorphs have been discovered after five 

years of effort [19].  Six of these were reported by Yu et al in 2000.  At present, this 

compound holds the record for the most discovered polymorphs in the Cambridge 

Structural Database (CSD) [20, 21].  Figure 1.4 shows how the molecules are arranged 

uniquely in each crystal structure.  Every polymorph differs not only in the crystal 

packing but also in the molecular conformation adopted in the solid state.   

 

 

 
Figure 1.4  Packing arrangement in each experimental lattice of the seven ROY polymorphs. 

 

 

 

In the pharmaceutical field, the awareness of whether a particular compound shows 

polymorphic behaviour has been increasing since the 1960‟s [22].  An estimated 30 to 

50% of pharmaceutically important compounds exhibit polymorphism [23].  Two of the 

most important solid state properties of a drug that are affected by polymorphism are 
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solubility and dissolution rate.  These properties influence the choice of the crystalline 

form used in a drug formulation [24] as they have an effect on bioavailability, which 

can be defined as the proportion of administered bioactive compound that reaches the 

target site in the body.   

 

The importance of polymorphism has been demonstrated by many cases in the 

pharmaceutical industry. One well-known case was an incident in 1998, in which a 

pharmaceutical firm called Abbott Laboratories had to stop production of its anti-HIV 

drug, Ritonavir (Novir) [25], because a new crystal form of the drug suddenly appeared 

during the manufacturing process.  The new form was thermodynamically more stable 

than the previous one, and hence, it dominated the drug production since its first 

appearance.  The previous form (form I) was considered to be the thermodynamically 

most stable since its first discovery in 1992.  Other crystal forms were not discovered at 

that time.   

 

Two years after its launch in 1996, the Ritonavir capsules started to fail the dissolution 

test in quality control because a large proportion of the drug was precipitating out.  

Investigations showed that a new crystal form, namely form II, was the substance that 

was precipitating.  The new form II was less soluble than form I, meaning that it was 

thermodynamically more stable than form I.  This incident caused Abbott to withdraw 

its drug product from the market and then to reformulate the drug using the stable form 

II [26].  An estimated loss of about $250 million in sales was experienced by Abbott in 

the year that the drug was withdrawn [27].  
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Under particular conditions of temperature and pressure, only one polymorph is stable 

and others are metastable.  The relative stability of two polymorphs is described 

thermodynamically using the Gibbs free energy:  

ΔG = ΔH - TΔS 

where ΔH is the difference in the lattice enthalpy between two forms, ΔS is the 

difference in entropy, and T is the temperature.  The enthalpy difference term at 

constant atmospheric environment is the sum of the internal energy difference, ΔU (in 

which U is the sum of all intermolecular and intramolecular interactions in each 

polymorph), and the PΔV term (where P is the pressure and ΔV is the volume 

difference between two polymorphs).  It is expressed as  

ΔH = ΔU + PΔV 

This makes the Gibbs free energy expression  

ΔG = ΔU + PΔV - TΔS 

The stability of each polymorph is affected by the entropy, the crystal density, and the 

way in which the molecules are packed in the crystal lattice.   

 

1.5 Molecular modelling in crystal structure prediction 

The term molecular modelling refers to the use of theoretical and computational 

methods to describe the behaviour of molecules and their structural properties 

depending on 3D molecular geometries [28].  With the advance of computer technology 

in recent years, molecular modelling has proved itself as a powerful tool to fill the gap 

between the experimental and theoretical fields of natural science.  Disciplines such as 

chemistry, physics, and biology have benefited from a deeper understanding as well as a 

better appreciation of the atomistic behaviour of molecular systems.   
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In materials chemistry, computational methods are used to describe the stability of a 

crystal structure by calculating its lattice energy which is used in modelling applications 

such as crystal structure prediction.  The lattice energy is computed as the sum of the 

intramolecular and the intermolecular interactions of molecules in a crystalline 

environment [29-31].  In this thesis, two generic methods are used to calculate this 

structural property, namely molecular mechanics and quantum mechanics approaches.   

 

1.5.1 Molecular mechanics 

The term “molecular mechanics” is used to describe molecular models based on 

concepts from classical mechanics. It is a method that allows the investigation of 

properties, such as molecular geometries, conformational flexibility as well as other 

properties through the employment of Newtonian concepts [32].  

 

The Born-Oppenheimer [33] approximation tells us that we can separate nuclear and 

electronic motion. It assumes that the electrons seek their optimum distribution in a 

system, and hence, nuclear motion can be treated classically as though the atoms were 

moving on a potential energy surface. Molecular mechanics describes the potential 

energy surface using relatively simple functions to represent chemical concepts such as 

bond stretching, bond angle bending, and torsional angle bending.  This energy is 

calculated as a function of nuclear positions.   

 

A molecular mechanics force field is a set of mathematical functions and parameters 

that is used to calculate the potential energy surface of a molecule [34].  It contains a list 

of atom types and atomic charges (if not included in the atom type information), atom-

typing rules, potential energy functions, and parameters used in the functional terms.   
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The potential energy, Etotal , of a molecule is described as the sum of the energy term 

contributions:  

Etotal = Ebonded + Enon-bonded 

where Ebonded is the sum of energies originating from the bonded interactions including 

bond stretching (Estretch), bond angle bending (Ebend), and twisting of torsion angles 

(Etorsion).  Enon-bonded is the sum of energies originating from non-covalent interactions, 

van der Waals interactions (EvdW) and electrostatic interactions (Eelec).  The above 

equation can also be written as follows: 

Etotal = (Estretch + Ebend + Etorsion) + (EvdW + Eelec) 

 

There are a variety of force fields available today. Each of them is designed for different 

purposes. Force fields like MM2 [35], MM3 [36-38], CVFF [39-41], and PCFF [42-45] 

are employed to handle general organic molecules. They are not restricted to specific 

classes of molecules.  On the other hand, force fields like AMBER [46, 47], OPLS [48-

50], and GROMOS [51, 52] are utilised to handle large systems, such as proteins, 

nucleic acids, and carbohydrates.  The following explanation is written based on the 

book by Jensen [32] and different reviews about force fields [53-55].  Since different 

force fields utilise different forms to express their energy functions, comments on the 

form of the functions will be made only for the common force fields, MM2 and MM3, 

as well as for the force fields used in this study, the Dreiding 2.21 force field, CVFF 

(Consistent Valence Force Field), and PCFF (Polymer Consistent Force Field).   

 

1.5.1.1 Bonded interactions 

1. Bond stretching interaction 

A typical example of a bond stretching interaction in a molecule is shown in Figure 1.5.  

The molecule can be imagined as a group of balls that are connected through springs, 
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having atoms as the balls and bonds between them as the springs.  Using this analogy, 

the bond stretching or compression of interconnecting atoms in the molecule can be 

approached using the harmonic approximation according to Hooke‟s law:  

Estretch = ks (l-lo)
2
 

where ks is the force constant that describes the stiffness of the bond, l is the actual bond 

length, and lo is the equilibrium bond length.  For every pair of bonded atoms like C-C, 

C-H, C-O, unique ks and lo parameters are required.   

 

 

 
Figure 1.5  The bond stretching interaction.  

 

This energy function expresses the vibration of the bond around the equilibrium bond 

length.  The majority of organic molecules have bond lengths near the bottom of their 

potential energy well.  

 

The way in which a bond behaves is actually better described by the Morse potential 

[56]: 

Estretch = De { 1 – exp [-α (l – lo)] } 
2 

where De is a parameter describing the dissociation energy, α is related to the harmonic 

force constant (α = (k/2De)
1/2

) describing the narrowness of the potential energy well, 

and lo is the equilibrium bond length.  CVFF uses this potential to describe its bond 

stretching and compression, while in Dreiding, it is available as an option.  Dreiding 

uses the simple harmonic function as its default setting.  Additional terms are 

sometimes added to the simple harmonic equation in order to reproduce a bond 
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behaviour corresponding closely to the Morse curve, In the MM2 force field, a cubic 

term is added:   

E
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The cubic term also poses a technical problem, especially for a poor initial geometry 

[53].  As the bonds are stretched far away, the cubic term will dominate and it is 

possible for a molecular structure to fly apart.  This problem has been corrected in MM3 

by adding a quadratic term in the equation.  Moreover, for longer distances, the curve 

corresponds much better to a Morse potential: 
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This type of potential energy function is also used in the PCFF force field.  

 

2. Angle bending interaction 

This interaction occurs when two atoms are bonded to the same atom and create an 

angle, θ, between the two bonds as illustrated in Figure 1.6.  Just like the bond 

stretching, the angle bending interaction can be described by Hooke's law:   

Ebend =  2

2

1
obk    

where kb is the force constant, θ is the actual bond angle, and θo is the equilibrium bond 

angle.   

 
 

 
Figure 1.6  The angle bending interaction.  
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The simple harmonic approximation is utilised by CVFF and it can describe bond angle 

bending quite well, particularly up to 10° bending [53].  Where large deviations from 

the reference values are observed, it is necessary to introduce additional terms.  In 

PCFF, cubic and quadratic terms are added:  

Ebend = kb1 (θ – θo)
2
 + kb2 (θ – θo)

3
 + kb3 (θ – θo)

4
 

In MM3, additional third, fourth, and fifth terms are included: 

E
MM3

 = 0.043828 
2

bk
 (θ – θo)

2
 [1- 0.014 (θ – θo) + 5.6 (10

-5
) (θ – θo)

2
  

        – 7.0 (10
-7

) (θ – θo)
3 
+ 9.0 (10

-10
) (θ – θo)

4
] 

 

3. Torsional angle or twisting interaction 

In comparison to Ebend and Estretch, the energy function to describe the torsional angle 

interaction, Etorsion, is different since it involves a rotation around a single bond.  Firstly, 

the function must produce the same energy value when the bond is rotated 360°. 

Secondly, the required energy to alter a molecule by rotation around a bond is low, and 

therefore, a large molecular distortion from the minimum may occur. For these two 

reasons, the torsional energy is expressed as a Fourier series, rather than a Taylor 

expansion like Ebend and Estretch. 

 

 
 

Figure 1.7  The torsional angle (or twisting) interaction.  

 

In Dreiding and CVFF, the first term of the Fourier expansion is employed to describe 

the energy associated with rotation around a bond:  

Etorsion = kt [1 + s cos (nω)] 
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where kt is the torsional force constant, s is the sign (positive or negative), n is the 

periodicity that shows the number of minima for the potential, and ω is the torsional 

angle.   

 

In PCFF, MM2, and MM3, this twisting interaction is described by a three-term Fourier 

series:  

Etorsion = V1 (1 + cos ω) + V2 (1 - cos 2ω) + V3 (1 + cos 3ω) 

where V1, V2, and V3 are the force constants for the torsion, and ω is the torsional angle.   

 

1.5.1.2 Non-bonded interactions 

1. Van der Waals interactions 

There are a variety of equations which can be used to describe the repulsion or 

attraction between atoms that are not directly bonded.  In molecular mechanics, the van 

der Waals interaction between two atoms is often represented by the Lennard-Jones 

potential (also known as L-J or 6-12 potential) or by the exponential-6 (also known as 

Buckingham potential).  In the Dreiding force field and CVFF, this interaction is 

expressed by the 6-12 potential: 

EvdW
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where ε is the depth of the minimum, ro is the interatomic distance at which the 

minimum occurs, and r is the interatomic distance between the two atoms.  The power 

of 6 term describes the long-range attractive force due to the induced dipole – induced 

dipole interaction, whereas the power of 12 term describes the short-range repulsive 

force due to the overlapping of the electron clouds between the atoms.  Another form of 

the Lennard-Jones potential, a 9-6 function is utilised in the PCFF force field rather than 
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the 12-6 function.  For organic molecules, it has been shown that the ninth power term 

describes repulsive interactions much better than the twelfth power term [41].   

 

In addition to the Lennard-Jones potential, the exponential-6 function or the 

Buckingham potential is another potential energy function that is commonly used to 

describe this interaction.  The functional form is given by  
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where Do is the depth of the energy well, ro is the interatomic distance that gives the 

minimum in energy, r is the actual interatomic distance between the two atoms, and a 

and b are parameters.  This potential is available both in the MM2 and MM3 force 

fields. In Dreiding, it is available as an option instead of the Lennard-Jones 12-6 

potential.   

 

2. Electrostatic Interactions 

The internal distribution of electrons in the molecule is such that some parts of the 

molecule may be positively charged, whereas other parts may be negatively charged.  

The interaction between these charged parts is taken into account by the electrostatic 

energy in the molecular mechanics formulations.  Similar to van der Waals interactions, 

the electrostatic energy term can be represented in various ways.  If charges are 

assigned to each atom, the interaction between point charges is defined by the Coulomb 

potential energy, Eelectrostatic = (qi . qj) /(Drij), where qi is the charge of atom i, qj is the 

charge of atom j, rij is the distance between them, and D is the dielectric constant of the 

system.  This interaction describes the monopole-monopole interactions between atoms 

having charge qi and qj separated by rij distance.  This Coulomb potential is used in 

CVFF, PCFF and the Dreiding force fields.  For CVFF and PCFF, these atomic charges 
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are assigned by the force field themselves via bond increments [43, 57].  For the 

Dreiding force field, no information related to the electrostatic interaction is available 

within the force field, and a separate calculation has to be performed to derive this 

property.   

 

Three methods are employed in this thesis to derive a set of the atomic charges.  The 

first one is the Gasteiger-Marsili approximation [58] (referred to as Gasteiger charges 

throughout the thesis).  It was developed based on the concept of partial equalisation of 

orbital electronegativity by incorporating the idea of electronegativity (the ability of an 

atom to attract electrons) to an atomic orbital.  The orbital electronegativity is 

influenced by the orbital‟s valence state, the occupancy of the orbital, and the charges in 

the other orbitals.  The atomic point charges are calculated iteratively by allowing 

electrons to be transferred from a less electronegative atom to a more electronegative 

one.  Since the charge distributions are only approximated with the information of the 

molecular topology, any structural changes due to molecular flexibilities do not affect 

the atomic charges.  The second method is the Rappé-Goddard approximation [59], or 

the charge equilibration (Qeq) method.  For each atom, the charge is calculated using an 

atomic chemical potential derived from electronegativity, idempotential (difference 

between ionisation potential and electron affinity), and a shielding correction between 

the charged species.  Unlike the Gasteiger charges, the Qeq charges depend upon the 

molecular geometry which makes them suitable for molecular dynamic simulations 

since the chemical environment is constantly changing within the time frame of the 

simulation due to the molecular interactions.  The last method, considered to be more 

reliable than the previous two methods in representing the molecular electrostatic 

interaction, works by deriving the charges from a molecular electrostatic potential 

obtained from a quantum mechanical calculation (Hartree-Fock or density functional 
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theory method; to be described later in the following sections) [60].  The electrostatic 

potential is determined from a wavefunction and calculated at points surrounding the 

molecule.  By applying a least-squares fitting with a constraint that the total charge of 

the molecule is neutral [61], a set of atomic charges are extracted that closely duplicate 

the electrostatic potential at the chosen points.   

 

Alternatively, instead of assigning point charges to atoms, dipole moments may be used 

by assigning them to bonds.  The electrostatic energy can be calculated by considering 

dipole-dipole interactions.  
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μi and μj are the magnitude of interacting dipoles i and j, respectively; χ and α describe 

the orientation of the bond dipoles.  MM2 approximates the electrostatic interaction by 

this method.  This means that MM2 is not able to deal with charged compounds.  MM3 

employs a similar electrostatic potential calculation as MM2.  However, for particular 

atom types such as a carboxylate oxygen or an ammonium nitrogen, the point charges 

are also taken into account and hence, the charge-charge interactions as well as the 

charge-dipole interactions are calculated. 

 

3.  Other interactions 

Hydrogen bonding interactions are treated differently by different force fields.  Some 

force fields use a special potential to describe the interaction (such as the 10-12 

potential in Dreiding 2.21), while others consider this interaction as a natural 

consequence of the van der Waals and electrostatic interactions (in CVFF and PCFF). 

 

Most force fields also include “cross terms” to describe the inter-dependency of bonds 

and angles between atoms in a molecule.  A change of one or more internal coordinates 



 21 

in a molecule may affect the other internal coordinates.  Force fields like MM2, MM3, 

PCFF, and CVFF use cross terms, while Dreiding 2.21 does not take these effects into 

account.   

 

1.5.2 Quantum mechanics 

The central point of all quantum mechanical based approaches revolves around the 

approximation of the time independent and non relativistic Schrödinger equation [62]: 

H   Ψ = E Ψ 

H  

Ψ that characterises the 

movements of the nuclei and the electrons.  The wavefunction itself depends on the 

positions of the particles.  E is an energy associated with the state depicted by Ψ.  Using 

the Born-Oppenheimer approximation, the movements of the electrons and the nuclei 

may be decoupled [33] and hence, H    

1.5.2.1 The Hartree-Fock approximation 

The Schrödinger equation can only be solved exactly and analytically for the simplest 

system such as the hydrogen atom containing a single nucleus and one electron.  For all 

other cases, the Schrödinger equation is solved using different numerical 

approximations.  One of them is the Hartree-Fock approximation (HF) [63], which is 

the conventional and most famous quantum mechanical method that is based on 

wavefunction calculations.  In a system containing N electrons, HF assumes every 
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electron is moving in an average repulsive potential exerted by the presence of the N-1 

electrons.  The true N-electron wavefunction is replaced by an antisymmetric product of 

N one-electron orbitals.  The product is also well-known as the Slater determinant.  

Since the repulsive potential is taken as the average potential, the HF approximation 

considers there is no direct interaction among the electrons in the system.   

 

1.5.2.2 Density functional theory 

Density functional theory (DFT) is another quantum mechanical approach that was 

developed mainly by physicists to study the electronic structure of solid-state materials.  

The basic idea of DFT is that the ground state energy and other properties of a system 

may be approximated using the electron density ρ(r) as the fundamental variable [64].  

The relationship between ρ(r) and the total electronic structure was first devised by 

Thomas and Fermi back in 1920s [65, 66].  This idea was later expanded by Hohenberg 

and Kohn in 1964 [67] and they showed that the ground state energy and other 

properties related to it were distinctively characterised by ρ(r).  The energy, which is a 

functional of ρ(r), is composed as the sum of contributions from an attractive potential 

(due to the interactions between the electrons and the nuclei), and a universal functional 

(consisting of the electronic kinetic energy and other inter-electronic interactions).  In 

1965, Kohn and Sham [68] postulated that the universal functional is composed of the 

kinetic energy, the classical Coulomb electron-electron energy, and the non-classical 

exchange correlation energy.  The total electronic distribution ρ(r) is expressed as a 

product of single electron orthonormal orbitals, ρ(r) = Σ |ψ(r)|
2
, where the orbitals ψ(r) 

are also known as the Kohn-Sham orbitals.  For a molecular system, each orbital is 

written as a linear combination of particular basis sets.   
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The essence of all density functional approaches lies in the description of the exchange-

correlation functional [69].  Solving this functional correctly is the same thing as 

finding the „Holy Grail‟ of the DFT method [70].  Thus, many models have been 

developed to investigate the „best solution‟ of this functional [71].  The simplest model 

available to calculate this contribution is known as the local density approximation or 

LDA [68].  The density ρ(r) is assumed to be uniform throughout space at any point of 

the system.  For most molecules, the assumption of having a constant electronic 

distribution throughout the system is unrealistic.  However, surprisingly, this model has 

proven to be acceptable for some small systems.  An improvement over LDA is the 

generalised gradient approximation or GGA [72, 73] that considers variation in the 

density by incorporating the density gradient in addition to the density.  Both LDA and 

GGA are also known as the pure DFT functionals.  Another class of the exchange-

correlation functional is the hybrid DFT functional that combines the exchange 

contribution resulted from the HF approximation with pure DFT, such as B3LYP [74, 

75] and PW91 [76, 77].  The hybrid functional has clearly shown an improvement over 

pure DFT [71].   

 

In solid state modelling, which involves a periodic boundary condition, the density ρ(r) 

has to be identical at equivalent positions.  This condition is satisfied through the 

application of the Bloch‟s theorem [78] that perfectly describes the periodicity.  The 

Kohn-Sham orbitals that are used to compute the density ρ(r) are represented by a 

plane-wave basis set, since the periodic nature of the basis set makes it the best choice 

[79].  However, not all electrons are explicitly considered in the calculation due to the  

computational cost associated with the application of this basis set to describe the 

behaviour of the electrons located close to the nuclei (or core electrons).  It would 

require a large number of plane-wave basis sets to model the strong Coulomb 



 24 

interactions between the core electrons and the nuclei.  The complexity of the 

calculation may be reduced by dividing all electrons for every atomic species into the 

valence and the core electrons.  The valence electrons are described by the plane-wave 

basis set, whilst the core electrons are described by pseudopotentials [80].  A 

pseudopotential replaces the Coulomb potential between the nucleus and the core 

electrons by an effective potential ensuring that the behaviour of the valence orbitals 

outside the core region remain the same as if the Coulomb potential were present, and 

ensuring smooth changes in the electronic density (or potential) within the core region.  

This makes the calculations converge quickly on increasing the plane-wave basis set.   

 

1.5.3 Conformational analysis 

Conformational analysis investigates the flexibility of a molecule due to rotation around 

one or more bonds, and the influence of the changes on the structural properties [81].  A 

search is performed by exploring the conformational energy landscape to locate all 

possible low-energy minima.  In crystal structure prediction, conformational analysis is 

employed as a tool to investigate the conformational energy landscape of molecules 

having one or more torsional degrees of freedom [29, 82-85].  The molecular 

conformation in the solid state is assumed to be similar to the one observed in the gas 

phase since the forces within the molecule (intramolecular forces) are stronger than the 

forces acting among the molecules [83].  Thus, it is important to locate all the low-

energy conformers by conducting a full conformational analysis on the molecule under 

consideration prior to the crystal packing calculations [29]. 

 

In general, two search methods are available during the analysis of the molecular 

flexibility, namely the systematic search and the random search [81].  The systematic 

search (or the grid scan method) explores different conformations in a step-by-step and 
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predictable way.  All flexible bonds are identified and each is allowed to rotate from 0° 

to 360° depending on periodicity with a certain increment, while keeping the bond 

lengths and angles fixed.  The conformations are then generated by combining 

variations in the torsion angles.  For every conformation, the energy is calculated using 

a force field or a quantum mechanical approach, and then minimised.   

 

The second method, the random search, generates various conformations of a molecule 

by allowing random changes in the atomic Cartesian coordinates [86, 87], or in the 

dihedral angles [88, 89] using specific algorithms.  One of the best known methods is 

the Metropolis Monte Carlo search [90].  Here, the initial molecular conformation is 

randomly perturbed to produce a new conformation, followed by the energetics 

evaluation of the new generated structure.  If the energy of the new generated structure 

is lower than the previous one, this new conformation will be accepted and it becomes a 

new conformation from which a random change will be made.  If the energy is higher 

than the energy of the previous structure, the Boltzmann factor of this structure (e 
–(Enew-

Eold)/kT
 with k is the Boltzmann constant and T is the temperature), is compared with a 

number between 0 and 1 chosen randomly.  In this case, the current structure will be 

accepted unless the Boltzmann factor is lower than the chosen random number.  

 

1.5.4 Molecular dynamics  

Molecular dynamics simulates how a system containing a number of particles (atoms or 

molecules) evolves over time [91].  The particles interact among themselves as 

expressed by the classical Newton‟s second law of motion.  The simulation proceeds in 

a step-by-step way by solving the differential equation of Newton‟s law using a 

numerical method, and thus, the position and the momenta of the N particles can be 
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determined at a given time from which properties of the system may be derived, such as 

the pressure and the heat capacity.   

 

In this thesis, molecular dynamics simulation is applied as a tool to investigate the 

molecular degrees of freedom present in a compound due to rotation about single bonds.  

In this sense, it is similar to conformational analysis except the purpose of the dynamics 

simulation is to identify which dihedral angles contribute to the conformational energy 

landscape of the molecule.  The calculation is performed for a single isolated molecule 

in the gas phase under constant volume and energy.  To see any conformational changes 

in the molecule as a function of temperature, the simulation is performed at different 

initial temperatures, including 300 K, 500 K, 700 K, and 1000 K.   

 

1.5.5 Ewald summation method 

The pairwise charge-charge interaction as computed by the Coulomb law to represent 

the electrostatic contribution to the energy of the system can be problematic in a 

molecular simulation that involves periodic boundary conditions, such as the unit cell in 

solid state modelling.  The interaction decays slowly with distance by a factor of    r
-1

, 

unlike the van der Waals interactions which decay as r
-6

 and can be solved 

straightforwardly using a suitable cut-off distance.  To handle this long range force 

properly, a technique devised by Ewald (called the Ewald summation method) [92-94] 

is employed that accurately incorporates the effect of these interactions.  This technique 

was originally developed to treat the energetics of ionic crystals.   

 

In the Ewald summation method, every point charge is replaced by two charge 

distributions using Gaussian functions that have the same magnitude but opposite signs.  

The first distribution is calculated in real space and the second one is performed in 
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reciprocal space using a Fourier transform.  Both calculations decay rapidly when 

suitable parameters are chosen.  Additional terms are added in the summation that 

subtract the interactions among the Gaussian in real space, and correct the surrounding 

medium if it is a vacuum. 

 

1.6 Crystal structure prediction 

Crystal structure prediction is one of the many fields comprising crystal engineering.  

Crystal engineering is a modern field of materials science that deals with the ability to 

design and control how molecules crystallise and the ability to exploit the properties of 

crystal structures [95].  Controlling and designing how molecules crystallise is achieved 

by exploiting the intermolecular interactions in the crystal structures [96].  These 

interactions are usually strong hydrogen bond interactions, such as O-H…O, or  

N-H…O.  When this particular interaction is present in the molecular crystal, it can be 

said that the hydrogen bonds are the building blocks of the „supramolecular synthon‟ 

[97].  A supramolecular synthon describes the crystal structure in terms of the dominant 

intermolecular interactions.  Thus, in crystal engineering, the intermolecular interactions 

which govern the structure formation in already known crystal structures are analysed 

and exploited. Then, by utilising computational chemistry by means of quantum 

mechanics as well as empirical potentials, compounds with the predicted intermolecular 

interactions are designed [98].   

 

In the world of computational chemistry, the ability to predict the crystal structure(s) or 

polymorph(s) that a given molecule would like to adopt is sometimes known as „ab 

initio’ prediction of crystal structure [99].  This itself proves to be a valuable tool for 

many industries that deal with crystalline materials, including pharmaceuticals [100-

101], pigments [102], electronics [103], and food stuff [104].  The predicted structure 
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provides information about the molecular arrangement in the crystal lattice, which 

subsequently  enables the prediction of physical as well as chemical properties.   

 

Historically, the field of crystal structure prediction was pioneered by Kitaigorodskii‟s 

Organic Chemical Crystallography [105] in 1960.  Many valuable discoveries about the 

nature of intermolecular interactions in molecular crystals were reported there.  He built 

a mechanical model that sought to predict crystal structures of molecules using the 

principles of the van der Waals radii and close packing.   In the 1970‟s, these ideas were 

incorporated by others such as Williams and Bursing in the development of their 

computer programs, PCK5 [93, 106] and WIN [107], respectively, to simulate the 

crystal structures of other organic molecules and to help understand the interatomic 

forces of molecules in crystal lattices.   

 

More than a decade after that, in 1988, Maddox [108] stated in a Nature editorial that 

the inability to predict the crystal structure of a given compound just from its molecular 

structure alone was considered a „continuing scandal‟ in physical science.  A few years 

later in 1994, Gavezzotti raised a similar question asking whether crystal structures are 

predictable [109].  More than a decade after Gavezzotti‟s intriguing question, many 

crystal structure prediction methods are available.  Even though the methods vary from 

one to another, in general, they consist of the following elements [29, 83]: (a) 

generating crystal packing alternatives, (b) describing the packing efficiency by using 

potential energy functions, and (c) locating the global and local minima in the lattice 

energy hypersurface by means of minimisation methods.    

 

In their review, Verwer and Leusen [29] have described different methods that are 

available to generate low-energy crystal structures.  Programs like PROMET [110] and 
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FLEXCRYST [111, 112] generate the trial crystal packing by first constructing clusters 

of molecules from which a crystal structure can be built later by applying lattice 

symmetry operations.  Programs like UPACK [113, 114] , MOLPAK [115], USPEX 

[116], Polymorph Predictor [29, 30], and GRACE [117] generate a large number of 

crystal packings by only considering particular space groups.  All of these generated 

crystal structures are then energy minimised using molecular mechanics or quantum 

mechanics approaches.   

 

1. PROMET 

The computational method used in PROMET [110] is based on the molecular nuclei 

concept.  A crystal structure is built systematically from pairs of molecules, where the 

stability of these pairs is governed by the intermolecular interactions between them.  

Clusters consisting of 2-4 molecules are formed using symmetry operators that are 

found in common space groups of organic crystals (inversion, screw, and glide 

operators).  A trial crystal structure is then formed by applying translation symmetry to 

these clusters to extend it from one dimensional to three dimensional.  The lattice 

energy is then computed using empirical atom-atom potentials.  Later, all trial structures 

are subjected to optimisation using lattice energy minimisation.  

 

2. FLEXCRYST 

The method is similar to PROMET but it starts with a single molecule rather than a 

group of identical molecules [111, 112].  The molecule‟s potential interaction surface is 

analysed for active centres that will likely develop as sites for strong intermolecular 

interactions.  The molecule is assumed to be rigid and the known stable conformation is 

used.  It is then placed on a discrete lattice with a mesh size of 1 Å.  A trial crystal 

structure is generated.  The packing procedure differs for different space groups (P1, P-
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1, P21, and P212121).  The packing energy of the crystal structure is calculated using a 

scoring function derived from existing crystal structure data in the CSD.  Based on the 

calculated energy sorted by the scoring function, the generated crystal structures are 

then ranked.  

 

3. MOLPAK (MOLecular PAcKing)  

MOLPAK [115] is a program that was designed to predict the likely crystal structure of 

a small organic compound limited to only one molecule per asymmetric unit in 

primitive triclinic, monoclinic, and orthorhombic space groups.  It generates trial crystal 

structures using the assumption that molecules are arranged in such a way that the 

closest packing principle is met.  The unit cell of the observed crystal packing is 

assumed to have a high density with the smallest volume.  Using a rigid body 

approximation, the trial crystal structures are sampled in 13 space groups: P1, P-1, P21, 

P21/c , C2 , Cc, C2/c, P212121, P21212, Pna21, Pca21, Pbcn, and Pbca.  Then, the 

structures are refined using the energy minimisation program, WMIN.  

 

4. UPACK (Utrecht Crystal Packer) 

The method was initially developed for crystal structure prediction of simple 

carbohydrate molecules [113, 114]. The major problem in dealing with carbohydrates is 

their completely unpredictable behaviour in forming hydrogen bond networks.  Up to 

two rigid molecules can be used in the asymmetric unit.  The trial structures are 

generated either systematically or randomly in a given space group.  In this initial 

phase, each OH group is treated as a united atom and a simple force field is used. This 

type of force field is essential during this phase because of its speed in investigating 

millions of trial crystal structures.  Equivalent structures are then removed by using a 

clustering procedure.  Only a few thousand structures are considered for the next phase.  
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During the second phase, torsion angles around each C-O bond as well as the lattice 

parameters are minimised.  Again, identical structures are eliminated by the clustering 

procedure.  Finally, in the last phase, a few thousand low-energy structures are fully 

optimised using a more sophisticated force field.  After clustering the equivalent 

structures, the possible predicted structures are obtained.  

 

5. USPEX (Universal Structure Predictor: Evolutionary Xtallography) 

USPEX [116] is a crystal structure prediction method that uses the evolutionary 

algorithm. It was created to reproduce and predict the structures of materials in the high 

pressure environment that formed the earth and planets (such as elemental solids of 

oxygen, sulphur, carbon, nitrogen, perovskite, etc).  It calculates the free energy of each 

structure using ab initio or quantum mechanical density functional theory (as 

implemented in SIESTA and VASP).  A random starting crystal structure is allowed to 

evolve producing thermodynamically more stable structures.  The evolution process 

takes place under one or more of the following variation operators: heredity, mutation, 

and permutation.  Hard constraints composed of predefined minimal interatomic 

distances and lattice parameters (a, b, c, , , and ) are used as a guideline during the 

evolution process to ensure stability of the free energy calculation as well as to reduce 

the phase space sampled.  The process is repeated until a crystal structure with the most 

stable configuration is obtained.  

 

6. POLYMORPH PREDICTOR 

The Accelrys Polymorph Predictor [29, 30] is the first commercially available program 

in the field of crystal structure prediction.  To generate trial structures, the Polymorph 

Predictor uses a modified Monte Carlo simulated annealing search method.  The 

simulation consists of two phases, heating phase and an annealing (cooling) phase.   
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In the heating phase, a random change of the angular parameters (consisting of the cell 

angles, angles describing the orientations of independent molecules with respect to the 

crystal lattice, and Euler angles describing the positions of independent molecules) is 

made. These parameters are varied based on a “move factor”, a number between 0 and 

1.  A value of 1 means that all parameters are allowed to change by up to 180°, i.e., they 

are completely variable.  A value of 0 means there is no parameter change, hence no 

structural change, at all.  A value of less than 1 restricts the maximum change to the 

angular parameters in a linear manner, i.e., if the move factor is 0.1, the maximum 

change that is allowed is 18°.  Once the change is made, the translational parameters of 

the unit cell (cell lengths and distance between independent molecules), which are only 

constrained by the space group, are allowed to expand and shrink until the optimum 

interatomic contacts (based on the sum of the van der Waals radii) between molecules 

are achieved.  Thus, the new trial structure of the crystal packing is produced.   

 

Whether the new trial structure is accepted or rejected depends on the Metropolis 

algorithm [90].  The energy of the new trial structure, Enew is calculated and compared 

to the energy of the previous structure, Eold.  If ΔE (ΔE = Enew - Eold) < 0, then the trial 

structure will be stored as the current structure.  However, if ΔE > 0, then the value of 

the Boltzmann factor of the relative crystal packing energy will be compared with the 

value of ξ (a random number between 0 and 1). That is, e 
-(ΔE/kT)

, where T is the 

temperature and k is the Boltzmann constant. The trial structure will be accepted and 

become the current structure only when exp (ΔE/kT) > ξ.  

 

During the heating phase, the move factor always has the value of 1 in order to 

overcome any energy barriers.  The rate of heating depends on a “heating factor”.  

Heating will continue until one of the following conditions is met: the “maximum 
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temperature” is reached, “the maximum number of trial steps” is reached, or a 

“predefined number of crystal structures” is accepted consecutively.  The first two 

conditions are for safety only, and if either one is met, the simulation should be 

terminated.  Once the third condition is met in a production simulation, the cooling 

phase commences.   

 

In the cooling phase, the move factor has the initial value of 1.  An identical procedure 

is applied to decide whether to accept or reject trial crystal structures.  Every time a trial 

structure is rejected, the move factor‟s value is halved to force a more detailed sampling 

in that region of phase space.  The move factor will never have a value of 0.  The 

minimum value of the move factor can be specified.  Every time a trial structure is 

accepted, the move factor is doubled in value (with a maximum of 1) in order to 

encourage the simulation to sample a different area of phase space.  In addition, the 

temperature of the system is reduced.  The cooling rate depends on the “cooling factor”.  

The simulation will stop once “the minimum temperature” is reached, “the maximum 

number of steps” is reached, or once the system is frozen, i.e., the move factor drops 

below a preset (small) value.   

 

The number of crystal structures produced by the simulated annealing simulation is 

around 2000 structures per space group.  All structures are subjected to full geometry 

optimisation using the chosen force field.  Ewald summation [92] is used to ensure all 

long range interactions are incorporated during crystal structure optimisation.  Finally, 

to remove similar structures, Polymorph Predictor uses a clustering algorithm based on 

interatomic distances.  The distance between atoms may be grouped according to force 

field type, element, or name.   
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7.  GRACE (Generation, Ranking, and Characterisation Engine) 

GRACE [117] is another commercial software package in this field and available 

recently from Avant-garde Materials Simulation.  The main modelling approach is 

based on a dispersion corrected solid state DFT method [118], or DFT(d), that has been 

developed and parameterised to yield accurate lattice energies suitable for molecular 

organic crystal structure prediction.  The lattice energy of a crystal is computed as the 

sum of energy from the DFT total energy and an empirical van der Waals correction 

obtained from an atom−atom pairwise sum of damped interactions, which are of the 

form C6/R
6
.  The DFT calculations are performed using the Vienna Ab Initio Simulation 

Package, VASP [119-122], with the projector-augmented wave (PAW) potentials [123] 

and the PW91 exchange-correlation functional [76, 77] with the Vosko, Wilk, and 

Nusair interpolation formula [124].  The dispersive correction is calculated using atomic 

C6 coefficients obtained by fitting them to the molecular C6 coefficients from dipole 

oscillator strength distributions.  The damped interaction contains cross-over distances 

and form factors that have been fitted to reproduce the unit cells of low temperature 

crystal structures.  All parameters in the empirical correction have been derived to 

model neutral organic molecules containing C, H, N, O, S, B, F, Cl, and Br atoms.   

 

Due to its accuracy in reproducing the geometries as well as the energetics of 

experimental crystal structures at low temperatures, the DFT(d) method is employed as 

an engine to produce reference data for the purpose of fitting a force field.  The 

reference data contains information related to the relative energetics of the non-bonded 

and bonded interactions, and the crystal packings of the minima on the lattice energy 

hypersurface as predicted by the DFT(d) method.  For each molecule under 

consideration, a non-transferable force field (or known as a tailor-made force field, 
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TMFF) is constructed and derived by fitting the force field energy terms to the DFT(d) 

data sets.   
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1.7 Degrees of freedom in crystal structure prediction 

During the search for possible crystal structures, the more degrees of freedom in the 

calculation, the more time the calculation will consume.  The number of degrees of 

freedom depends on the space group selected, which dictates how many lattice 

parameters are variable, and on the number of molecules present in the asymmetric unit.  

When searching for possible crystal structures, one usually specifies in which space 

groups the search will be performed.  The molecule itself is usually treated as rigid 

during the initial search; the molecules are often completely flexible in the final lattice 

energy minimisations.  Since each space group has its own particular symmetry 

operator(s) with its own characteristics, the amount of CPU time consumed to do the 

calculations will vary.  The following Table 1.3 summarises the total number of degrees 

of freedom for four different space groups with only one rigid molecule in the 

asymmetric unit.   
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Table 1.3  Number of degrees of freedom available in P1, P-1, P21, and P21/c space groups 
a
. 

 

 
Space 

group 

P1 

 

P-1 

 

P21 

 

P21/c 

 

Z 1 1 1 1 

Symmetric 

unit(s)  1 2 2 4 

Lattice type triclinic triclinic monoclinic-B monoclinic-B 

Lattice  

parameters:     
a v v v v 
b v v v v 
c v v v v 

α v v - 
b - b 

β v v v v 

γ v v -
 b
 - b 

Molecular  

translation     
a axis - v v v 

b axis - v - 
c
  v 

c axis - v v v 

Molecular  

rotation     
a axis v v v v 
b axis v v v v 
c axis v v v v 

Degrees of 

freedom 9 12 9 10 

 
 

a
 “v” indicates any change in the corresponding variable will change the crystal structure and thus this 

variable is considered a degree of freedom, while “-” indicates otherwise.  
b
 Both α and γ parameters are 

constrained to 90°. 
c
 Any translation along the b axis does not influence the crystal structure due to its 

screw axis operator along this axis.   

 

The number of degrees of freedom that a crystal packing calculation in the P1 space 

group (with one rigid molecule in the asymmetric unit) will experience is nine. P1 is 

triclinic, meaning that every lattice parameter (a, b, c, α, β, and γ) is variable. This 

means there are six degrees of freedom so far.  Moreover, with only one rigid molecule 

per unit cell, any translational changes (along a, b, or c axis) will not affect the structure.  

However, any rotational changes of the molecule will certainly influence the structure.  

These rotational changes contribute three degrees of freedom. So, in total, there are nine 

degrees of freedom in this case. 
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The same thing applies to a crystal packing calculation in the P-1 space group with one 

rigid molecule in the asymmetric unit.  However, instead of having one symmetric unit 

in P1, there are two symmetric units in a P-1‟s unit cell due to the inversion centre.  

Any translational changes will affect the relative positions of the two symmetric units, 

and thus, alter the structure.  In comparison to P1, these additional translational changes 

contribute three degrees of freedom to the crystal packing calculation. Hence, for P-1, 

the total number of degrees of freedom is twelve. 

 

1.8 Cambridge Crystallographic Data Centre blind tests 

In the last decade, the Cambridge Crystallographic Data Centre (CCDC) has organised 

four blind tests of crystal structure prediction, in 1999 (or CSP1999) [126], in 2001 (or 

CSP2001) [127], in 2004 (or CSP2004) [128], and in 2007 (or CSP2007) [129]. These 

international events were semi-open for academic as well as industrial scientists known 

to be active in this field.  For each blind test, three or four molecules were chosen by an 

independent referee.  The experimental crystal structures of these molecules had already 

been determined accurately but had not been published in the scientific literature.  All 

participants were then given the molecular structures and every participant was asked to 

submit up to three predicted crystal structures for each molecule along with the reasons 

for their selection.  Each molecular structure was chosen to test a different aspect of the 

crystal structure prediction algorithms.  During the first blind test in 1999, the 

complexity of the molecular structures was limited to give the participants a reasonable 

chance of success [126]: 

 

“….., the maximum size of the molecule was restricted to 30 atoms, including hydrogen, 

and the space group was stipulated to be one of the more commonly observed ones with 

one molecule per asymmetric unit, i.e. Z′=1.0, although no defined list of allowed space 
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groups was provided. It was also specified that submissions should belong to three 

categories of perceived difficulty for prediction: 

(i) a small, rigid molecule with only C,H,N,O atoms allowed and less than 20 atoms 

(ii) a small, rigid molecule with some less common elements 

(iii) a molecule with some small amount of conformational freedom” 

 

In CSP2001, there was an increase in the number of atoms allowed, up to 40 atoms.  

Furthermore, one of the molecules was allowed to be flexible with two flexible torsion 

angles [127].  In CSP2004, there was no restriction on the space groups and the total 

number of molecules in the asymmetric unit was increased to Z ≤ 2 [128].  Figure 1.8 

shows the molecular structures used in CSP1999, CSP2001, CSP2004 and a summary 

of the results.   

 

The overall success rate of the first blind tests can be regarded as low, however, 

successful predictions were made for the small, relatively rigid molecules.  For flexible 

molecules that belong to category (iii), the results showed only one correct prediction 

from the total of 111 submitted crystal structures.  This illustrates that the available 

crystal structure prediction methods at that time were not capable to be employed to 

perform a thorough search of the lattice energy hypersurface when additional 

intramolecular degrees of freedom were introduced.   
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Categories (i) Rigid (ii) Less common elements (iii) Flexible

Molecule I

Success/participants 1/84/11, 0/11 *

2/15

III

1/41/11

Molecule

Success/participants

Molecule

Success/participants

II VII

IV

4/15

V

0/11

VI

VIII

4/15 **

XI

0/18 1/15

IX

0/15

X

CSP

event

1999

2001

2004

 

 

Figure 1.8  A summary of results of the three CCDC blind tests. (* = two polymorphs were obtained and the structures were determined. One structure which was 

metastable was predicted by four participants. The other one, which was stable, was not predicted at all. ** = the prediction was not fully blind (its partial crystal 

structure had been reported prior to the blind test [128]). 
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One of the smallest molecules in all three blind tests, azetidine, belonging to category 

(i) and used in 2004, was the only molecule that crystallises with two independent 

molecules in the asymmetric unit, Z’ = 2.  This is the most probable reason why none of 

the participants succeeded in predicting its structure.  Most of the available crystal 

structure prediction methods still only consider Z’ = 1 to limit the burden of the crystal 

packing calculation.  Only 8 out of the 18 participants considered the possibility of 

having Z’ = 2 during their crystal structure generation for azetidine.   

 

In terms of the rate of success, it is fair to say that the blind test in 2004 was the least 

successful one.  This suggests that the methods used could not cope with the increasing 

complexities presented in this test.  It seems that category (iii) defined during the first 

blind test is still a big challenge that could not be addressed confidently.  Another major 

challenge is posed by structures with more than one independent molecule in the 

asymmetric unit.   

 

No solvates, hydrates, or co-crystals were considered during the first three blind tests.  

This category was then introduced in 2007 [129], where one of the experimental crystal 

structures was crystallised from a 1:1 co-crystal composed of two rigid molecules.  In 

CSP2007, significant advances have been made in the last few years.   For the first time 

in the history of the blind tests, one of the participating groups managed to correctly 

predict all four of the four test structures using the computational approaches 

implemented in the GRACE software package.  The DFT(d) method was shown to 

predict the known polymorphs of the blind test compounds as the most stable lattices in 

the lists of the energetically feasible structures.  Both lattice energies and geometries of 

the compounds are accurately calculated by the DFT(d) method.  In general, the success 

rate of the other participants has also improved.  Figure 1.9 depicts the molecular 
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structures of the fourth blind test compounds and summarizes the results achieved by 

the blind test participants for each compound.   

 

XII (4/15)

XIII (4/14)

XV (2/12)

XIV (3/14)

Figure 1.9  Molecular diagrams of compounds used in the fourth blind test (CSP2007).  The figures 

in parentheses (s/p) give the number of successful predictions (s) and the number of participants 

attempting predictions (p) for each compound.  Compound XV is a co-crystal.   
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CHAPTER 2  

Conformational analysis of 1,2,3,4-tetrahydro-9-

phenylsulfonylcarbazole  

 

2.1 Introduction 

A conformational analysis of 1,2,3,4-tetrahydro-9-phenylsulfonylcarbazole (TPSC) is 

presented in this chapter.  TPSC is a flexible molecule with two torsional degrees of 

freedom, allowing rotations of both the phenyl and carbazole fragments as shown by 

Figure 2.1.  The experimental crystal structure of TPSC has been determined [1] and it 

is known to be polymorphic.  It crystallises in two different forms, in the P-1 and Pbca 

space groups, and each of them has a distinct packing arrangement.   

 

Crystal structure prediction of a flexible molecule usually begins with a conformational 

analysis in order to locate every possible low-energy conformer that a molecule may 

adopt in the gas phase [2,3].  Two methods are commonly used to explore the 

conformational flexibility of a molecule, molecular mechanics (MM) and quantum 

mechanics (QM).  All possible molecular conformations are first generated using force 

field methods.  Depending on their relative stabilities with respect to the others at room 

temperature, some of the low-energy conformers are further optimised using accurate 

quantum mechanical calculations.   
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Figure 2.1  Molecular structure of TPSC in 2D (left) and 3D (right). 

 

2.2 Methodology 

The geometry of TPSC was taken from the experimental crystal structure, DUPTOX, 

obtained from the Cambridge Structural Database (CSD) [4].  Initial geometry 

optimisations were conducted using three different force fields: Dreiding [5], CVFF [6-

8], and PCFF [9-12].  Gasteiger [13] and charge equilibrated (QEq) [14] charges 

implemented in Cerius
2
 [15] were used in combination with the Dreiding force field, 

whereas CVFF and PCFF used their own force-field-assigned charges.  To ensure that 

all long-range interactions were considered during optimisation, a cut-off value of 20 Å 

was selected for van der Waals and electrostatic interactions for the isolated molecule. 

 

Additional parameters specific to bonded-sulphur interactions were introduced in the 

Dreiding force field.  The associated parameters were fitted manually to minimise the 

geometrical discrepancies between the experimental molecular structure and the force 

field optimised structure.   

 

To explore the flexibility of the aliphatic ring in the carbazole fragment, an NVT 

molecular dynamics calculation was performed at a temperature of 298 K.  The 

simulation was carried out for 10 nanoseconds with a time step of 1 femtosecond using 



 53 

the adjusted Dreiding force field (with Gasteiger charges) and a 20 Å cut-off distance 

for the long-range interactions. 

 

For each structure adopting a different aliphatic ring configuration, a full 

conformational search was performed using the grid scan method implemented in the 

conformational analysis module of Cerius
2
.  Two torsion angles were defined as shown 

in Figure 2.2.  Torsions 1 and 2 were rotated from 0° to 350° and 0° to 170°, 

respectively, each with an increment of 10°.  

 

 

Torsion 1 Torsion 2 

 
 

Figure 2.2  Torsion angles considered during the conformational analysis of TPSC  

(Torsion 1: C-S-N-C; torsion 2: C-C-S-N).  

 

All resulting low-energy conformations were further optimised with the ab initio QM 

program GAMESS-UK [16].  The calculations were performed using B3LYP [17-19] 

density functional theory (DFT) with the 6-31G** basis set [20-21].  After all 

conformations were fully minimised, the unique conformations were used for the 

calculation of the electrostatic potential (ESP) around the molecule [22].  A single set of 

atomic charges was obtained by fitting the charges to the ESPs of all conformers 

simultaneously, weighted by their Boltzmann factors.  The Boltzmann weighting factors 

were calculated from the relative energies of the conformers at 298 K.  These potential-

derived atomic charges, in combination with the adjusted Dreiding and PCFF force 

fields, were used for the final conformational analysis.   
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2.3 Results and Discussion 

For the following tables, the bond length and bond angle measurements use the atomic 

numbering illustrated in Figure 2.3. 

 

 

 
 

 
Figure 2.3  Atomic numbering in TPSC.  

 

The values of the important geometrical variables obtained after the initial geometry 

optimisations using three different force fields are summarised in Table 2.1.  The bond 

length and the bond angle deviations from the experimental structure are shown in this 

table as well.  A comparison of the force fields shows that PCFF performs better in 

terms of the deviations from the experimental CSD structure.  With the Dreiding force 

field, both Gasteiger and QEq charge sets were used.  Using PCFF, the maximum bond 

angle deviation in the O=S=O bond angle is 2.0°.  Note that the largest bond angle 

deviations shown by the other force field-optimised structures are for this bond angle.   
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Table 2.1  Results of molecular geometry optimisations taken from the DUPTOX crystal structure using different force fields and deviations of those optimised structures 

from the experimental structure.     

 

 

 
a
 Dreiding force field with Gasteiger charges. 

b
 Dreiding force field with Qeq charges.  

c 
The boldfaced values correspond to the maximum deviation for each optimised structure.  A 

negative sign indicates a reduction in the measurement compared to the experimental data.   
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An attempt was made to improve the performance of the Dreiding force field by re-

parameterising it.  A closer look at the bond angle deviations of the optimised structure 

in Table 2.1 using the Dreiding force field and Gasteiger charges shows that in addition 

to the O=S=O deviation, large deviations are also observed for one of the O=S-N bond 

angles (6.5°) and the N-S-C bond angle (5.0°).  It is apparent that the bond angle 

bending potentials and parameters in the Dreiding force field are not able to describe the 

geometry around the SO2 moiety.  Thus, additional terms specific to the SO2 moiety 

were introduced in an attempt to remedy this.  Two additional, specific bond angle 

terms were added to the force field, O=S-C (θo = 97.5°, k = 100 kcal/deg
2
) and O=S=O 

(θo = 104.5°, k = 100 kcal/deg
2
) where the form of the contribution to the MM energy is 

Eangle(θ) = k (θ – θo)
2
.  From here on, this modified Dreiding force field is referred to as 

the adjusted Dreiding force field.  

 

A comparison between the adjusted and the original Dreiding force fields is summarised 

in Table 2.2.  With the Gasteiger charges, geometry optimisation of the molecule using 

the adjusted Dreiding force field shows improvement over the original force field.  The 

three large deviations for the O=S=O, O=S-N, and N-S-C bond angles are reduced to 

2.4°, 2.7°, and 0.1°, respectively.  These are shown in boldfaced in Table 2.2.    

 



 57 

Table 2.2  Comparison of the optimised molecular structures obtained with the original Dreiding 

force field and the adjusted Dreiding force field to the experimental structure.   

 

 

 
a 

Both force fields used Gasteiger charges.  
b 

A negative sign indicates a reduction in the measurement 

compared to the experimental data. 

 

Visual inspection of the molecular dynamics simulation showed that the aliphatic ring 

interconverts easily.  This indicates that there are two aliphatic puckered ring 

configurations which need to be considered during the conformational analysis.  

 



 58 

2.3.1 Conformational analysis using the adjusted Dreiding force field 

Conformational searches using the adjusted Dreiding force field with Gasteiger charges 

produces four low-energy conformations for each puckered conformation.  In total, 

there are eight low-energy conformations.  The energy landscape (energy versus torsion 

1 (T1) and torsion 2 (T2)) for each puckered conformation is shown in Figure 2.4.  The 

numbers indicate the minima on the potential energy surfaces of the first and the second 

puckered conformations.  Even though both plots are similar, there are differences in the 

position of each minimum in each graph.  The resulting low-energy conformers are 

summarised in Table 2.3.   

 

The energy contours of the first puckered conformation shows that conformers 1 and 3 

are close to each other, as are conformers 2 and 4 (since the graph can be extended by 

its periodicity).  Similarly for the second puckered conformation, conformers 1* and 3* 

as well as conformers 2* and 4* are close to each other. 

 

The energy profiles along the line connecting conformations 1 and 3 (from the first 

puckered configuration) and the line connecting conformations 2* and 4* (from the 

second puckered configuration) are depicted in Figure 2.5.  The top profile in Figure 2.5 

reveals that conformer 3 is an energy shoulder of conformer 1.  The energy difference 

between them is 0.8 kcal.mol
-1

, with an energy barrier of less than 0.1 kcal.mol
-1

.  

 
Table 2.3  Conformational analysis results for the first and the second puckered conformations.   

 
First puckered conformation  Second puckered conformation 

Conf
a 

T1 (°) T2 (°) ΔE  Conf
a
 T1 (°) T2 (°) ΔE 

   (kcal.mol
-1

)     (kcal.mol
-1

) 

1 111.0 126.0 0.0  1* -111.0 -126 0.0 

2 -120.2 -129.5 0.1  2* 120.2 129.5 0.1 

3 82.5 63.6 0.8  3* -82.5 -63.6 0.8 

4 -52.1 -54.0 1.1  4* 52.1 54.0 1.1 

 
a 
Each conformer corresponds to a minimum in Figure 2.4.  
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Figure 2.4  Two dimensional plots of energy versus torsions 1 and 2.  The top plot belongs to the 

first puckered conformation and the bottom plot represents the second puckered conformation.  

Red are areas with high energy and purple-blue are areas of low energy. The relative energy values 

are in kcal.mol
-1

.   
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The bottom profile in Figure 2.5 shows the energy barrier between conformers 2* and 

4*.  Conformer 4* is an energy shoulder near conformer 2*.  However, the energy 

barrier between them is larger than between conformations 1 and 3.  The energy 

difference between conformers 2* and 4* is 1 kcal.mol
-1

. The energy barrier between 

them is about 1 kcal.mol
-1

 as well.  

 

Comparing the results for each puckered conformation in Table 2.3 shows that every 

low-energy conformer of the first puckered conformation is a mirror image of the low-

energy conformations of the second puckered conformation.  These mirror images are 

non-superimposable.  TPSC is chiral even though there are no chiral carbons present in 

the molecule.  The chirality is due to the tertiary amine in which the nitrogen atom is 

connected to four different substituents including the lone pair electron.  The 

experimental crystal structures of TPSC are found in two different space groups, P-1 

and Pbca.   These space groups lead to racemic compounds.   
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Figure 2.5  Graphs illustrating energy pathways between conformers 1 and 3 (top), and conformers 

2* and 4* (bottom), using the adjusted Dreiding force field with Gasteiger charges.   
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QM minimisation results for each low-energy conformer using the B3LYP functional 

and a 6-31G** basis set are shown in Table 2.4.  The total number of low-energy 

conformations produced is only two for each puckered conformation.  In total, there are 

four conformations.  For the first puckered conformation, every pair of conformers 

converges to the same minimum: conformers 2 and 4 minimise to A, and conformers 1 

and 3 minimise to B.  Unlike the MM methods, QM does not consider either conformers 

2 and 4 or conformers 1 and 3 to be different.  The big energy well with two minima 

(top plot in Figure 2.5) and a small barrier between conformers 1 and 3 in the potential 

energy surface only exist as one minimum without any barriers according to QM.  

 

Table 2.4  QM optimisation results using B3LYP functional and 6-31G** basis set.  Results for the 

first and the second puckered conformations are shown in the upper and the lower table, 

respectively.  

 

First puckered conformation 

QM 

conformer 

T1 (°) T2 (°) Initial 

conformer 

 

ΔE 

  (kcal.mol
-1

) 

A -72.6 -75.3 2, 4 0.0 

B 75.0 69.2 1, 3 0.2 

     

Second puckered conformation 

QM 

conformer 

T1 (°) T2 (°) Initial 

conformer 

 

ΔE 

  (kcal.mol
-1

) 

A* 72.6 75.2 2*, 4* 0.0 

B* -75.1 -69.3 1*, 3* 0.2 

 

Only two out of the four MM conformers correspond closely to the QM conformers.  In 

the first puckered configuration, conformer 4 (T1 = -52.1°, T2 = -54.0°) and conformer 

3 (T1 = 82.5°, T2 = 63.6°) correspond to conformer A (T1 = -72.6°, T2 = -75.3°) and 

conformer B (T1 = 75.0°, T2 = 69.2°), respectively.  The geometries of the optimised 

QM conformers are more similar to the higher energy MM conformers than to the lower 

energy ones.  Thus, the electrostatic potential (ESP) was calculated using these two 

unique QM conformations.  
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The results of a conformational search using the adjusted Dreiding force field and the 

potential-derived atomic charges are summarised in Table 2.5.  The contour plot of 

energy versus T1 and T2 is illustrated in Figure 2.6.  There are only small differences 

with the results obtained using Gasteiger charges.  Changes in the range of 0.3°-3.4° 

occur in the value of torsional angles.  Decreases of 0.3 kcal.mol
-1

 and 0.2 kcal.mol
-1

 are 

observed in the relative energies of conformers 3 and 4, respectively.   

 

Two conformers, 3 (T1 = 82.0°, T2 = 63.3°) and 4 (T1 = -55.5°, T2 = -55.4°) will be 

used in the crystal packing calculations since they are closer to the QM structures 

(conformer A, T1 = -72.6°, T2 = -75.3°; conformer B, T1 = 75.0, T2 = 69.2°).  

 

Table 2.5  The resulting low-energy conformers from the conformational analysis using the 

adjusted Dreiding force field and potential derived atomic charges.  

 

 

First puckered conformation 

Conformer
 

T1 (°) T2 (°) ΔE 

   (kcal.mol
-1

) 

1 109.7 123.8 0.0 

2 -117.3 -126.7 0.1 

3 82.0 63.3 0.5 

4 -55.5 -55.4 0.9 
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Figure 2.6  Conformational energy landscape of the first puckered conformation using the adjusted 

Dreiding force field and the QM-derived atomic charges. 

 

 

2.3.2 Conformational analysis using PCFF  

The conformational analysis of the molecule using PCFF was only conducted on the 

first puckered conformation. This decision was based on the previous conformational 

search results using the adjusted Dreiding force field.  The low-energy conformers 

found for the first puckered conformation are mirror images of the low-energy 

conformations found for the second puckered conformation.   

 

Figure 2.7 and Table 2.6 show the conformational analysis results using PCFF with its 

own charges.  Only three low-energy conformers are discovered during the search and 

this result differs from the previous results obtained with the adjusted Dreiding force 

field (with Gasteiger charges).  It also differs in terms of the relative stability ranking of 

the low-energy conformers.   
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Figure 2.7  Two dimensional plot of energy versus torsions 1 and 2 using PCFF with its own 

charges 

 

 

Table 2.6  Conformational analysis results for the first puckered conformation using PCFF with its 

own charges. 

 

 
Conformer

 
T1 (°) T2 (°) ΔE 

   (kcal.mol
-1

) 

5 84.3 71.1 0.0 

6 -75.0 -70.5 0.3 

7 -105.8 -110.5 0.4 

 

No further QM geometry optimisation was performed on the low-energy conformers 

obtained with PCFF.  Every low-energy conformer of PCFF corresponds to a conformer 

from the adjusted Dreiding force field.  Conformers 5, 6, and 7 (in Table 2.6) 

correspond to conformers 3, 4, and 2 (in Table 2.3 for the first puckered conformation), 

respectively.  Table 2.7 shows the results of conformational analysis using PCFF with 

the potential-derived atomic charges.  Utilising the new set of charges shows an 

 

5

6

7

5

6

7

First puckered conformation 
(PCFF + force field assigned charges) 
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improvement over the force-field assigned charges.  Only two low-energy conformers 

are discovered. The number of molecular geometries discovered is in good agreement 

with the QM result geometrically.  Energetically, however, PCFF ranks the stability 

order of its low-energy conformers opposite to the QM result.   

 

Table 2.7 The resulting low-energy conformers of the conformational analysis  

using PCFF with the potential-derived atomic charges. 

 

Conformer T1 (°) T2 (°) 
ΔE 

(kcal.mol
-1

) 

5 85.2 73.1 0.0 

6 -81.6 -75.0 0.2 

 

2.4 Conclusions 

The total numbers of low-energy conformations discovered for TPSC varied using 

different force fields.  The Dreiding force field in combination with Gasteiger charges 

finds four low-energy minima, whereas the PCFF force field with its own assigned 

charges locates three minima.  Further QM geometry optimisations reduce the total 

number of conformers to only two distinct configurations.   The number of minima 

located by Dreiding with QM electrostatic potential derived charges is still the same as 

obtained with Gasteiger charges.  On the other hand, PCFF found only two minima on 

the conformational energy landscape of TPSC.  The structures of these low-energy 

conformers are in good agreement with the result obtained by the QM method.  The 

ranking, however, is the opposite to the QM ranking.   

 

Even though there is no chiral carbon atom present in the molecule, the molecule may 

be described as a chiral compound due to the nitrogen atom.  Consequently, its chirality 

allows us only one out of the two possible ring configurations considered during the 
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conformational analysis as well as the crystal structure prediction of this compound 

later on.   
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CHAPTER 3 - Conformational analysis of oleanolic acid  

 

3.1 Introduction 

Numerous studies have been conducted and reported on oleanolic acid [1-9]  

(3β-hydroxy-olean-12-en-28-oic acid; OA), one of the common pentacyclic triterpenoid 

compounds found in the plant kingdom.  Its structure is illustrated in Figure 3.1.  A 

partial survey reported by Liu [1,2] has demonstrated a growing interest in this 

triterpene due to its broad range of pharmacological effects, such as its hepatoprotective 

[3,4], anti-inflammatory [5], anti-HIV [6], anti-tumour [7], anti-microbial [8], and anti-

osteoporosis activities [9].  The use of OA as a traditional treatment in Asia dates back 

to ancient times, and it is still widely used in herbal mixtures. 

 

 

Figure 3.1  Molecular structure of oleanolic acid (OA). 

 

The crystal structure of OA is not known, although some limited powder x-ray 

diffraction data is available.  Similar to Chapter 2, the results of a conformational 

analysis of the OA molecule using molecular mechanics (MM) as well as quantum 

mechanics (QM) methods are presented.   The first stage in CSP uses the rigid body 

approximation [10,11].  Therefore, it is important to be aware of the conformational 

flexibility of the molecule through a conformational analysis.  All low-energy 

conformers will then be considered in the crystal packing calculations.   
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3.2 Methodology 

A search of the Cambridge Structural Database (CSD) [12] was performed in order to 

find experimental crystal structures of molecules that contain functional groups and 

atom types similar to OA.  The molecular structure of OA was constructed in the 

atomistic modelling environment Materials Studio version 4.0 [13].  Initial geometry 

optimisation was performed using the Dreiding 2.21 force field [14] and Gasteiger 

charges [15] as implemented in Materials Studio.  Geometry optimisation was 

performed with the Forcite module in Materials Studio using the fine setting.  To ensure 

all electrostatic and van der Waals interactions were taken into account, no cut offs were 

used. 

 

The flexibility of the rings contained in the molecule was explored by means of 

molecular dynamic (MD) simulations. The simulations were carried out with Materials 

Studio version 4.0, Forcite module-Dynamic task using an NVT ensemble at different 

temperatures: 300 K, 500 K, 700 K, and 1000 K.  The total time for each simulation was 

5 nanoseconds with a time step of 1 femtosecond using the same force field as described 

above.  

 

For each carbon ring configuration, a gas phase conformational analysis was conducted 

using the grid scan method implemented in the Conformer module of Materials Studio 

version 4.1.  The same combination of force field and charge set was used.  Three 

flexible torsions were defined during the search: torsions 1, 2, and 3 (or T1, T2, and T3, 

respectively) as shown in Figure 3.2  All torsions were allowed to rotate 360
o
 around 

their central bonds with a 10
o
 increment for torsions 1 and 2, and a 180

o
 increment for 

torsion 3.  The geometries of the local minima were further optimised quantum 

mechanically using Gamess-UK [16] with DFT B3LYP [17-19] and the 6-31G** basis 
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set [20,21].  For all unique, low-energy conformations, the electrostatic potential (ESP) 

around the molecule was calculated [22].  A single set of potential-derived atomic point 

charges (called ESP charges from now on) was then obtained by averaging the 

electrostatic potential of each unique, low-energy conformation based on its Boltzmann 

weighting factor calculated at 298 K. 

 

 

 

 

Figure 3.2  Flexible torsions in OA. 

 

With the ESP charges, gas phase conformational analysis was performed using three 

different force fields: Dreiding 2.21, PCFF [23-26], and CVFF [27-29].  The results 

from different force fields were compared with the results from the quantum mechanics 

(QM) calculations in order to assess the accuracy of the force fields in the gas-phase 

geometry optimisations.  
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3.3 Results and Discussion 

Each carbon ring contained in the molecule is assigned a letter based on the IUPAC 

nomenclature for rings in a steroid skeleton.  Figure 3.3 shows the ring lettering for OA.  

From here on, each ring will be referred by its letter, for example, ring A, ring B, etc. 

 

A
A B

C D

E

A
A B

C D

E

 
 

 

Figure 3.3  Ring lettering scheme for the molecular structure of OA. 

  

Ursolic acid (CSD reference TARDEV) is an isomer of OA.  The only structural 

difference between them is the position of one of the methyl groups in ring E.  Both 

share similar pharmacological properties [1,2] including their hepatoprotective effect, 

anti-inflammatory effect, and anti-tumour activity.  A search in the CSD for 

experimental crystal structures of similar molecules yielded two additional results.  

Their CSD references are HEDGEN and PUYYOX.  These two structures have a –

CH2OH group instead of a methyl group on ring A of OA.  In addition, PUYYOX has a 

second OH group on ring A of OA.  All three molecular structures found in the CSD are 

illustrated in Figure 3.4.  
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Figure 3.4  Structures similar to OA found in the CSD: a) TARDEV, b) HEDGEN, and   

c) PUYYOX.  

 

All these experimental crystal structures crystallised in space group P212121 with a 

single molecule in the asymmetric unit, Z’ = 1.  All rings in all three molecular 

structures adopt the same configuration.  Each ring configuration observed in the 

experimental crystal structures will be referred to as configuration 1 (or (1)), whilst the 

alternative ring configuration as configuration 2 (or (2)).  For example, ring A(1) and 

ring B(1) in OA are the ring configurations of A and B found in the experimental crystal 

structures.  Ring E(2) is a configuration of ring E that is not found in any experimental 

structure.   

 

The aim of performing MD simulations was to explore the conformational space of the 

molecule including rotatable bonds as well as ring configurations.  The Dreiding force 

field was selected since it is a simple, robust, and generic force field that can be used to 

treat heteroatomic organic molecules with acceptable accuracy.  Moreover, its 

functional forms as well as parameters were well parameterised for common organic 

a) 
b) 

c) 
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molecules like OA containing only C, H, and O atoms.   The outcome of the simulations 

provided information as to which degrees of freedom should be explored in detail using 

conformational analysis.   

 

The results show that rings A and E are more flexible than the sterically hindered rings 

B, C, and D.  Interconversions of rings A and E are observed visually at relatively high 

temperature, from 700 K and above.  Below this temperature, no ring interconversion 

takes place.  For each ring, this indicates that there is a high energy barrier needed to be 

overcome in order for conformational changes to occur.  However, for the completeness 

of the search during the conformational analysis, both possible ring configurations of A 

and E are considered in the conformational analysis, even though they are unlikely to be 

observed at normal temperature.  

 

T1 describes the rotation of the hydrogen in the hydroxyl group attached to ring A.  T2 

describes the rotation of the carboxyl group connected to ring E.  T3 describes the 

twisting of the hydrogen in the hydroxyl of the carboxyl group.  Note that T3 is semi-

flexible.  It only has two possible low-energy orientations, either ~0° (the hydrogen in 

the hydroxyl group points to the carbonyl) or ~180° (the hydrogen in the hydroxyl 

points away from the carbonyl).  The MD simulation at 700 K was performed twice 

with different initial values of T3, ~0° and ~180°.  The results show that during the 

simulation, T3 tends only to deviate about 10°-20° from its original value.  The search 

result in the CSD of crystal structures similar to OA shows that the hydroxyl group 

always points away from the carbonyl, T3 = ~180°.  However, in the conformational 

analysis, the two possible orientations of T3 are considered.  
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By varying rings A and E as well as T1, T2, and T3 during the gas-phase 

conformational search, a total of 96 possible conformers are obtained.  These results are 

summarised in Table 3.1 and Table 3.2 showing the results based on rings A(1) and 

A(2), respectively.  Results in both tables are grouped using Roman numbers, i.e., I, II, 

III, IV, etc –grouped according to the ring A and ring E configurations as well as the 

two possible values of T3.   

 

The results in Table 3.1 show that ring configurations observed in the experimental 

crystal structures of compounds similar to OA belong to the set of the most stable 

calculated conformations in group I.  They illustrate that conformers with T3 close to 

180° (group I) are lower in energy than conformers with T3 close to 0° (group II).  In 

terms of the T1 and T2 values, conformers 01-06 in group I are identical to conformers 

07-12 in group II.  An energy difference of about 2 kcal.mol
-1

 is calculated due to the 

difference in the position of the OH group, as shown by conformers 01 and 07 as well 

as conformers 02 and 08 for example.  Additional conformers are observed in group II 

(conformers 13-15) that do not have a corresponding conformer in group I.  This is 

largely due to the steric hindrance between the hydrogen atom of the carboxyl group 

and its nearby atoms contained in rings D and E, which forces T2 to rotate to minimise 

the repulsive interactions that the hydrogen atom of the carboxyl moiety is 

experiencing.   

 

An energy gap of 7.28 kcal.mol
-1

 is observed between the lowest-energy conformer in 

group III (conformer 16) and the lowest-energy conformer in group I (conformer 01) 

due mainly to the difference between the configuration of rings E(1) and E(2).  Note 

that both conformers 16 and 01 are similar and the difference between them is only in 

ring E.  Most group III conformers also have corresponding conformations in group IV 
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differing only in the value of T3.  Additional conformers are observed in group III 

which did not have corresponding configurations in group IV.  This is due to a 

combination of the ring E(2) configuration and a T3 value of ~0°, which forces T2 to 

change and thus generate more conformers.  In addition to the varied orientation of the 

hydrogen as defined by T3, changes in ring E contribute a significant amount of energy 

to the relative stability of each conformer.   

  

Similar explanations may be used to discuss the results presented in Table 3.2.  In Table 

3.2, group V has the lowest-energy conformers.  A comparison between Tables 3.1 and 

3.2 show an energy gap of 8.58 kcal.mol
-1

 due to the higher energy of ring A(2).  This is 

demonstrated by comparing conformers 49 and 01, which differ only in the 

configuration of ring A.  
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Table 3.1  Conformational analysis results for the ring A(1) configuration using the Dreiding 2.21 

force field and Gasteiger charges. 
a
  

 

 

Tag T1 (°) T2 (°) T3 (°) 
ΔE  

(kcal.mol-1) 

Ring  

configuration 
Group 

       

01 -62.5 -125.9 179.7 0.00 A(1), E(1) I 

02 -62.5 54.6 -178.8 0.06   

03 57.1 -126.0 178.6 0.19   

04 57.1 54.6 179.2 0.25   

05 170.0 -126.0 -179.2 0.44   

06 170.0 54.6 179.2 0.50   

       

07 -62.5 -125.5 -0.4 1.99 A(1), E(1) II 

08 -62.5 56.8 1.0 2.01   

09 57.1 -125.5 -0.4 2.18   

10 57.1 56.8 1.0 2.19   

11 170.1 -125.6 -0.4 2.43   

12 170.0 56.8 1.0 2.44   

13 -62.5 19.7 1.3 3.58   

14 57.1 19.7 1.3 3.77   

15 170.1 19.8 1.3 4.01   

       

16 -62.5 -121.9 -179.7 7.28 A(1), E(2) III 

17 -62.5 57.6 179.7 7.29   

18 57.1 -121.9 -179.7 7.46   

19 57.1 57.6 179.7 7.47   

20 170.1 -122.0 -179.7 7.71   

21 170.1 57.6 179.7 7.72   

22 -62.5 6.7 -178.8 8.02   

23 -62.5 -175.1 178.6 8.09   

24 57.1 6.7 -178.8 8.21   

25 57.1 -175.1 178.6 8.27   

26 170.1 6.7 -178.8 8.45   

27 170.1 -175.1 178.6 8.52   

28 -62.6 -68.0 179.2 9.15   

29 -62.6 111.1 -179.2 9.32   

30 57.1 -68.0 179.2 9.34   

31 57.1 111.1 -179.2 9.50   

32 170.1 -68.0 179.2 9.59   

33 170.0 111.1 -179.2 9.76   

       

34 -62.5 -121.7 0.3 9.29 A(1), E(2)  IV 

35 -62.6 60.7 0.3 9.37   

36 57.1 -121.7 0.3 9.48   

37 57.1 60.7 0.3 9.56   

38 170.1 -121.7 0.3 9.72   

39 170.1 60.7 0.3 9.80   

40 -62.5 8.0 1.3 10.32   

41 -62.5 -171.5 -0.9 10.51   

42 57.1 8.0 1.3 10.51   

43 57.1 -171.5 -0.9 10.70   

44 170.1 8.0 1.3 10.76   

45 170.1 -171.5 -0.9 10.95   

46 -62.6 -64.1 -0.4 11.76   

47 57.0 -64.1 -0.4 11.96   

48 170.1 -64.1 -0.4 12.21   

 
a
  Conformers further optimised using QM calculations are indicated in bold.    
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Table 3.2  Conformational analysis results for the ring A(2) configuration using the Dreiding 2.21 

force field and Gasteiger charges.
 a
    

 

 

 

Tag T1 (°) T2 (°) T3 (°) 
ΔE  

(kcal.mol-1) 

Ring  

configuration 
Group 

       

49 56.2 -126.4 179.4 8.58 A(2), E(1) V 

50 56.2 54.2 -179.4 8.61   

51 171.1 -126.4 179.4 8.62   

52 171.1 54.2 -179.4 8.66   

53 -41.9 -128.7 179.2 10.37   

54 -41.8 52.6 -179.1 10.40   

       

55 56.3 56.7 1.1 10.55 A(2), E(1) VI 

56 56.2 -125.9 -0.5 10.58   

57 171.1 56.7 1.1 10.59   

58 171.1 -125.9 -0.5 10.62   

59 56.2 20.5 1.3 11.97   

60 171.2 20.6 1.3 12.02   

61 -42.0 -127.8 -0.6 12.37   

62 -42.2 55.9 1.3 12.38   

63 -42.1 19.6 1.3 13.63   

       

64 56.0 -121.4 -179.7 15.71 A(2), E(2) VII 

65 56.0 58.0 179.6 15.73   

66 171.1 -121.4 -179.7 15.74   

67 171.1 58.0 179.6 15.76   

68 56.0 6.5 -178.8 16.47   

69 171.1 6.5 -178.8 16.49   

70 56.0 -175.4 178.7 16.51   

71 171.1 -175.4 178.7 16.54   

72 56.0 -68.1 179.3 17.36   

73 171.1 -68.1 179.3 17.39   

74 56.0 111.1 -179.3 17.51   

75 171.1 111.1 -179.3 17.54   

76 -40.6 -121.4 -179.7 17.57   

77 -40.5 58.0 179.6 17.59   

78 -40.5 6.3 -178.9 18.31   

79 -40.4 -175.4 178.7 18.36   

80 -40.6 -68.1 179.3 19.20   

81 -40.5 111.2 -179.3 19.36   

       

82 56.0 -121.3 0.3 17.74 A(2), E(2) VIII 

83 171.1 -121.3 0.3 17.77   

84 56.1 61.2 0.2 17.84   

85 171.1 61.2 0.2 17.87   

86 56.1 8.1 1.3 18.81   

87 171.1 8.1 1.3 18.84   

88 56.0 -172.4 -0.9 18.94   

89 171.1 -172.4 -0.9 18.97   

90 -40.6 -121.3 0.3 19.60   

91 -40.6 61.1 0.2 19.72   

92 56.0 -64.7 -0.4 19.96   

93 171.1 -64.7 -0.4 19.99   

94 -40.6 7.9 1.3 20.66   

95 -40.4 -172.5 -0.8 20.79   

96 -40.6 -64.7 -0.4 21.80   

 
a 
Conformers further optimised using QM calculations are indicated in bold.   
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Only 35 conformations were further optimised using QM calculations.  These chosen 

conformers are highlighted in boldface in Tables 3.1 and 3.2.  The conformers were 

chosen based on their relative energies.  The relative energy of conformers in groups I, 

II, and III increases gradually.  Since the QM method accurately described the relative 

stability of each conformer, all conformers in groups I, II, and III were further 

examined.  Moreover, only the lowest-energy conformers in group IV (conformer 34) 

and in group V (conformer 49) were re-optimised.  Even though the relative Dreiding 

energies for these conformers were high, 9.29 kcal.mol
-1

 and 8.58 kcal.mol
-1

 for 

conformers 34 and 49, respectively, QM calculations were performed in order to 

investigate their more accurate QM stabilities relative to the discovered global 

minimum.  

 

The results of the gas-phase calculations using Gamess-UK with the 6-31G** basis set 

and B3LYP DFT functional are summarised in Table 3.3.  These results confirm that all 

ring configurations observed in the experimental structures of similar compounds form 

indeed the most stable conformation.  A slight change in the ordering of the relative 

conformational energies is shown for group I.   
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Table 3.3 QM results using Gamess-UK with the 6-31G** basis set and B3LYP DFT functional 

 

 

 

QM T1 (°) T2 (°) T3 (°) ΔE Original  Ring 

tag    (kcal.mol-1) MM tag configuration 

       

oa_01 -55.4 -140.1 176.4 0.00 01 A(1), E(1) 

oa_02 -55.5 23.3 -176.4 0.36 02  

oa_03 58.0 -140.7 176.5 0.39 03  

oa_04 167.7 -140.4 176.4 0.64 05  

oa_05 58.3 22.2 -176.8 0.80 04  

oa_06 168.1 22.0 -176.5 1.02 06  

       

oa_07 -55.4 -147.9 176.3 2.48 16, 23, 28 A(1), E(2) 

oa_08 58.0 36.3 176.3 2.85 25  

oa_09 57.8 -147.2 176.3 2.85 18, 30  

oa_10 -55.7 18.7 -176.5 2.95 17, 22, 29  

oa_11 167.6 -147.0 176.4 3.09 20, 27, 32  

oa_12 58.4 18.7 -176.5 3.34 19, 24, 31  

oa_13 168.1 18.7 -176.5 3.54 21, 26, 33  

       

oa_14 -67.2 69.2 8.7 4.18 8, 13 A(1), E(1) 

oa_15 58.6 69.6 8.7 4.55 10, 14  

oa_16 167.3 68.8 9.3 4.80 12, 15  

oa_17 -55.8 -138.1 -3.7 5.74 07  

oa_18 57.1 -138.4 -3.9 6.15 09  

oa_19 167.4 -138.0 -3.5 6.41 11  

       

oa_20 54.2 -140.3 176.6 5.23 49 A(2), E(1) 

       

oa_21 -56.2 -142.2 -3.3 8.19 34 A(1), E(2) 

 

 

According to the QM calculations, a change in T3 has a larger impact on the 

conformational stability of each conformer than a change in the ring E configuration.  

This is not in agreement with the results of the MM calculations.  This is evidenced in 

the overall results by a re-ordering of the groups, instead of I, II, and III (MM result), it 

now becomes I, III, II.  Examples are between conformers oa_01 and oa_07 as well as 

between conformers oa_01 and oa_17.  Conformers oa_01 and oa_07 differ mostly in 

their ring E configuration, whereas conformers oa_01 and oa_17 differ in their T3 

value.  Conformers oa_07 and oa_17 have relative energies of 2.48 kcal.mol
-1

 and 5.74 

kcal.mol
-1

, respectively.  Unlike MM, the QM calculations suggest that a change from 

ring E(1) to ring E(2) generates a more stable conformer than a change in T3 value from 



 81 

~179° to ~0°.  However, this is not the case for a change in ring A configuration as 

illustrated by conformers oa_03 (group I) and oa_20 (group V).  A conformational 

change of ring A generates conformers with higher energy than a change in ring E as 

well as in T3 value, and this result agrees with the findings obtained with MM 

calculations.   

 

The ESP calculations were performed only for group I conformers.  Table 3.4 shows the 

result for the gas-phase conformational analysis using three different force fields 

(Dreiding 2.21, PCFF, and CVFF) with the ESP charges.  The far right column of the 

table shows the corresponding QM conformer of each force field conformer.  The gas-

phase conformational analysis was only performed for conformers having rings (A)1 

and E(1) as the previous MM and QM calculations have shown that these ring 

configurations are the most stable. 
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Table 3.4 Conformational analysis results using the ESP charges with three different force fields 

(Dreiding, PCFF, and CVFF).   

 

Tag T1 (°) T2 (°) T3 (°) ΔE QM 

     (kcal.mol
-1

) conformer 

Dreiding 2.21 + ESP Charges    

dre-1 57.4 -125.5 179.4 0.00 oa_03 

dre-2
a
 57.4 54.7 -179.4 0.04  

dre-3 57.5 17.5 -178.4 0.85 oa_05 

dre-4 -58.6 -125.5 179.4 1.03 oa_01 

dre-5
 a
  -58.6 54.7 -179.4 1.07  

dre-6 162.7 -125.5 179.3 1.37 oa_04 

dre-7
 a
 162.7 54.7 -179.4 1.40  

dre-8 -58.7 17.4 -178.4 1.89 oa_02 

dre-9 162.7 17.4 -178.4 2.21 oa_06 

dre-10
a
 162.7 -162.0 177.9 2.32  

      

PCFF + ESP Charges    

pc-1 156.0 -127.9 179.2 0.00 oa_04 

pc-2 66.8 -127.9 179.3 0.12 oa_03 

pc-3 156.2 14.5 -179.4 0.28 oa_06 

pc-4 67.1 14.6 -179.4 0.44 oa_05 

pc-5 -56.9 -127.6 179.2 1.01 oa_01 

pc-6 -57.1 14.2 -179.3 1.33 oa_02 

      

CVFF + ESP Charges    

cv-1 54.7 -131.1 179.3 0.00 oa_03 

cv-2 55.0 13.0 -178.8 0.31 oa_05 

cv-3 -41.7 -130.7 179.2 1.07 oa_01 

cv-4 152.7 -131.1 179.2 1.17 oa_04 

cv-5 -42.7 12.8 -178.7 1.39 oa_02 

cv-6 153.3 13.0 -178.8 1.43 oa_06 

 
 
a
 These conformers do not correspond to the previous QM conformers.  

 

 

All the resulting low-energy conformers optimised using three different force fields 

correspond to the six lowest-energy QM conformers (from oa_01 to oa_06).  However, 

the combination of Dreiding and ESP charges locates four additional low-energy 

minima, in comparison with the results of the initial analysis using Gasteiger charges.  

These conformers, which have T2 values of 54.7° or -162.0°, do not correspond with 

any conformers found using PCFF and CVFF.  They were further optimised using the 

QM method to check whether they were also genuine minima according to QM.  Table 

3.5 summarises the optimisation results of the low-energy Dreiding conformations using 
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QM and the results are sorted based on the relative stability of each conformer.  Only 1 

out of the 4 new Dreiding conformers is considered as a true minimum according to the 

QM method.  This conformer is located at 2.1 kcal.mol
-1

 above the global minimum.  

On the contrary, the remaining 3 new Dreiding conformers converged to the already 

found QM minima.   

 

Table 3.5  QM optimisation results of the low-energy Dreiding conformations. 

 

Conformer T1 (°) T2 (°) T3 (°) ΔE  

(kcal.mol
-1

) 

dre-4 -55.4 -140.1 176.4 0.00 

dre-8, dre-5
a
 -55.5 23.3 -176.4 0.36 

dre-1 58.0 -140.7 176.5 0.39 

dre-6 167.7 -140.4 176.4 0.64 

dre-2
a
 , dre-3 63.2 24.3 179.9 0.80 

dre-7
a
, dre-9 167.7 24.4 179.4 1.01 

dre-10
 a,b

 162.7 -161.9 -178.8 2.09 
 

a 
 Additional Dreiding conformation.  

 b
 New QM minimum not discovered in the initial QM 

optimisations. 
 

No MM method with ESP charges reproduces the relative stability ordering predicted 

by the QM method.  The energy gap between the lowest and highest energy conformers 

in group I is predicted to be 1.02 kcal.mol
-1

 for the QM method, and 1.33, 1.43, and 

2.23 kcal.mol
-1

 for the PCFF, CVFF, and Dreiding methods, respectively.  However, the 

ordering of the Dreiding conformers (without its additional 4 conformers) concurs with 

that predicted by CVFF.   

 

To evaluate the accuracy of the molecular geometries obtained with each force field, 

each resulting low-energy conformer was compared to the corresponding QM 

conformer by means of RMS fitting using the Fit Method available in Accelrys 

Materials Studion 4.0 by excluding all hydrogen atoms.  These results are shown in 

Table 3.6.  The fitting results show that low-energy conformers obtained with PCFF and 

CVFF, rather than with Dreiding, have a better geometrical agreement with the 
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molecular structures of QM conformers in the gas phase.  Additionally, the geometries 

obtained with PCFF and CVFF are rather similar.     

 

Table 3.6 RMS fitting between QM and MM low-energy conformations. 

 
Conformera T1 (°) T2 (°) T3 (°) RMS (Å)  

     

oa_01 -55.4 -140.1 176.4 0.0000 

dre-4 -58.6 -125.5 179.4 0.0491 

pc-5 -56.9 -127.6 179.2 0.0109 

cv-3 -41.7 -130.7 179.2 0.0128 

     

oa_02 -55.5 23.3 -176.4 0.0000 

dre-8 -58.7 17.4 -178.4 0.0285 

pc-6 -57.1 14.2 -179.3 0.0245 

cv-5 -42.7 12.8 -178.7 0.0234 

     

oa_03 58.0 -140.7 176.5 0.0000 

dre-1 57.4 -125.5 179.4 0.0503 

pc-2 66.8 -127.9 179.3 0.0120 

cv-1 54.7 -131.1 179.3 0.0137 

     

oa_04 58.3 22.2 -176.8 0.0000 

dre-3 57.5 17.5 -178.4 0.0235 

pc-4 67.1 14.6 -179.4 0.0324 

cv-2 55.0 13.0 -178.8 0.0297 

     

oa_05 167.7 -140.4 176.4 0.0000 

dre-6 162.7 -125.5 179.3 0.0501 

pc-1 156.0 -127.9 179.2 0.0108 

cv-4 152.7 -131.1 179.2 0.0125 

     

oa_06 168.1 22.0 -176.5 0.0000 

dre-9 162.7 17.4 -178.4 0.0242 

pc-3 156.2 14.5 -179.4 0.0282 

cv-6 153.3 13.0 -178.8 0.0268 

 
a 

oa = the QM optimised conformer, dre = the Dreiding optimised conformer, pc = the PCFF optimised 

conformer, cv = the CVFF optimised conformer. 

 

3.4 Conclusions 

Having performed a full gas-phase conformational analysis of OA, all possible low-

energy conformations the molecule may adopt have been located. Using the potential-

derived atomic charges (or ESP) charges, the total number of low-energy conformations 

obtained with PCFF and CVFF is six.  These results are in agreement with the number 

of confomers initially optimised using QM.  The Dreiding force field, on the other hand, 

exhibits four additional low-energy conformers and only one of these four conformers is 

a true minimum according to the QM method.  Excluding these Dreiding additional 
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minima, the relative stability ordering obtained with the Dreiding force field matches 

the ordering found with CVFF.  PCFF and CVFF produce low-energy conformers that 

are geometrically similar to their corresponding QM counterparts.   

 

Both QM and MM methods predict that conformers adopting the experimentally 

observed ring configurations are the most stable.  QM suggests that altering the 

conformation of ring E results in a lower energy change than altering the orientation of 

the OH group associated with torsion 3 (T3).  This is not captured by the molecular 

mechanics methods.   
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CHAPTER 4 

Crystal structure prediction of 1,2,3,4-tetrahydro-9-phenyl- 

sulfonylcarbazole  

 

4.1 Introduction 

In this chapter, a crystal structure prediction (CSP) study of 1,2,3,4-tetrahydro-9-

phenylsulfonylcarbazole (TPSC) is presented on the basis of lattice energy 

minimisation.  Hypothetical crystal packings of TPSC are generated using Monte Carlo 

Simulated Annealing as implemented in the Polymorph Predictor [1,2] module of 

Materials Studio version 4.0 [3].  The lattice energies of all predicted structures are 

calculated and minimised using force field methods.  To improve the results of the 

lattice energy ranking calculated by one of the force fields, some predicted structures 

are further optimised using a dispersion corrected solid state density functional theory 

(DFT) method (or DFT(d) method) [4] that calculates accurate lattice energies suitable 

for application in CSP [5-7].   

 

As part of CSP of a flexible molecule, the conformational flexibility of TPSC has been 

fully explored and discussed in Chapter 2.  Two different force fields and quantum 

mechanical calculations were applied to locate all possible low-energy conformers that 

TPSC may adopt in the gas phase.  For each force field used in CSP, all the low-energy 

conformers will be employed as starting points for crystal structure generation.   

 

4.2 Methodology  

The Polymorph Predictor module [1] in Materials Studio [2] version 4.0 was used to run 

the CSP calculations using the adjusted Dreiding and PCFF force fields [Chapter 2] 

with the potential-derived atomic charges [8].  The predictions were performed using 
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the FINE setting with a modification to one of the parameters in the clustering stage: the 

tolerance setting for comparing structures was reduced to 0.12 from its default setting of 

0.13.  Seventeen space groups were sampled in the polymorph search; 89.9% of the 

available experimental crystal structures in the Cambridge Structural Database (CSD) 

[9,10] are observed in these space groups [2,11].  Based on their occurrence in the CSD, 

these space groups were divided into three groups.  The first group consisted of P21/c 

(35.9%), P-1 (13.7%), P212121 (11.6%), P21 (6.7%), C2/c (6.6%), and Pbca (4.3%).  

The second group was composed of Pnma (1.9%), Pna21 (1.8%), Pbcn (1.2%), P1 

(1%), Cc (0.9%), and C2 (0.9%).  The third group comprised Pca21 (0.8%), P21/m 

(0.8%), C2/m (0.6%), P21212 (0.6%), and P2/c (0.5%).  To ensure a high level of 

confidence in the sampling in each space group, the simulations were conducted five 

times for the first group, four times for the second group, and twice for the last group.  

Each simulation took about five to six days of computing time on a machine with an 

Intel Pentium 4 2.8 GHz processor having an 800 MHz front side bus and 1024 Mb of 

dual channel PC 3200 memory. 

 

The lattice energies of some force field predicted structures were re-minimised and re-

ranked using the DFT(d) method implemented in GRACE version 1.0 [12].  Every 

lattice energy was calculated using the Vienna Ab Initio Software Package (VASP) 

version 4.6 [13-16] complemented with an empirical correction for the dispersion 

interactions by summing an atom-atom pairwise of C6/R
6
 over all atoms [4].   These 

calculations were run on a linux cluster.  Eight of the total of 48 nodes of this cluster 

were allocated to each calculation.   Every node consists of dual 2.8 GHz Intel Xeon 

processors and 2 GB of random access memory. The computing time for each lattice 

energy minimisation of a P21/c unit cell consisting of four molecules was roughly 

between 2 and 5 days of CPU time.   
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4.3 Results and Discussion 

Table 4.1 summarises the experimental data of the two known polymorphs of TPSC, 

DUPTOX and DUPTOX01.  The results of the geometry optimisations using the 

adjusted Dreiding force field (or ADFF) and PCFF with the potential-derived atomic 

charges (calculated earlier in Chapter 2) are also tabulated in the same table.  

Superpositions of the experimental crystal structures with their corresponding force 

field optimised structures are shown in Figure 4.1.     

 

All lattice parameters of the force field optimised crystal structures showed acceptable 

deviations of less than 5% [17] relative to the experimental crystal structures.  The 

largest deviation is observed in the P-1 structure obtained by ADFF.  Its α lattice angle 

is reduced by about 3.64%.  The second largest deviation is found in the PCFF 

optimised structure of the same experimental polymorph.  An increase of 3.61% is 

calculated for the γ angle.  In general, PCFF performs better than ADFF based on the 

lattice parameter deviations as well as the calculated root mean square deviations in 

atomic distances.  The molecular geometry found in the experimental crystal structure is 

generally predicted by PCFF to be in good agreement with the observable molecular 

structures, with the exception of the T1 torsion angle in the Pbca polymorph.  The 

deviation in T1 is more than 16% in the PCFF optimised structure (and more than 27% 

in the ADFF optimised structure).  Experimentally, the molecular conformations of 

TPSC observed in DUPTOX and DUPTOX01 are similar; the only difference is found 

in T1, which is -81.5° and -67.5°, respectively, due to the molecular packing in the 

lattice.  Neither force field, however, is able to capture this dissimilarity.   
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The CSP study using ADFF was conducted based on two conformers (labelled as 

conformer 3 and conformer 4) arising from the previous conformational analysis 

presented in Chapter 2.  The geometries of these conformations have the closest match 

to the conformers calculated by quantum mechanics.  For PCFF, both conformers found 

during the conformational search were used.   

 

Table 4.1.  The quality of the geometry optimisation of the two experimental crystal structures of 

TPSC using different force fields.   

 

Structure
a 

Density Unit cell parameter T1
d
 T2

d
  RMS

f
 

 (g.cm
-3

) a (Ǻ) b (Ǻ) c (Ǻ) α (°) β (°) γ (°) (°) (°) (Ǻ) 

 

CSD
b
 reference DUPTOX (P-1) 

exp
 

1.340 8.14 9.50 10.70 76.55 81.16 74.02 -81.5 -86.8  

adff 1.306 8.18 9.80 10.83 73.76 79.11 73.10 -94.4 -91.9 0.330 

Δ (%)
c
 -2.51 0.45 3.14 1.19 -3.64 -2.53 -1.25 15.8 5.88  

           

pcff 1.350 8.08 9.59 10.50 76.46 81.94 76.70 -82.7 -85.2 0.305 

Δ (%)
c
 0.72 -0.73 0.86 -1.87 -0.12 0.96 3.61 1.47 -1.84  

           

CSD
b
 reference DUPTOX01 (Pbca) 

exp 1.370 9.27 22.07 14.78 90.00 90.00 90.00 -67.5 -87.5  

adff 1.306 9.54 22.26 14.91 90.00 90.00 90.00 -85.9 -88.1 0.306 

Δ (%)
c
 -4.66 2.91 0.87 0.90 0.00 0.00 0.00 27.3 0.69  

           

pcff 1.361 9.32 22.16 14.71 90.00 90.00 90.00 -78.4 -87.4 0.290 

Δ (%)
c
 -0.64 0.57 0.38 -0.44 0.00 0.00 0.00 16.1 -0.11  

 
a
 exp = experimental polymorph, adff = the adjusted Dreiding force field optimised crystal structures, pcff 

= the PCFF optimised crystal structures.  
b
 CSD = Cambridge Structural Database [9,10].  

c
 Deviation in 

the optimised crystal structure relative to the experimental value.  A negative value shows a compression.   
d
 T1 and T2 describe the C-S-N-C and C-C-S-N torsion angles, respectively.  

f
 RMS is calculated using 

the Crystal Packing Similarity tool in Mercury CSD 2.0 [18,19] based on a 16 molecule comparison 

excluding hydrogen atoms.   
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Figure 4.1.  Superposition of the experimental crystal structures (in green) and their corresponding 

force field crystal structures: PCFF (in red) and ADFF (in brown).  The first row is DUPTOX and 

the second row is DUPTOX01.   

 

The number of potential crystal structures generated in 128 simulation runs was more 

than 35000 for each force field using their own two starting conformations.  After the 

clustering stage the number of potential structures was reduced by around 50%.  Table 

4.2 shows the first ten low-energy predicted structures for TPSC using ADFF and PCFF 

with the same potential-derived atomic charges, respectively.  No crystal packing 

corresponding to either experimental crystal packing is found within the lists of the ten 

lowest energy crystal structures shown in Table 4.2.  
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Table 4.2.  The CSP results for TPSC using (a) the adjusted Dreiding force field and (b) PCFF.  

Both force fields apply the same potential-derived atomic charges.   

 

(a) adjusted Dreiding force field optimised structures
a 

Rank Entry ΔE
b 

Density Space  T1
c
 T2

c
  Conf

d 

  (kcal.mol
-1

) (g.cm
-3

) group (°) (°)  

1 dre_01 0.000 1.346 P-1  95.2 93.4 3 

2 dre_02 0.029 1.356 P21/c 97.2 90.9 3 

3 dre_03 0.331 1.331 P21/c 99.9 96.3 3 

4 dre_04 0.508 1.343 P-1  98.6 96.3 3 

5 dre_05 0.512 1.316 P21/c  89.3 79.3 3 

6 dre_06 0.570 1.311 P21/c  100.9 104.1 3 

7 dre_07 0.828 1.337 P21/c  89.1 78.5 3 

8 dre_08 0.841 1.326 P212121 99.4 97.3 3 

9 dre_09 0.881 1.322 P-1  96.1 92.3 3 

10 dre_10 0.905 1.338 P21/c 95.7 92.6 3 

        

80 dre_80 1.895 1.306 P-1 -94.3 -91.9 4 

963 dre_963 3.958 1.306 Pbca -85.9 -88.1 4 

        

(b) PCFF optimised structures
a
 

Rank Entry ΔE
b
 Density Space  T1

c
 T2

c
  Conf

d 

  (kcal.mol
-1

) (g.cm
-3

) group (°) (°)  

1 pcf_01 0.000 1.374 P21/c  99.9 105.2 5 

2 pcf_02 0.696 1.371 Pbcn 88.4 81.6 5 

3 pcf_03 0.800 1.394 P-1  94.5 94.7 5 

4 pcf_04 0.833 1.403 P21/c  98.9 90.6 5 

5 pcf_05 0.874 1.358 P-1  98.0 95.4 5 

6 pcf_06 0.886 1.373 P21/c  99.7 96.0 5 

7 pcf_07 0.954 1.373 P21/c  86.4 84.3 5 

8 pcf_08 0.987 1.362 Pbca 100.4 88.7 5 

9 pcf_09 1.005 1.364 P-1  -95.8 -92.6 6 

10 pcf_10 1.087 1.370 P21/c  87.3 82.4 5 

        

75 pcf_75 1.729 1.350 P-1  -82.7 -85.1 6 

190 pcf_190 2.190 1.361 Pbca -78.4 -87.4 6 

 
a
 Crystal packings corresponding to the experimental polymorphs are written as boldfaced.  

b 
Relative 

energy difference between the predicted structure and the global minimum.  
c
 T1 and T2 describe the C-S-

N-C and C-C-S-N torsion angles, respectively.  
d
 The starting conformation used to generate the crystal 

packing.   

 

In the lists of plausible crystal structures, both force fields have found that the P-1 

polymorph is located about 1.7-1.9 kcal.mol
-1 

close to their global minima compared to 

the Pbca polymorph.  With energy differences of 1.90 kcal.mol
-1

 (for ADFF) and 1.73 

kcal.mol
-1

 (for PCFF), the P-1 form is ranked 80 and 75 according to ADFF and PCFF, 

respectively.   
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The lattice energy of the Pbca form is inaccurately calculated using ADFF.  A packing 

arrangement corresponding to the experimental crystal structure is found as the 963
rd

 

structure, less stable than the global minimum by almost 4 kcal.mol
-1

.  The result 

obtained with PCFF is better.  PCFF computes an energy difference of 2.19 kcal.mol
-1

 

between the observed structure and the predicted global minimum.  The structure is 

found as the 190
th

 stable structure.  Furthermore, PCFF has found that the energy gap 

between the experimental polymorphs is 0.46 kcal.mol
-1

, an acceptably small value 

compared to the one calculated with ADFF, 2.06 kcal.mol
-1

.   

 

The attempt to improve the original Dreiding force field (as presented in Chapter 2) to 

describe this compound has resulted in a force field which is not sufficiently accurate 

for use in CSP.  Some bonded parameters describing the SO2 moiety had been added to 

the force field but only to improve the molecular geometry of the compound in the gas 

phase.  No consideration was taken regarding the impact of the added parameters on the 

energetics of the molecule in both gas and solid phases.   

 

At this stage, it is fair to say that the CSP study of TPSC is not successful using either 

ADFF or PCFF.   Neither of the force fields has calculated the observable known 

polymorphs as the most stable structure or even near the global minimum.  Even though 

both force fields are able to model the geometries of the experimental polymorphs, the 

energetics of those structures are poorly described.  The inability of the force fields to 

describe the relative stabilities of the experimental polymorphs is probably due to the 

presence of the sulphonamide functional group in the molecule.   
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The challenge posed by this molecule is similar, to some extent, to one of the 2001 

blind test compounds, molecule VI [20].  Both molecules have two flexible torsional 

degrees of freedom and a sulphonamide functional group.  The prediction of molecule 

VI was further complicated by its ability to adopt cis and trans configurations and form 

many hydrogen bond network possibilities.  None of the blind test participants predicted 

the experimental crystal structure correctly.  In the post-analysis study of the extended 

lists of crystal structures generated by some participants [20], the experimental crystal 

structure had been located as high-energy structures located within 1.6-7.8 kcal.mol
-1

 

above their global minima.   

 

The eighty low-energy structures of the PCFF prediction (including the 190
th

 ranked 

structure corresponding to the experimental Pbca polymorph) were re-optimised and re-

ranked according to their lattice energies with the DFT(d) method.  The results are 

summarised in Table 4.3.  The DFT(d) method has predicted one of the known 

polymorphs, the Pbca form, as the global minimum.  The other polymorph is found as 

the 14
th

 lowest energy structure.  Despite the fact that the crystal re-optimisation was 

conducted only on a limited number of the force field structures, it shows promising 

results.  The application of the DFT(d) method in the lattice energy calculations has 

demonstrated a major improvement in describing the energetics of the experimentally 

known crystal structures of TPSC.   
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Table 4.3  Lattice energies of the 14 lowest energy PCFF predicted structures using the DFT(d) 

method.   

 

Rank Entry
a
 ΔE

b
 Density Space  Conf

c
 

  (kcal.mol
-1

) (g.cm
-3

) group  

 
 
 

 
a
 The entry corresponds to the entry found in the list of the PCFF predicted structures.  Crystal packings 

corresponding to the experimental polymorphs are written as boldfaced.  
b
 Relative energy difference 

between the predicted structure and the global minimum. 
c
 The starting conformation used to generate the 

crystal packing.   

 

In addition to predicting the solid state energetics correctly, the geometries of both 

polymorphs are also well reproduced as quantified in Table 4.4 and illustrated by Figure 

4.2.  It clearly outperforms the previous force fields.  All lattice parameters deviate in 

the range of 0.11%-1.58%.  Moreover, the RMS deviations for the DFT(d) optimised 

structures are significantly lower than the force field optimised structures.  The 

difference in the T1 torsion angles between molecular conformations in both 

polymorphs is also captured by the DFT(d) method.   
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Table 4.4  The geometrical quality of experimental polymorphs of TPSC optimised using the 

DFT(d) method 

 

Structure
a
 Density Unit cell parameter T1

d
 T2

d
  RMS

f
 

  (g.cm
-3

) a (Ǻ) b (Ǻ) c (Ǻ) α (°) β (°) γ (°) (°) (°) (Ǻ) 

CSD
b
 reference DUPTOX (P-1) 

exp 1.340 8.14 9.5 10.7 76.55 81.16 74.02 -81.5 -86.8  

dft(d) 1.357 8.01 9.56 10.62 76.13 80.95 75.10 -82.2 -87.3 0.144 

Δ (%)
c
 1.27 -1.58 0.68 -0.77 -0.55 -0.25 1.46 0.86 0.58  

           

CSD
b
 reference DUPTOX01 (Pbca) 

exp 1.370 9.27 22.07 14.78 90.00 90.00 90.00 -67.5 -87.5  

dft(d) 1.375 9.22 22.10 14.76 90.00 90.00 90.00 -68.5 -86.3 0.079 

Δ (%)
c
 0.36 -0.55 0.14 -0.11 0.00 0.00 0.00 1.48 -1.37  

 
a
 exp = experimental polymorph, dft(d) = the DFT(d) optimised crystal structure. 

b
 CSD = Cambridge 

Structural Database [9,10].  
c
 Deviation in the optimised crystal structure relative to the experimental 

value.  A negative value shows a compression.  
d
 T1 and T2 describe the C-S-N-C and C-C-S-N torsion 

angles, respectively.  
f
 RMS is calculated using the Crystal Packing Similarity tool in Mercury CSD 2.0 

[18,19] based on a 16 molecule comparison excluding hydrogen atoms.   

 

All ten low-energy structures generated using ADFF contain conformer 3, whereas both 

experimental crystal structures contain conformer 4 as shown by Table 4.2.  Likewise, 

most of the 10 predicted PCFF crystal structures have conformer 5 but the experimental 

structures have conformer 6.  These observations differ from the optimisation results 

obtained using the DFT(d) method for some of the PCFF optimised structures, as 

tabulated by Table 4.3.  The first ten low-energy DFT(d) optimised crystal structures are 

not populated by one particular conformation.  In the conformational analysis study of 

the molecule (Chapter 2), the energy ranking of the conformers resulted from 

minimisation using either of the force fields and the quantum mechanics (QM) method 

are not in agreement with each other.  Taking conformers 5 and 6 from the PCFF 

results, for example, QM considers conformer 6 to be more stable than conformer 5.  

Assuming that the QM results are more reliable than the force field results, the force 

fields fail to describe the energetics of the single molecule correctly.  Consequently, for 

this compound, the low-energy force-field predicted crystal structures are dominated by 



 97 

packings that contain the most stable force-field conformers: conformers 3 and 5 for 

structures generated using ADFF and PCFF, respectively.   

 

 

 

 

Figure 4.2.  Superposition of the experimental crystal structures (in green) and their corresponding 

DFT(d) optimised crystal structures (in blue).  The first row is DUPTOX and the second row is 

DUPTOX01.   

 

The relative energy difference for observed polymorphs is usually in the range of 0-10 

kJ/mol (or up to around 2.4 kcal/mol) [21].  In the work presented here, the energy 

differences between the predicted DUPTOX and DUPTOX01 structures using the force 

fields are 2.07 kcal.mol
-1

 for ADFF and 0.46 kcal.mol
-1

 for PCFF.  Even though the 

force fields results are consistent with the statement above, their errors have to be 

considered.  The DFT(d) method has calculated an energy gap of 0.66 kcal.mol
-1

 (or 
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0.017 kcal.mol
-1

 per atom) between the polymorphs.  This energy gap is considerably 

higher in comparison to a CSP study investigating the relative packing stabilities 

between the experimental polymorphs of some blind test compounds using the same 

method: 0.12 kcal.mol
-1

 (or 0.008 kcal.mol
-1

 per atom) for molecule I, 0.05 kcal.mol
-1

 

(or 0.006 kcal.mol
-1

 per atom) for molecule IV, and 0.2 kcal.mol
-1

 (or 0.008 kcal.mol
-1

 

per atom) for molecule VI [7].  

 

Some DFT(d) optimised structures are calculated to have higher packing stabilities than 

the P-1 polymorph.  At present, the DFT(d) method cannot be used reliably in 

polymorph prediction since it only calculates the lattice energy of a given structure.  In 

order to become applicable in the discrimination between polymorphs, the Gibbs free 

energies of the crystal structures are required, taking into account factors such as 

thermal energy, zero point energy and entropic contributions.   

 

Previous CSP studies based on DFT(d) calculations have proven to be successful and 

reliable in discriminating the experimental crystal lattice as the most stable structure  

[4-7].  The DFT(D) result may be used to roughly estimate the errors presented by the 

force fields.  The Pbca form is ranked as the more stable structure using the DFT(d) 

method.  None of the force fields describe this correctly.  They consider this form as a 

high-energy structure.  Based on the comparison between the force field and the DFT(d) 

results, errors of at least 4 kcal.mol
-1

 and 2 kcal.mol
-1 

are presented by ADFF and PCFF, 

respectively, in their lattice energy calculations.   
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4.4 Conclusions 

The CSP calculations based on the force field methods in this study are able to locate 

the two polymorphs of TPSC.  The experimental crystal structures are also adequately 

modelled using the adjusted Dreiding force field (or ADFF) and PCFF.  These force 

fields, however, are not sufficiently accurate to calculate the solid state energetics of 

TPSC.  This is presumably due to the presence of the sulphonamide functional group in 

the molecule, which is difficult to describe accurately with a force field.  The P-1 

polymorph is located as the rank 80
th

 and the rank 75
th

 structure according to ADFF and 

PCFF, respectively, located at 1.90 kcal.mol
-1 

and 1.73 kcal.mol
-1 

above their global 

minima.  For the Pbca polymorph, both force fields have calculated its crystal packing 

to be less stable than the P-1 polymorph.  This polymorph is found at rank 963
rd

 (3.96 

kcal.mol
-1

 above the global minimum) using ADFF and at rank 190 (2.19 kcal.mol
-1

 

above the global minimum) using PCFF.  Energy differences of 2.07 kcal.mol
-1

 and 

0.46 kcal.mol
-1

 are calculated between the experimental polymorphs using ADFF and 

PCFF, respectively.   

 

The application of the DFT(d) method in re-minimising and re-ranking some of the 

PCFF structures has improved the CSP result significantly.  One of the experimentally 

observable structures, the Pbca form, has been found as the most stable structure.  In 

addition to predicting the energetics correctly, the DFT(d) method has also successfully 

reproduced the geometries of the experimental crystal structures.  A DFT(d) energy gap 

of 0.66 kcal.mol
-1

 is calculated between both experimental structures.  For a true 

understanding of the stabilities of polymorphs as a function of temperature and pressure, 

the Gibbs free energy is required.  In addition to the lattice energy provided by the 

DFT(d) method, this requires terms such as thermal energy, zero point energy and 

entropic contributions.   
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CHAPTER 5 

Crystal structure prediction of oleanolic acid  

 

5.1 Introduction  

This chapter presents a theoretical study investigating the possible crystal packings of 

oleanolic acid (OA).  The conformational flexibility of this compound has been 

explored earlier in chapter 3 using molecular mechanics and quantum mechanics.  For a 

compound exhibiting two or more torsional degrees of freedom, a full flexibility 

analysis is necessary to locate all possible conformations it may have in the gas phase 

[1-3] prior to Crystal Structure Prediction (CSP) of the compound.  Every low-energy 

conformer discovered in the conformational analysis will be employed during the initial 

stage of the prediction (the search of possible crystal packing) in order to obtain a wide 

range of crystal structures with different molecular conformations in the crystal lattices 

[4].  In this study, a list of hypothetical crystal structures is generated based on the 

Monte Carlo Simulated Annealing algorithm implemented in the Polymorph Predictor 

[4, 5] of Materials Studio 4.0 [6].  A force field is used to calculate, as well as to 

minimise, the lattice energies of the generated structures.   

 

The study presented here is an attempt to solve the experimental crystal packing of OA 

assisted with some limited powder X-ray diffraction data (PXRD).  The experimental 

PXRD was determined from a sample containing needle shaped crystals and the quality 

of the data is insufficient to extract information related to the lattice parameters of the 

reduced unit cell [7].  Thus, in this study, the diffraction patterns of the low-energy 

predicted structures are calculated and then compared visually with the experimental 

patterns in an attempt to „decipher‟ the crystal packing for this compound.   
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5.2 Methodology  

A total of six CVFF optimised conformers of OA [Table 3.4 in Chapter 3] were 

employed in the structure generation of energetically feasible crystal packings using the 

computational method implemented in the Polymorph Predictor [4, 5] of Materials 

Studio 4.0 [6].  The combination of CVFF [8-10] and potential-derived atomic (or ESP) 

charges [11] was used to calculate and minimise the lattice energy of each generated 

structure.  The CSP using the Polymorph Predictor was performed using a FINE setting 

with a modification to one of the parameters in the clustering stage; the tolerance 

number was reduced from 0.13 to 0.12.  Hypothetical crystal structures were sampled in 

three space groups (P212121, P21, and P1) restricted to a single molecule in the 

crystallographic asymmetric unit, Z’= 1.  To ensure a required level of confidence that 

the most stable crystal lattice had been located during the search, the structure 

generation for every conformation was repeated four times.  Each CSP step consumed 

around 20 hours of computer time on a machine with an Intel Pentium 4 2.8 GHz 

processor having an 800 MHz front side bus and 1024 Mb of dual channel PC 3200 

memory.  The total computing time to calculate the plausible crystal structures, 

followed by the minimisation of their lattice energies, was roughly 480 CPU hours.   

 

5.3 Results and Discussion 

The CVFF force field was selected over the other two force fields (PCFF and Dreiding) 

based on the results of the conformational analysis presented earlier in Chapter 3, and 

lattice energy minimisations of compounds similar to OA (to be discussed shortly in the 

following paragraph).  As concluded in Chapter 3, the molecular geometries of the 

CVFF and PCFF conformers are in good agreement with the quantum mechanics (QM) 

results, as opposed to the Dreiding conformers.  However, no agreement is observed in 
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the relative stabilities between the low-energy conformers predicted by these force 

fields and those predicted by quantum mechanics.   

 

To further evaluate the choice of the force field to be applied in the structure prediction 

of OA, the experimental crystal packings of compounds structurally similar to OA as 

shown by Figure 5.1 were optimised using the three force fields and the ESP charges.  

Table 5.1 summarises the results of the lattice energy minimisations.  Superpositions of 

the experimental and the corresponding force field optimised crystal structures of these 

compounds are illustrated by Figure 5.2.   

 

a) b)

c)

d)

 

 

 

Figure 5.1  Molecular diagrams of (a) oleanolic acid, OA, and compounds similar to it found in the 

CSD (b) PUYYOX, (c) HEDGEN, and (d) TARDEV. 
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Table 5.1 Lattice parameter deviations of the optimised crystal structures relative to the 

experimental crystal structures of compounds structurally similar to OA.   

 

 

Force field 

 

CSD  

reference 
a
 

Δa  

(%)
b 

Δb  

(%)
b
 

Δc  

(%)
b
 

Dreiding HEDGEN 2.27 2.28 0.84 

 PUYYOX -1.50 6.25 2.86 

 TARDEV 0.01 5.26 2.32 

     

PCFF HEDGEN 0.66 -2.11 -0.09 

 PUYYOX -1.30 0.82 -0.03 

 TARDEV 0.10 -1.24 0.35 

     

CVFF HEDGEN -0.01 -1.79 2.23 

 PUYYOX -2.23 1.15 1.38 

 TARDEV 0.10 -1.24 0.35 

 
a
 CSD stands for Cambridge Structural Database [12].  All of the compounds crystallised in the P212121 

space group and thus, α = β = γ = 90°.  
b
 A positive value indicates an expansion.   

 

The calculations were performed to asses the ability of each force field in reproducing 

the experimental crystal structures of these compounds.  The table shows the deviations 

of the force field optimised lattice parameters from experiment.  In general, both PCFF 

and CVFF are in better agreement with the experimental lattices of these compounds 

compared to the Dreiding force field.  The lattice parameters predicted by PCFF and 

CVFF deviate from the experimental values within the range of 0.01% - 2.23%.  Large 

discrepancies between the optimised and the experimental structures are obtained for 

the optimisation of PUYOX and TARDEV using the Dreiding force field.  The b lattice 

parameters expand by about 6.3% (for PUYYOX) and 5.3% (for TARDEV) from their 

experimental values.   
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Figure 5.2  Superposition of the experimental crystal structures of compounds similar to OA (in 

blue) with their optimised crystal structures calculated using the Dreiding (in green), PCFF (in 

red), and CVFF (in purple) force fields.  Their experimental crystal structures are stored in the 

CSD with the reference codes (a) HEDGEN, (b) PUYYOX, and c) TARDEV.  All overlays are 

viewed along the lattice a vector.   

   

 

(a) 

(b) 

(c) 
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 The CSP simulation of OA was limited to three space groups (P212121, P21, and P1) 

considering the sheer size of the molecule (81 atoms), its degrees of freedom, and the 

available computer resources.  Performing CSP in only these space groups usually 

should be sufficient for a pure enantiomorph [13].  Starting from six low-energy 

conformers (see Table 3.4 in Chapter 3), a total of 2305 unique possible crystal 

packings were proposed within an energy range of less than 9  

kcal.mol
-1 

using CVFF.  Table 5.2 summarises the results for the twenty lowest-energy 

crystal structures ranked according to their relative lattice energies.  Figure 5.3 depicts 

the crystal energy landscape of the molecule.  As shown by the CSP results, a relatively 

big energy gap of more than 0.8 kcal.mol
-1

 is calculated between the most stable and the 

second most stable structures.  The global minimum crystal structure is accessible for 

most of the conformers, except conformers 2 and 6.  Most of the proposed crystal 

structures may be obtained from more than one starting molecular conformation.  Only 

a few of them, such as the rank 15
th

 structure, are found to originate from a single 

conformer.   

 

The results show that more than 200 low-energy structures are predicted to pack 

favourably in either P212121 or P21 space groups.  The lowest energy P1 structure was 

found at rank 229 with an energy difference of 5.53 kcal.mol
-1

 from the global 

minimum.  Most P212121 or P21 crystal structures have networks of hydrogen bonds 

contributing to the stabilisation of the crystal lattice, which explains why these space 

groups were favourable.  The hydroxyl group attached to ring A and the carboxyl group 

on ring E (see Figure 3.3 in Chapter 3) are responsible for the formation of the hydrogen 

bond.   
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Figure 5.3  Crystal energy landscape of OA with Z’=1. 
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Table 5.2  CSP results of the twenty lowest-energy predicted crystal packings of OA using CVFF 

and the potential-derived atomic charges.   

 

Rank Space  Density ΔE
a
 T1 T2 Conf

b
 S

c
 

 group (g.cm
-3

) (kcal.mol
-1

) (°) (°)   

1 P212121 1.229 0.000 -9.2 -122.6 1 3 4 5  3 

2 P21 1.220 0.822 52.5 -123.5 1 3 4 1 

3 P212121 1.214 1.325 175.0 -128.2 1 3 4 4 

4 P212121 1.242 1.366 -11.1 -119.9 1 3 4 5 3 

5 P212121 1.225 1.482 57.5 -115.5 1 3 4  1 

6 P21 1.229 1.833 64.3 18.5 1 2 3 5 6 2 

7 P212121 1.234 1.863 156.5 26.4 2 6  6 

8 P212121 1.252 2.009 80.1 -126.7 1 3 4  1 

9 P212121 1.261 2.084 153.3 -25.0 2 3 4 5 6 6 

10 P21 1.246 2.094 65.5 -126.0 1 3 4  1 

11 P212121 1.260 2.116 69.9 -25.1 2 4 5 6 2 

12 P212121 1.260 2.120 71.4 -126.9 1 3 4 1 

13 P212121 1.286 2.160 -59.2 -12.4 3 5 6 5 

14 P212121 1.224 2.206 75.0 3.3 2 5 6 2 

15 P21 1.216 2.244 161.5 -125.8 4 4 

16 P212121 1.192 2.377 54.5 -145.2 1 3 4 1 

17 P212121 1.218 2.434 64.4 -153.2 1 3 4 1 

18 P212121 1.279 2.476 60.0 57.8 2 5 6 2 

19 P212121 1.225 2.490 62.4 14.9 2 5 6 2 

20 P212121 1.253 2.539 57.3 -122.3 1 3 4 1 

 

a
 ΔE is the relative energy compared to the global minimum.  

b
 Conf refers to the CVFF conformer(s) 

from which the crystal structure can be predicted. See Table 3.4 in Chapter 3 for the list of the CVFF 

conformers. 
c
 S shows which low-energy conformer is closest, in geometric terms, to the molecular 

geometry observed in the predicted packing.   
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To identify whether the experimental crystal structure had been sampled during the 

structure generation, powder X-ray diffraction (or PXRD) patterns of the 100 lowest-

energy predicted polymorphs were simulated using the Reflex module in Materials 

Studio 4.0 [6].  Every simulated PXRD was then compared visually with the available 

PXRD obtained experimentally. The comparison between the experimental and the 

simulated PXRD of the ten lowest energy structures is shown by Figure 5.4.  No match 

was found between the experimental data and the simulated PXRD (in particular for 

peaks between 5-10 of the 2-theta value) within the energy range of 4.61 kcal.mol
-1

 

above the global minimum.  This energy window is relatively large considering that an 

energy cut-off of around 3 kcal.mol
-1 

is usually applied in practice to limit the number 

of proposed structures [4].   
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Figure 5.4  Comparisons of the x-ray powder diffraction data between the experimental 

measurement and the simulated patterns of the first 10 low-energy predictions.   
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The search for the crystal packing alternatives of OA was extended by considering an 

additional independent molecule in the asymmetric unit.  To see the feasibility in 

performing the prediction with Z‟=2, the simulation was conducted using the following 

combinations of starting molecular conformations: 1-1, 1-2, 1-3, and 2-2 (see Table 3.4 

in Chapter 3 for the list of CVFF conformers).  Ideally, all possible combinations of 

pairs of molecular conformations should be considered, resulting in 15 possibilities, 

which would have been too time consuming.  Each run consumed 6-7 days of 

computing time and was repeated three times.  The CSP with Z‟ = 2 and the calculation 

and minimisation of the lattice energies of the generated crystal structures in the three 

space groups took almost 3 months of computing time.  The predictions are summarised 

visually in Figure 5.5.  As expected, additional low-energy structures were located 

during the structure generation.  A new structure more stable than the previous global 

minimum was found.  It is calculated to be 0.53 kcal.mol
-1

 more stable and is denser 

than the previous rank 1 structure.  The PXRD of each new structure was then simulated 

and compared with the experimental PXRD.  However, none of the new structures 

showed simulated diffraction patterns which were similar to the experimental data.   
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Figure 5.5  Crystal energy landscape of OA with Z’=1 and Z’=2. 
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New low-energy minima were generated in every run with Z’=2, indicating that the 

sampling has not been complete.  In practice, the simulation has to be repeated several 

times until all structures have been found at least twice to be confident that the search is 

complete.  If each run were repeated 4 times, the calculation would consume about a 

month of CPU time.  Furthermore, to perform the calculation thoroughly, all 15 possible 

pair-wise combinations of low-energy conformers should be taken into account.  This 

means that the total CPU time spent on structure generation and lattice minimisation 

would be roughly 15 months on a single core CPU.  This is clearly beyond the scope of 

the present project and the CSP was not extended to additional conformers or a more 

thorough consideration of the crystal structure generation.   

 

The investigation of the crystal packing of OA has not found a crystal structure which 

satisfactorily explains the observed powder diffraction pattern.  A list of possible crystal 

structures has been generated in the most common chiral space groups.  Each structure 

represents a minimum on the potential lattice energy hypersurface of the compound.   In 

an ideal situation, the diffraction pattern simulated for the global minimum or one of the 

low-energy local minima on the hypersurface would match the experimental data.  

Unfortunately, a crystal structure corresponding to the experimental packing is missing 

from the list of proposed structures.   

 

There are three possible explanations as to why the experimental structure is absent.  

One of them is the possibility that the compound may crystallise in an „exotic‟ and less 

statistically probable space group that has not been taken into account during the 

simulation. The three space groups considered in this study (P212121, P21, and P1) were 

selected because for the structure prediction of enantiomorph compounds [13], it is 
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usually sufficient to sample the crystal structures in these space groups.  Hence, it was a 

logical restriction.   

 

The second reason is that the experimental crystal structure may be found in one of the 

three given space groups but may contain more than one independent molecule in the 

unit cell, Z’ > 1.  As demonstrated by the simulation, performing a thorough calculation 

with Z‟ = 2 poses a great computational challenge.   

 

The third reason is that the experimental conformation of OA may not have been 

considered.  Subsequent to this CSP study using CVFF, it was found that one of the 

low-energy Dreiding conformers (dre-10 in Table 3.4 of Chapter 3) could be optimised 

using quantum mechanics to a low-energy minimum on the conformational energy 

landscape of OA.  This particular minimum is not present when using CVFF or PCFF, 

and hence was not considered in the CSP presented in this chapter.  It may therefore be 

possible that the molecule in the experimental crystal structure adopts a geometry 

similar to this newly discovered conformation and crystallises in one of the three space 

groups with Z’ = 1  

 

5.4 Conclusions 

The experimental crystal structure of OA has NOT been successfully predicted in this 

study using a simulated annealing Monte Carlo algorithm as implemented in the 

Polymorph Predictor and using CVFF with potential-derived atomic charges.  No 

minimum on the lattice energy hypersurface is found to have a simulated PXRD similar 

to the experimental PXRD.  This may be attributed to the possibility that (i) the correct 

space group has not been sampled during the search, (ii) the compounds may pack 

themselves in a crystal lattice having more than one molecule in the asymmetric unit,  
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Z’ > 1, or (iii) the correct molecular conformation has not been considered in this CSP 

study. 
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CHAPTER 6 

Revisiting the blind tests in crystal structure prediction: 

accurate energy ranking of molecular crystals 

6.1 Introduction 

6.2 Methodology  
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6.3 Results and Discussion 
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Categories (i) Rigid (ii) Less common elements (iii) Flexible

Molecule I
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Figure 6.1  Summary of results from the first three blind tests. The number of successful predictions and the number of participants attempting predictions is given for 

each compound. * = Two polymorphs were found experimentally, and the structures were determined. One structure, the Pbca form, was considered metastable, and 

predicted by four participants. The other structure, the P21/c form, was considered stable, and was not predicted by any group. ** = The predictions were not blind (a 

partial crystal structure had been reported prior to the blind test, which was discovered halfway through CSP2004) [3].   
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Figure 6.2  Superpositions of experimental crystal structures (blue) and their corresponding 

DFT(d) optimised structures (green): a) I_1, b) I_2, c) II, d) III, e) VII, f) IV, g) V, h) VI, i) VIII, j) 

X, and k) XI.  Each comparison is shown from two different angles. 
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Figure 6.2  (continued)  

h) 

i) 

j) 

k) 



 123 

Table 6.1  Lattice optimisation results of the original experimental crystal structures using the 

DFT(d) method.    

 

-0.76 0.49 0.22 0.06 0.00 

1.278 4.97 10.04 9.81 90.98 

-3.46 0.37 1.90 1.32 0.45 

1.494 7.53 8.33 9.11 103.19 

0.30 0.13 0.00 0.60 0.96  

1.309 6.80 7.71 21.64 96.49 
-1.43 -0.64 1.06 1.03 0.04 

1.383 7.63 10.50 9.23 95.54 

3.34 -0.88 -1.07 -1.19 0.54 

1.633 7.15 10.62 15.66 90.00 
1.66 -1.53 -0.22 0.20 0.00 

1.454 8.54 9.00 14.84 87.92 

-0.71 3.54 0.39 -1.69 -3.60 

-3.24 1.12 1.29 0.65 -0.23 

-0.59 -3.99 0.94 1.55 -0.88 

-0.07 0.28 -0.10 -0.11 -0.18 

0.10 1.65 -1.81 1.51 1.33 
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Table 6.2  Energy rankings obtained by lattice optimisations of the CSP1999 structures using the 

DFT(d) method. 

 
  density Δdft(d).Eb   density Δdft(d).Eb 

rank entrya (g·cm-3) (kcal·mol-1) rank entrya (g·cm-3) (kcal·mol-1) 

  Molecule I     

1 exp_1, gsd_1, v-L_1, wil_1 1.270 0.000 13 moo_3 1.259 0.577 

2 exp_2 1.278 0.111 14 amm_1, pri_2 1.251 0.617 

3 van_3 1.277 0.118 15 gsd_2, mot_1 1.234 0.631 

4 wil_2 1.258 0.309 16 lom_3 1.236 0.684 

5 gsd_3 1.264 0.330 17 v-L_3 1.229 1.006 

6 moo_1, pri_1, smd_3 1.233 0.417 18 hof_2, hof_3 1.221 1.249 

7 moo_2 1.256 0.427 19 van_2 1.245 1.314 

8 v-L_2 1.248 0.434 20 lom_1, smd_2 1.161 1.438 

9 smd_1 1.268 0.447 21 amm_3, lom_2 1.245 1.456 

10 amm_2 1.235 0.449 22 mot_2 1.213 1.482 

11 hof_1 1.260 0.512 23 van_1 1.244 1.508 

12 pri_3 1.246 0.524 24 mot_3 1.211 1.675 

        

  Molecule II     

1 pri_1, smd_1, wil_2 1.494 0.000 11 lom_3 1.501 1.922 

2 exp, v-L_2 1.494 0.011 12 lom_2 1.449 2.730 

3 v-L_3 1.503 0.013 13 lom_1, mot_3 1.422 2.877 

4 v-L_1 1.491 0.042 14 smd_3 1.475 2.892 

5 pri_2 1.500 0.260 15 smd_2 1.529 3.017 

6 wil_1 1.457 0.481 16 amm_1 1.532 4.898 

7 hof_1 1.461 0.699 17 hof_2 1.432 5.078 

8 mot_1 1.428 0.745 18 amm_2 1.529 6.039 

9 mot_2 1.442 0.811 19 amm_3 1.535 6.890 

10 pri_3 1.432 1.410 20 hof_3 1.511 7.230 

        

  Molecule III     

1 exp, moo_1, van_1 1.311 0.000 13 v-L_1 1.305 1.516 

2 wil_2 1.285 0.138 14 gsd_1 1.287 1.618 

3 pri_1, pri_3, wil_1 1.294 0.193 15 mot_3 1.226 1.686 

4 moo_2 1.272 0.551 16 amm_3 1.282 1.772 

5 v-L_2 1.300 0.952 17 v-L_3 1.291 1.891 

6 van_3 1.260 0.987 18 smd_1 1.284 1.901 

7 lom_1 1.260 1.022 19 amm_1 1.288 2.025 

8 amm_2, pri_2, van_2 1.293 1.076 20 gsd_2, hof_1 1.248 2.044 

9 mot_2, smd_2 1.285 1.217 21 lom_2 1.270 3.108 

10 smd_3 1.291 1.266 22 mot_1 1.238 3.455 

11 moo_3 1.271 1.334 23 hof_2 1.213 4.558 

12 lom_3 1.264 1.414 24 hof_3 1.230 4.882 

        

  Molecule VII     

1 exp, moo_1 0.784 0.000 8 van_3 0.780 0.134 

2 wil_1 0.785 0.024 9 lom_1 0.775 0.219 

3 wil_2 0.778 0.046 10 lom_2 0.769 0.232 

4 van_2 0.777 0.052 11 v-L_2 0.770 0.279 

5 moo_2 0.775 0.066 12 mot_1 0.761 0.297 

6 mot_3, v-L_1, van_1 0.781 0.090 13 mot_2 0.762 0.316 

7 moo_3 0.776 0.108 14 lom_3 0.723 0.786 

 
a
 Each subtable shows the optimised crystal structures starting from the experimental structure as well as 

from the predictions made by the CSP1999 participants.  Bold font represents entries that correspond to 

the experimental structures.  Every three-character abbreviation in the entries stands for one of the 

following: exp = experimental, amm = Ammon, gsd = Gavezzotti, Schweizer, & Dunitz, hof = Hofmann, 

lom = Lommerse, moo = Mooij, mot = Motherwell, pri = Price, smd = Schmidt, van = van Eijck, v-L = 

Verwer & Leusen and wil = Williams. 
 b

 Δdft(d).E is the relative DFT(d) energy between the optimised 

crystal structure and the global minimum.  
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Table 6.3  Energy rankings obtained by lattice optimisations of the CSP2001 structures using the 

DFT(d) method. 

  density Δdft(d).Eb   density Δdft(d).Eb 

rank entrya (g·cm-3) (kcal·mol-1) rank entrya (g·cm-3) (kcal·mol-1) 

  Molecule IV     

1 exp, leu_3, moo_2 1.383 0.000 12 mot_1 1.306 1.601 

2 

 

amm_1, erk_2, leu_1, moo_1, smd_1, 

srg_1, van_1, ver_2, wil_1 

1.372 

 

0.549 

 

13 

14 

s-d_2 

pri_1 

1.325 

1.339 

1.824 

1.856 

3 amm_2 1.347 0.859 15 dzy_2, smd_3 1.313 2.004 

4 amm_3 1.347 1.162 16 hof_1, hof_3 1.302 2.021 

5 mot_2 1.317 1.250 17 leu_2, van_2 1.329 2.213 

6 lom_3, ver_3 1.278 1.257 18 s-d_1 1.328 2.308 

7 

 

erk_3, moo_3, mot_3, pri_3, smd_2,  

srg_2, lom_2 

1.319 

 

1.271 

 

19 

20 

s-d_3 

dzy_3 

1.297 

1.258 

2.372 

2.396 

8 wil_2 1.333 1.451 21 wil_3 1.248 2.453 

9 lom_1 1.349 1.477 22 hof_2 1.292 2.544 

10 pri_2 1.308 1.561     

11 dzy_1, erk_1, ver_1, van_3 1.321 1.590     

        

  Molecule V     

1 leu_1, moo_1, ver_2 1.693 0.000 13 hof_1 1.684 1.758 

2 wil_1 1.660 0.022 14 erk_1, leu_3, srg_3 1.643 1.942 

3 moo_2, mot_3, pri_2, srg_1, wil_2 1.636 0.098 15 smd_1 1.679 2.270 

4 exp, amm_1, pri_1, van_1, wil_3 1.631 0.365 16 smd_3 1.678 2.306 

5 

6 

dzy_2, mot_1 

amm_2, dzy_1, pri_3 

1.654 

1.662 

0.509 

0.697 

17 

 

gav_1, leu_2, 

ver_1, erk_2 

1.668 

 

2.432 

 

7 van_3 1.653 0.728 18 hof_2 1.592 2.578 

8 amm_3, gav_3, moo_3, srg_2, ver_3 1.657 0.754 19 hof_3 1.560 2.851 

9 lom_3 1.673 1.306 20 gav_2 1.637 2.958 

10 erk_3 1.652 1.354 21 dzy_3 1.579 3.068 

11 lom_2 1.653 1.481 22 smd_2 1.654 3.446 

12 mot_2 1.640 1.510 23 lom_1 1.567 4.919 

    24 van_2 1.627 5.352 

        

  Molecule VI     

1 exp 1.454 0.000 16 ver_1 1.438 5.454 

2 moo_3 1.532 1.538 17 ver_3 1.405 5.592 

3 erk_1 1.417 1.568 18 ver_2 1.409 5.713 

4 van_3 1.467 2.699 19 amm_2 1.441 5.773 

5 van_2, moo_1 1.446 2.790 20 erk_3, hof_3 1.412 5.940 

6 van_1 1.426 3.006 21 moo_2 1.478 6.010 

7 dzy_2 1.444 3.320 22 erk_2 1.425 6.129 

8 smd_1 1.474 3.593 23 amm_1 1.497 6.389 

9 smd_3 1.389 4.131 24 amm_3 1.491 7.030 

10 leu_2 1.459 4.261 25 srg_1 1.392 7.040 

11 dzy_3 1.427 4.326 26 hof_1 1.427 9.035 

12 wil_1 1.468 4.455 27 smd_2 1.42 9.744 

13 srg_2 1.392 4.523 28 srg_3 1.394 10.669 

14 wil_2 1.455 4.944 29 leu_3 1.476 11.206 

15 dzy_1 1.453 5.296 30 leu_1 1.472 12.172 

    31 hof_2 1.421 12.851 

a 
Each subtable shows the optimised crystal structures starting from the experimental structure as well as 

from the predictions made by the CSP2001 participants.  Bold font represents entries that correspond to 

the experimental structures.  Every three-character abbreviation in the entries stands for one of the 

following:   exp = experimental, amm = Ammon, day = Day, dzy = Dzyabchenko, erk = Erk, gav = 

Gavezzotti, hof = Hofmann, leu = Leusen, lom = Lommerse, moo = Mooij, mot = Motherwell, pri = 

Price, smd = Schmidt, srg = Scheraga, s-d = Schweizer & Dunitz, van = van Eijck, ver = Verwer, and wil 

= Williams.  
b
 Δdft(d).E is the relative DFT(d) energy between the optimised crystal structure and the 

global minimum. 
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Table 6.4  Energy rankings obtained by lattice optimisations of the CSP2004 structures using the 

DFT(d) method. 

 
  density Δdft(d).Eb   density Δdft(d).Eb 

rank entrya (g·cm-3) (kcal·mol-1) rank entrya (g·cm-3) (kcal·mol-1) 

  Molecule VIII     

1 

 

exp, amm_1,  day_1, fac_2, 

leu_3, pan_1, swz_1, van_1 

1.689 

 

0.000 

 

9 

10 

boe_1, pan_2,  ver_2, srg_2 

cli_3 

1.599 

1.610 

1.789 

1.909 

2 day_2, pan_3 1.685 0.186 11 cli_2 1.563 2.456 

3 day_3, fac_3,  p-L_1, van_2 1.680 0.238 12 boe_3, del_1 1.498 2.461 

4 p-L_2 1.660 0.413 13 leu_1 1.594 2.465 

5 leu_2 1.644 0.437 14 del_2 1.487 2.470 

6 p-L_3 1.622 0.708 15 cli_1, ver_3 1.552 2.503 

7 boe_2 1.613 0.966 16 del_3 1.512 3.312 

8 fac_1, srg_3,  swz_2, ver_1 1.598 1.704 17 van_3 1.561 3.477 

        

        

  Molecule X      

1 exp 1.527 0.000 21 day_3 1.491 2.363 

2 srg_3, van_3 1.584 0.187 22 fac_3 1.557 2.647 

3 dzy_3, van_2 1.505 0.871 23 swz_1 1.498 2.753 

4 day_2 1.505 0.881 24 dzy_2 1.528 2.805 

5 amm_3, van_1 1.518 0.928 25 swz_3 1.503 2.886 

6 day_1 1.515 0.985 26 smd_2 1.483 3.029 

7 leu_1 1.556 1.079 27 leu_2 1.528 3.146 

8 p-n_3 1.547 1.139 28 cli_1 1.483 3.333 

9 leu_3 1.532 1.175 29 cli_2 1.486 3.416 

10 swz_2 1.521 1.266 30 fac_1 1.564 3.723 

11 amm_2 1.549 1.277 31 smd_1 1.502 3.767 

12 srg_2 1.531 1.300 32 p-n_1 1.478 3.796 

13 srg_1, pan_1 1.550 1.357 33 p-n_2 1.509 3.996 

14 erk_3 1.509 1.503 34 cli_3 1.498 4.108 

15 erk_1 1.536 1.526 35 boe_1 1.558 4.475 

16 dzy_1, pan_2 1.522 1.706 36 boe_2 1.401 4.693 

17 pan_3 1.527 1.713 37 fac_2 1.568 6.656 

18 smd_3 1.463 2.220 38 boe_3 1.332 6.742 

19 amm_1 1.531 2.301 39 hof_3 1.440 8.528 

20 erk_2 1.560 2.335 40 hof_1 1.415 11.219 

        

  Molecule XI      

1 exp* 1.008 0.000 20 mot_3  1.034 0.440 

2 pan_2 1.028 0.100 21 dzy_2 , p-t_3  1.007 0.478 

3 pan_1, smd_2, srg_2, ver_2  1.045 0.103 22 ver_1  0.980 0.495 

4 swz_1  1.016 0.124 23 ver_3  1.016 0.737 

5 day_3* 1.036 0.132 24 dzy_3  1.029 0.763 

6 van_2  1.033 0.148 25 boe_3* 0.984 0.839 

7 cli_1  1.043 0.153 26 del_1  0.946 0.870 

8 cli_2  1.042 0.160 27 fac_2  1.037 0.918 

9 leu_3  0.995 0.163 28 fac_3* 1.040 0.957 

10 pan_3* 1.033 0.179 29 fac_1* 1.031 0.959 

11 cli_3, mot_2 , srg_3* 1.030 0.189 30 erk_3  0.994 0.985 

12 mot_1  1.036 0.220 31 srg_1  0.936 1.459 

13 

 

amm_1, day_1, erk_1, p-t_1, 

smd_1, van_1  

0.996 

 

0.232 

 

32 

33 

hof_3  

boe_2* 

1.110 

1.037 

2.100 

2.530 

14 

 

boe_1, day_2, del_2, erk_2*, 

van_3 

0.987 

 

0.237 

 

34 

35 

swz_3  

hof_2 

1.057 

1.045 

2.535 

2.552 

15 amm_2  0.996 0.244 36 hof_1  1.056 2.564 

16 smd_3  0.975 0.249 37 leu_2  1.071 2.941 

17 amm_3  1.024 0.347 38 leu_1  1.066 2.999 

18 swz_2  1.013 0.426     

19 del_3 , dzy_1, p-t_2  1.020 0.430     

 
a
 Each subtable shows the optimised crystal structures starting from the experimental structure as well as 

from the predictions made by the CSP2004 participants.  Bold font represents entries that correspond to 

the experimental structures.  For molecule XI, entries marked with an asterisk are structures with two 

independent molecules in the asymmetric unit (Z‟ = 2) while unmarked entries are structures with Z‟ = 1.  

Every three-character abbreviation in the entries stands for one of the following:  exp = experimental, 

amm = Ammon, boe = Boerrigter, day = Day, del = Della Valle, dzy = Dzyabchenko, erk = Erk, fac = 

Facelli, hof = Hofmann, leu = Leusen, cli = Liang, mot = Motherwell, pan = Pantelides, p-L = Price & 

Lewis, p-n = Price & Nowell, p-t = Price & Torrisi, smd = Schmidt, srg = Scheraga, swz =  Schweizer, 

ver = Verwer, and van = van Eijck.  
b
 Δdft(d).E is the relative DFT(d) energy between the optimised 

crystal structure and the global minimum. 
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For 8 out of the 10 molecules, the crystal structure with the lowest DFT(d) lattice 

energy corresponds to the experimental structure.  For molecule II, the calculated 

energy difference between the crystal structure with the lowest energy and the 

experimental structure is just 0.01 kcal.mol
-1

.  Such energy differences are smaller than 

the numerical errors in the calculation due to the plane-wave energy cut-off, the k-point 

spacing or the accuracy at which the geometry optimisation is stopped.  These two 

optimised structures have the same density but different molecular packings in the 

lattice, as illustrated by the comparison of their simulated x-ray powder diffraction 

patterns shown in Figure 6.3.   

 

 

Figure 6.3  Comparison of the simulated x-ray powder diffraction data between the global 

minimum (Rank 1) and the optimised experimental crystal structure (Rank 2) of molecule II.  Rank 

1 is shown in blue and Rank 2 is in red.  

 

Molecule V is the only molecule that is predicted by the DFT(d) method to have crystal 

structures significantly lower in energy than the lattice energy calculated for its 

experimental structure.  The experimental structure is ranked fourth with an energy 

difference of 0.36 kcal.mol
-1

 relative to the lowest energy structure.  Lower rank 

structures were obtained by some of the CSP2001 participants using different methods.  

The rank 1 predictions made by Ammon, Price and van Eijck were correct, while 
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Williams‟ third structure corresponded to the experimental data. Ranking the 

experimental structure as the fourth most stable structure may be due to a shortcoming 

of the computational approach (neglect of zero-point energies and entropy, or inherent 

inaccuracy of the DFT(d) method), but it could also be an indication that there are 

further polymorphs of molecule V that remain to be discovered.  Compared to the most 

stable predicted structure, the relative energy of the optimised experimental structure is 

within the energy range of likely observable polymorphs [13].  This ambiguity may be 

lifted by further experimental work.   
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Figure 6.4  Relative enthalpy changes of the eight most stable crystal structures of molecule V as a 

function of pressure, obtained by lattice enthalpy minimisation with the DFT(d) method.  The rank 

refers to that found at 0GPa.  The energy differences at each pressure are taken from the energy of 

the most stable structure at that pressure. 
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Table 6.5  Lattice optimisation results for the additional polymorphs of molecules IV and VI.   

 

 

a
 exp = experimental crystal structure; dft(d) = DFT(d) optimised crystal structure.  

b
 Texp is the 

temperature of experimental structure determination.  
c
 Lattice parameters α and γ are 90° in both of these 

structures due to space group constraints.  
d
 D is calculated as defined in reference 7.  

e
 RMS is obtained 

using the crystal packing similarity tool in Mercury CSD 2.0 which uses a 16 molecule comparison 

(ignoring all hydrogen atoms).  
f
 1D or 2D in the HB column describes the dimensionality of the 

hydrogen bonding network in the crystal lattice.   
g
 Deviation form experimental value; a positive value of 

Δ indicates an expansion. 
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Figure 6.5  Superpositions of experimental crystal structures (blue) and their corresponding 

DFT(d) optimised structures (green): a) IV_2 and b) VI_2.  Each comparison is shown from two 

different angles.   

a) 

 

b) 

 



 134 



 135 



 136 

Figure 6.6  Superposition of the experimental Pbca polymorph of molecule I (in blue) with van 

Eijck’s third-ranked prediction (in red) and the corresponding DFT(d) optimised structure  

(in green).  
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Figure 6.7  Superposition of the experimental structure of molecule III (in blue) with Mooij’s first-

ranked prediction, prior to optimisation (in red) and after optimisation (in green) with the DFT(d) 

method.  
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Table 6.6  Comparison of the geometries of experimental crystal structures to crystal structures 

optimised with the DFT(d) method and structures submitted by participants in the blind tests. 

structure reference
a
 target

a
 RMS

b
  structure reference

a
 target

a
 RMS

b
 

I_1 exp hyb_opt 0.062  V exp hyb_opt 0.096 

 exp gsd_1 0.211   exp amm_1 0.329 

 exp van_3 0.645   exp pri_1 0.320 

 exp v-L_1 0.203   exp van_1 0.830 

 exp wil_1 0.307   exp wil_3 0.259 

         

II exp hyb_opt 0.489  VII exp hyb_opt 0.074 

 exp v-L_2 0.487   exp moo_1 0.120 

         

III exp hyb_opt 0.078      

 exp van_1 0.213  VIII exp hyb_opt 0.183 

      exp day_1 0.378 

IV exp hyb_opt 0.083   exp fac_2 0.331 

 exp leu_3 0.225   exp pan_1 0.332 

 exp moo_2 0.172   exp van_1 0.352 

 
a
 Please see Tables 6.2-6.4 for the key to the entries. exp = experimental crystal structure; hyb_opt = 

DFT(d) optimised, experimental crystal structure.  Results obtained with the DFT(d) method are 

highlighted in bold.  
b
 The RMS is calculated using the crystal packing similarity tool in Mercury CSD 

2.0 which overlays a cluster of 16 molecules between the “Reference” structure and the “Target” 

structure. All hydrogen atoms are ignored.   
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Figure 6.8  Superposition of the known crystal structure of molecule VIII (in blue) with Leusen’s 

third-ranked prediction, before optimisation (in red) and after optimisation (in green) with the 

DFT(d) method.   
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XII (4/15)

XIII (4/14)

XV (2/12)

XIV (3/14)

Figure 6.9  Molecular diagrams of compounds used in the fourth blind test (CSP2007).  The figures 

in parentheses (s/p) give the number of successful predictions (s) and the number of participants 

attempting predictions (p) for each compound.  Compound XV is a co-crystal.   

 

 

 

Table 6.7  Root mean squared deviations of the correct predictions from the experimental crystal 

structures in CSP2007.
a
 

 

structure reference
b
 target

b
 RMS

c
  structure reference

b
 target

b
 RMS

c
 

XII exp nlk_1 0.127  XIV exp nlk_1 0.130 

 exp amm_2 0.174   exp pkm_1 0.222 

 exp b-t_1 0.156   exp van_1 0.147 

 exp swz_2 0.183      

         

XIII exp nlk_1 0.082  XV exp nlk_1 0.075 

 exp amm_1 0.385   exp van_3 0.294 

 exp day_1 0.159      

  exp pkm_1 0.152           
 

a
 Figures presented in this table were taken from the full report of CSP2007 [1].  Results obtained with 

the DFT(d) method are highlighted in bold.  
b 

Every three-character abbreviation in the entries stands for 

one of the following:  exp = experimental,  nlk = Neumann, Leusen & Kendrick, amm = Ammon, b-t = 

Boerrigter & Tan, day = Day, pkm = Price, Karamertzanis, Misquitta & Welch, swz = Schweizer and van 

= van Eijck.  
c 
The RMS is calculated using COMPACK [24] by comparing 16 molecules in each crystal 

structure (excluding hydrogen atoms). 
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6.4 Conclusions 
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CHAPTER 7  

Crystal structure prediction and isostructurality of three 

small, rigid, structurally related compounds  

7.1 Introduction  

Figure 7.1  The molecular structures of the compounds investigated in this study: 2-MBTD (left), 3-

MBTD (middle) and 2,3-DBTD (right).  
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Figure 7.2  Crystal packing patterns observed in the experimental structures of (a) 2-MBTD, (b) 3-

MBTD and (c) 2,3-DBTD.  

(a) 

(b) 

(c) 
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7.2 Methodology  

7.3 Results and discussion 
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Table 7.1  Ten lowest-energy predicted crystal structures for 2-MBTD according to its TMFF and the DFT(d) method. 

 

 
a 
The DFT(d) method optimisations were carried out on the final 57 low-energy force field crystal structures covering 4σE. 

b 
Entries written in bold are crystal packings corresponding 

to the experimental crystal structure.  
c 
ΔE is the relative energy calculated using the TMFF.  

d 
ΔHyb.E is the relative energy calculated using the DFT(d) method.  
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Table 7.2  Ten lowest-energy predicted crystal structures for 3-MBTD according to its TMFF and the DFT(d) method. 

 

 

 

 

 

 

 

a 
The DFT(d) method optimisations were carried out on the final 30 low-energy force field crystal structures covering 5σE. 

b 
Entries written in bold are crystal packings corresponding 

to the experimental crystal structure.  
c 
ΔE is the relative energy calculated using the TMFF.  

d 
ΔHyb.E is the relative energy calculated using the DFT(d) method.  
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Table 7.3  Ten lowest-energy predicted crystal structures for 2,3-DBTD according to its TMFF and the DFT(d) method. 

 

 
a 

The DFT(d) method optimisations were carried out on the final 42 low-energy force field crystal structures covering 5σE.  
b 

Entries written in bold are crystal packings 

corresponding to the experimental crystal structure.  
c 
ΔE is the relative energy calculated using the TMFF.  

d 
ΔHyb.E is the relative energy calculated using the DFT(d) method.  
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Table 7.4  Comparison of the experimental crystal structures to the optimised structures obtained 

using the TMFFs and the DFT(d) method.    

 

 
a 

exp = experimental crystal structure; tmff = force field optimised crystal structure; dft = DFT(d) 

optimised crystal structure.  
b 

CSD stands for Cambridge Structural Database.  
c 

A positive value of Δ 

indicates an expansion.  
d
 D is calculated as defined in reference [2]. 

e
 RMS is obtained using the crystal 

packing similarity tool as implemented in Mercury CSD 2.0 using a 16 molecule comparison (ignoring all 

hydrogen atoms). 
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Figure 7.3  Superposition of 2-MBTD experimental crystal structure (in green) with its 

corresponding TMFF (brown) and DFT(d) (blue) optimised crystal structures, shown along the 

three crystallographic axes, and one perspective view.   
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Figure 7.4  Superposition of 3-MBTD experimental crystal structure (in green) with its 

corresponding TMFF (brown) and DFT(d) (blue) optimised crystal structures, shown along the 

three crystallographic axes, and one perspective view.   

 

 

 

 



 

161 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5  Superposition of 2,3-DBTD experimental crystal structure (in green) with its 

corresponding TMFF (brown) and DFT(d) (blue) optimised crystal structures, shown along the 

three crystallographic axes, and one perspective view.   
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Experimental 2-MBTD

Crystal Lattice

Molecule

Hybrid relative 
energy 

Experimental 3-MBTD Experimental 2,3-DBTD

0.1731 kcal.mol-1 per atom 0.0440 kcal.mol-1 per atom0.0000 kcal.mol-1 per atom

Hybrid relative 
energy 

Hybrid relative 
energy

0.0388 kcal.mol-1 per atom 0.0047 kcal.mol-1 per atom 0.0626 kcal.mol-1 per atom

0.0004 kcal.mol-1 per atom 0.1017 kcal.mol-1 per atom 0.0012 kcal.mol-1 per atom

2-MBTD

3-MBTD

2,3-DBTD

 

Figure 7.6  The DFT(d) optimised crystal structures of the three molecules packed into each other’s 

experimental crystal lattice.  DFT(d) relative energy is the energy difference between the optimised 

crystal structure and the global minimum resulted from CSP.   
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Table 7.5  Comparison between the lattice parameters of the experimental crystal structure of 2-

MBTD and the hypothetical crystal structure of 2,3-DBTD packed into the 2-MBTD lattice.  

 

  Unit cell parameters
e
 

 
density  

(g.cm
-3

) 
a (Å) b (Å) c (Å) β (°) 

exp_2-MBTD
a
 1.417 10.82 11.47 7.64 117.14 

hyp_2,3-DBTD
b
 1.393 10.46 13.80 7.59 122.20 

Δ (%)
c
 -1.69 -3.33 20.31 -0.65 4.32 

      

opt_2-MBTD
d
 1.440 10.79 11.40 7.56 116.71 

Δ (%)
c
 -3.26 -3.06 21.05 0.40 4.70 

 
a 
The experimental crystal structure of 2-MBTD.  

b 
The DFT(d) optimised hypothetical crystal structure of 

2,3-DBTD.  
c
 A negative value of Δ indicates a compression.  

d  
The DFT(d) optimised experimental 

crystal structure of 2-MBTD.  
e
 Lattice parameters α and γ in these structures are 90° because of the 

constraints imposed by the P21/c space group.   
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7.4 Conclusions 
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Chapter 8  

Crystal structure prediction and isostructurality of three 

small organic halogen compounds 

8.1 Introduction 

Figure 8.1  Chemical diagrams of the compounds investigated in this study: molecule A (left), 

molecule B (middle), and molecule C (right).   

 



 

168 

 

(a)
(b)

(c)
 

 
Figure 8.2  The experimental crystal packing arrangements observed for: (a) molecule A, (b) 

molecule B, and (c) molecule C.  All projections are viewed along the b lattice direction.   
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8.2 Methodology 
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Table 8.1  Comparison of the optimised and experimental crystal structures. 

 

structure
a
 density unit cell parameter D

e
 RMS

f
 

 (g.cm
-3

) 

a 

 (Å) 

b 

 (Å) 

c  

(Å) 

α  

(°) 

β  

(°) 

γ  

(°) (%) (Å) 

molecule A (CSD
b
 reference code THTOXB), space group P21/n 

exp 2.365 5.81 5.33 10.47 90.00 98.84 90.00   

tmff 2.306 5.92 5.33 10.53 90.00 98.83 90.00 2.52 0.089 

Δ (%)
c
 -2.48 1.83 0.08 0.62 0.00 -0.01 0.00   

          

dft(d) 2.273 5.91 5.35 10.68 90.00 98.92 90.00 3.51 0.093 

Δ (%)
c
 -3.88 1.70 0.30 2.03 0.00 0.08 0.00   

 

molecule B (CSD
b
 reference code THTOXC), space group P-1  

exp 2.232 6.08 6.44 6.55 63.85 80.32 71.86   

tmff 2.312 6.07 6.34 6.35 66.01 79.49 71.55 5.51 0.192 

Δ (%)
c
 3.58 -0.21 -1.59 -3.10 3.38 -1.03 -0.43   

          

dft(d) 2.291 6.03 6.37 6.47 64.29 80.85 71.90 2.69 0.082 

Δ (%)
c
 2.66 -0.88 -0.99 -1.22 0.68 0.66 0.05   

          

molecule C (CSD
b
 reference code THTOXD), space group P21/n 

exp 3.279 6.75 11.99 11.97 90.00 98.92 90.00   

tmff 3.359 6.49 11.88 12.31 90.00 100.76 90.00 8.47 0.410 

Δ (%)
c
 2.44 -3.79 -0.94 2.85 0.00 1.86 0.00   

          

dft(d) 3.260 6.64 12.03 12.00 90.00 97.81 90.00 3.12 0.166  

Δ (%)
c
 -0.58 -1.65 0.32 0.31 0.00 -1.12 0.00   

          

dft(d)_tmff
d
 3.255 6.70 12.11 11.98 90.00 98.31 90.00 2.36 0.247 

Δ (%)
c
 -0.07 -0.07 0.10 0.01 0.00 -0.06 0.00   

 
a
 exp = experimental crystal structure, tmff = tailor-made force field optimised experimental crystal 

structure, dft(d) = DFT(d) optimised experimental crystal structure.  
b 

CSD stands for Cambridge 

Structural Database [3, 4].  
c 

Relative deviation from experimental value; a positive value of Δ indicates 

an expansion.  
d
 dft(d)_tmff is the DFT(d) optimised structure of the TMFF optimised experimental 

structure of molecule C.  For molecules A and B, the dft(d)_tmff structures are identical to their dft(d) 

structures.  
e 

D is calculated as defined in reference [7].  
f
 RMS is obtained using the Crystal Packing 

Similarity tool implemented in Mercury CSD 2.0 [8, 9] with a 16 molecule comparison excluding 

hydrogen atoms.    
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Figure 8.3  Superpositions of molecule A experimental crystal structure (green) with its DFT(d) 

optimised crystal structure (blue) and its TMFF optimised crystal structure (brown), viewed along 

three lattice vectors.   
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Figure 8.4  Superpositions of molecule B experimental crystal structure (green) with its DFT(d) 

optimised crystal structure (blue) and its TMFF optimised crystal structure (brown), viewed along 

three lattice vectors.   
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Figure 8.5  Superpositions of molecule C experimental crystal structure (green) with its DFT(d) 

optimised crystal structure (blue) and its TMFF optimised crystal structure (brown), viewed along 

three lattice vectors.   
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Figure 8.6  Packing arrangements observed in structure I (left hand side) and structure II (right 

hand side) of molecule C using the DFT(d) method.  The top views are along the c crystallographic 

direction and the bottom views are along the a direction. 
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Table 8.2  The 10 lowest energy crystal structures of molecule A using (a) its TMFF and (b) the DFT(d) method.
a
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Table 8.3  The 10 lowest energy crystal structures of molecule B using (a) its TMFF and (b) the DFT(d) method.
a
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Table 8.4  The 10 lowest energy crystal structures of molecule C using (a) its TMFF and (b) the DFT(d) method.
a
 

 



 187 

 

Table 8.5  Relative energies of isostructural crystal packings considering the three experimental 

crystal structures. 

 

 
a
 DFT(d) lattice energy in kcal.mol

-1
 per atom relative to the global minimum found in the CSP study of 

each molecule.  
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Table 8.6  The lattice parameters of the DFT(d) optimised experimental structures of molecules B 

and C and their newly predicted polymorphs.   

 

molecule crystal density Unit cell parameters 

 lattice 
 (g.cm

-3
) 

a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

B 
exp B

a 2.291 6.08 6.44 6.55 63.85 80.32 71.86 

C 3.341 6.18 6.60 6.71 63.98 80.04 72.78 

 Δ (%)
b
 45.83 1.59 2.45 2.42 0.20 -0.35 1.28 

         

C 
exp C

c
 

3.274 6.75 11.99 11.97 90.00 98.92 90.00 

B 2.277 6.37 11.55 11.73 90.00 96.73 90.00 

 Δ (%)
b
 -30.45 -5.61 -3.71 -1.98 0.00 -2.21 0.00 

 
a
 Experimental crystal lattice of molecule B.  

b
 A positive value of Δ indicates an expansion relative to the 

experimentally observed structure.  
c
 Experimental crystal lattice of molecule C.   
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8.4 Conclusions 
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CHAPTER 9  

Revisiting crystal structure prediction of 1,2,3,4-tetrahydro-9-

phenylsulfonylcarbazole  

 

9.1 Introduction 

The relative stabilities of the experimentally observable polymorphs of TPSC are re- 

investigated using a different computational technique.  The previous work on the 

compound described in chapter 4 indicated the inadequacy of the transferable force 

fields (the Dreiding and PCFF force fields) in describing the relative stabilities of its 

experimental polymorphs.  Both force fields located these polymorphs as 

thermodynamically unfavourable structures in the CSP results based on the principle of 

lattice energy minimisation.  The application of the DFT(d) method to re-rank the 

structures predicted using the PCFF force field significantly improved the lattice energy 

ranking of the experimental structures.  The DFT(d) method considers one of the known 

polymorphs as the most stable structure.  However, this result is not conclusive due to 

the fact that the crystal optimisations were conducted only on a limited number of the 

force field structures.   There is a possibility that additional low-energy structures have 

not been considered by the DFT(d) method since these structures may not have been 

present after CSP using the PCFF force field.   

 

This chapter revisits the CSP study of TPSC using the computational tools available in 

the GRACE software package [1].  A full search of possible crystal packings that the 

molecule may adopt is performed using a force field specifically developed (or a tailor 

made force field, TMFF [2]) for TPSC.  The results are further refined using the DFT(d) 

method by minimising the force field lattice energies accurately.  As shown by the 
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preceding two chapters and reported elsewhere [3,4], the application of the Tailor Made 

Force Field (TMFF) and the DFT(d) methods has proven to be reliable in CSP.   

 

9.2 Methodology  

A force field parameterisation of TPSC was conducted based on reference data 

calculated by the DFT(d) method.  The reference data represented the potential energy 

hypersurface of the compound according to the DFT(d) method.  As mentioned 

previously in Chapter 1, this data includes electrostatic data, rigid-body minimisation 

data, and expansion data to characterise the non-bonded interactions; conformation data 

and wide amplitude data to describe the bonded interactions.  All force field parameters 

describing the inter- and intramolecular interactions of the compound were fitted to this 

data.  Once it had been derived and parameterised, the TMFF was employed in a crystal 

structure generation of TPSC by performing a full search sampling all 230 space groups 

restricted to a single molecule in the crystallographic asymmetric unit, Z’ = 1.  All of 

these hypothetical structures were minimised with the TMFF using an efficient lattice 

energy minimiser.  The CSP results were then sorted according to lattice energy.   

 

All resulting structures were re-minimised and re-ranked using the DFT(d) method.  

The lattice energy of each structure was calculated as the sum of the DFT total energy 

using the VASP program [5-8] and an empirical dispersion correction [9].  To evaluate 

the TMFF performance, its error was computed based on the root means squared 

deviation of the lattice energies calculated using the TMFF and the DFT(d) methods.   
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9.3 Results and Discussion 

Four low-energy conformers were used to calculate reference data using the DFT(d) 

method.  The conformers were obtained based on an initial conformer analysis using the 

Dreiding force field with Gasteiger charges and they are similar to the results described 

in Chapter 2 (Table 2.3).  Once all non-bonded and bonded parameters in the force field 

had been optimised, a final flexibility analysis of the molecule was conducted using the 

TMFF.  The results show that there are only two stable conformers for TPSC in the gas 

phase.  The geometries as well as the relative stabilities of these conformers are similar 

to the previous conformation analysis results using quantum mechanical calculations 

[Chapter 2].  Table 9.1 compares the results calculated using the TMFF and the 

quantum mechanics method in Chapter 2.   

 

Table 9.1  Comparison of low-energy conformers discovered using the quantum mechanics 

calculations (from Chapter 2) and the TMFF.   

 

Conformer
 a
 T1

b
 (°) T2

b
 (°) ΔE

c 

   (kcal.mol
-1

) 

tmff-1 -67.7 -75.2 0.000 

tmff-2 68.4 73.1 0.183 

    

qm-1 -72.6 -75.3 0.000 

qm-2 75.0 69.2 0.207 

 

a
 tmff = TMFF optimised conformations, qm = quantum mechanics low-energy conformers calculated 

previously in Chapter 2. 
b
 Torsion as previously defined in Chapter 2.  

c
 Energy difference relative to the 

most stable conformer.   

 

A total of 200 energetically feasible crystal structures were generated for TPSC using 

the TMFF.  These structures are located within the energy range of 0.046 kcal.mol
-1

 per 

atom (or 1.77 kcal.mol
-1

 per molecule) above the force field global minimum.  To 

obtain a high level of confidence that the most stable crystal structure would be 

considered by the DFT(d) method, all 200 crystal structures were considered in the final 
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crystal structure optimisation.  All lattice energies were accurately minimised using the 

DFT(d) method and the results were re-ranked according to their relative DFT(d) lattice 

energy, from the most stable to the least stable structures.  Table 9.2 shows the lattice 

energy ranking of the experimental crystal structures in the CSP results using the TMFF 

and the DFT(d) methods.  A force field error ( ) of 0.018 kcal.mol
-1

 per atom is 

computed after comparing all lattice energies calculated using the TMFF and the 

DFT(d) methods.   

 

In an ideal CSP result, both the TMFF and the DFT(d) methods would predict the 

experimental crystal structures to be the most stable.  However, this is not the case for 

this compound.  In the list of force field predicted structures, the TMFF found a crystal 

packing corresponding to the experimental structure of the Pbca form as the sixth most 

stable structure, located 0.011 kcal.mol
-1

 per atom (or 0.41 kcal.mol
-1

 per molecule) 

above the most stable structure.  The crystal packing of the other polymorph, the P-1 

form, is calculated to be relatively higher in energy, 0.030 kcal.mol
-1 

per atom (or 1.16 

kcal.mol
-1 

per molecule) from the lowest energy structure.  The P-1 form is calculated to 

be 0.019 kcal.mol
-1

 per atom (or 0.75 kcal.mol
-1

) less stable than the Pbca form.  

Further optimisation using the DFT(d) method improves the lattice energy rankings of 

the experimental structures significantly.  The Pbca polymorph is now predicted to be 

the global minimum.  For the P-1 polymorph, it calculates the experimental crystal 

structure at rank 19, 0.017 kcal.mol
-1

 per atom (or 0.66 kcal.mol
-1

 per molecule) from 

the most stable structure. 
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Table 9.2  The lattice energy rankings of the 10 lowest energy crystal structures and the 

experimental crystals in the CSP results according to (a) TMFF and (b) DFT(d) methods.   

(a) TMFF optimised structures
a
 

Rank Entry ΔE
b
 Density Space T1(°)

c
 T2(°)

c
 

  (kcal.mol
-1

 (g.cm
-3

) group   

  per atom)     

1 tpsc_0 0.0000 1.417 P21/c -106.5 -93.1 

2 tpsc_1 0.0045 1.413 P21/c 84.6 84.1 

3 tpsc_2 0.0047 1.376 P21/c 72.4 75.4 

4 tpsc_3 0.0067 1.372 P21/c -67.7 -75.3 

5 tpsc_4 0.0088 1.416 P21/c 99.9 69.5 

6 tpsc_5 0.0106 1.412 Pbca -68.7 -89.0 

7 tpsc_6 0.0106 1.408 P21/c 98.7 62.2 

8 tpsc_7 0.0106 1.412 P21/c -110.3 -96.5 

9 tpsc_8 0.0112 1.422 P21/c 101.1 92.9 

10 tpsc_9 0.0113 1.404 P21/c -103.5 -97.3 

       

66 tpsc_65 0.0298 1.387 P-1 -82.9 -86.7 

       

(b) DFT(d) optimised structures
a
 

Rank Entry Δdft.E
d
 Density Space T1(°)

c
 T2(°)

c
 

  (kcal.mol
-1

 (g.cm
-3

) group   

  per atom)     

1 tpsc_5 0.0000 1.375 Pbca -68.5 -86.3 

2 tpsc_89 0.0008 1.358 P21/c 77.4 88.4 

3 tpsc_45 0.0019 1.359 P21/c 79.4 90.1 

4 tpsc_16 0.0077 1.367 P-1 87.7 90.4 

5 tpsc_39 0.0079 1.367 P21/c -89.2 -87.9 

6 tpsc_22 0.0092 1.377 P-1 -84.4 -87.1 

7 tpsc_118 0.0098 1.352 Pbca 76.9 92.7 

8 tpsc_48 0.0105 1.351 Pbca -89.8 -88.9 

9 tpsc_66 0.0105 1.383 P21/c -86.3 -89.4 

10 tpsc_79 0.0109 1.363 P21/c 94.4 103.3 

       

19 tpsc_65 0.0171 1.357 P-1 -82.2 -87.3 

 

 c
 T1 and T2 describe the C-S-N-C and C-C-S-

N torsion angles, respectively, as described in Chapter 2. 
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In Chapter 4, the DFT(d) method was used to re-optimise a limited number of PCFF 

predicted crystal structures, including crystal structures corresponding to the 

experimental polymorphs.  In this study, the re- optimisation was performed for all 200 

TMFF predicted structures based on a search in all 230 space groups restricted to Z’ = 1.  

No additional low-energy structures were found to be more stable than the Pbca 

polymorph.  Comparing the results in this chapter with the results in Chapter 4 (Table 

4.3), more minima have been found between the Pbca and the P-1 polymorphs. There 

are 17 minima between them as can be seen in Table 9.2(b).  All low-energy structures 

found in the previous chapter correspond to low-energy structures found in this study.   

 

It is important to emphasise that the TMFF is constructed and designed to mimic the 

DFT(d) method.  It is parameterised and derived based on reference data calculated by 

the DFT(d) method.  The purpose of the TMFF is only to generate a list of energetically 

feasible crystal structures of a particular compound.  It aims to reduce the number of 

structures that need to be considered for lattice energy minimisation using the DFT(d) 

method.  The computing resources and time required to perform the DFT(d) 

minimisations are demanding and expensive.  Despite this, the application of the TMFF 

in the CSP of TPSC has demonstrated a major improvement in the lattice energy 

ranking of the experimental structures, compared to the previous CSP results using the 

transferable force fields [Chapter 4].  The Pbca form is found near the global minimum 

and calculated to be more stable than the other structure, the P-1 form.   
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The geometries of the experimental polymorphs are successfully predicted by the TMFF 

as well as the DFT(d) method.  Table 9.3 shows that both methods reproduce the 

geometries of the known polymorphs very well.  The lattice parameters deviate from 

experiment by 0.50% - 2.38% using the TMFF and by 0.11%-1.58% using the DFT(d) 

method.  Figures 9.1 and 9.2 show the superposition of the experimental structures with 

their corresponding optimised structures.   

 

Table 9.3  Comparison between experimental and optimised crystal structures. 

 

structure
a
 density unit cell parameter D

d
 RMS

e
 

 (g.cm
-3

) a (Å) b (Å) c (Å) α (°) β (°) γ (°) (%) (Å) 

P-1 polymorph, (CSD
b
 reference code DUPTOX) 

exp 1.340 8.14 9.50 10.70 76.55 81.16 74.02   

tmff 1.387 8.07 9.45 10.44 76.27 82.06 75.30 5.01 0.192 

Δ (%)
c
 3.51 -0.82 -0.60 -2.38 -0.36 1.11 1.72   

          

dft(d) 1.357 8.01 9.56 10.62 76.13 80.95 75.10 4.04 0.144 

Δ (%)
c
 1.27 -1.58 0.63 -0.76 -0.55 -0.25 1.46   

 

Pbca polymorph (CSD
b
 reference code DUPTOX01) 

exp 1.370 9.27 22.07 14.78 90.00 90.00 90.00   

tmff 1.412 9.17 21.96 14.56 90.00 90.00 90.00 3.11 0.120 

Δ (%)
c
 3.07 -1.11 -0.50 -1.49 0.00 0.00 0.00   

          

dft(d) 1.375 9.22 22.10 14.76 90.00 90.00 90.00   

Δ (%)
c
 0.36 -0.54 0.13 -0.10 0.00 0.00 0.00 0.77 0.079 

 

a
 exp = experimental polymorph, tmff = TMFF optimised crystal structure, dft(d) = DFT(d) optimised 

crystal structure. 
b
 CSD = Cambridge Structural Database [10,11].  

c
 Deviation in the optimised crystal 

structure relative to the experimental value.  A negative value shows a compression.  
d
 D is calculated as 

defined in reference 9.  
e
 RMS is calculated using the Crystal Packing Similarity tool in Mercury CSD 2.0 

[12,13] based on a 16 molecule comparison excluding hydrogen atoms.   
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Figure 9.1  Superpositions of the experimental crystal structure DUPTOX (green) with its DFT(d) 

optimised crystal structure (blue) and its TMFF optimised crystal structure (brown).   
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Figure 9.2  Superpositions of the experimental crystal structure DUPTOX01 (green) with its 

DFT(d) optimised crystal structure (blue) and its TMFF optimised crystal structure (brown).   
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9.4 Conclusions 

The experimental crystal structures of TPSC have been successfully predicted using the 

computational approaches in the GRACE software package, using a TMFF and the 

DFT(d) method.  The TMFF calculated the experimental crystal structures of TPSC to 

be the 6
th

 most stable structure (for the Pbca polymorph) and the 66
th

 most stable 

structure (for the P-1 polymorph).  As expected, crystal structure optimisation using the 

DFT(d) method improved the result significantly.  It calculated the Pbca polymorph to 

be the most stable crystal structure.  The P-1 polymorph is found at rank 19, 0.017 

kcal.mol
-1

 per atom (or 0.66 kcal.mol
-1

 per molecule) less stable than the Pbca 

polymorph.  In addition to predicting the solid-state energetics correctly, both methods 

have also accurately reproduced the geometries of the known polymorphs.  The results 

calculated using the DFT(d) method are better than the TMFF results.   

 

Every crystal structure from the previous DFT(d) optimisation results in Chapter 4 

corresponds to a minimum found in this study.  No additional low-energy structures are 

found to be more stable than the Pbca polymorph according to the DFT(d) method.  

This may indicate that the energetically plausible crystal structures of TPSC have been 

fully sampled with the restriction of Z’=1.   
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CHAPTER 10  Conclusions  

 

The field of crystal structure prediction (CSP) has progressed substantially since the 

first blind test took place more than a decade ago.  Developments in computing power 

as well as in computational algorithms have allowed the community to witness 

improvements in the predictive capability of CSP methods.  The algorithmic 

developments address the two main aspects of the prediction: (1) generating a list of 

energetically feasible crystal structures using a search algorithm, and (2) evaluating and 

ranking the stabilities of the generated structures using a selection criterion, which is 

usually lattice energy.  Both aspects are required for a successful CSP.  The result of a 

prediction is assessed on the ability to generate the correct crystal structure 

(corresponding to the experimental observation) and to describe the solid state 

energetics of the structure.   

 

Most of the work presented in this thesis was conducted using two software packages 

that are commercially available in this field; Polymorph Predictor (PP) as implemented 

in Materials Studio 4.0 and GRACE 1.0.  To find local minima on the lattice energy 

hypersurface of a compound, both packages rely on a force field method during the 

structure generation.  However, there is a philosophical distinction between them in the 

way the structures are calculated.  The packing calculation in PP is performed using a 

transferable force field (such as the Dreiding and PCFF force fields), whereas GRACE 

uses a tailor made force field (TMFF, designed and constructed explicitly for the 

compound).  Most of the experimental crystal structures of the compounds investigated 

in this thesis have been located within the lists of predicted structures calculated by a 

force field.  For the calculations using a TMFF, the experimental geometries of both the 

molecular and the crystal structures are well reproduced in comparison to the results 
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obtained using common force fields.  Even so, the experimental crystal packings of the 

compounds are still adequately modelled by the transferable force fields.   

 

CSP for flexible molecules always poses a greater challenge than for rigid molecules 

due to their natural ability to exhibit polymorphism.  The minima on the lattice energy 

hypersurface of these compounds represent crystal packings varying not only in their 

intermolecular interactions but in their intramolecular interactions as well.  To perform 

a comprehensive sampling during the search for crystal packing alternatives, 

conformational analysis is carried out prior to CSP.  It aims to investigate the molecular 

flexibility responsible for the variation in molecular conformations, as well as to 

identify the relevant low-energy conformations.  Once they have been discovered and 

refined using molecular mechanics and quantum mechanics approaches, each will be 

considered as a starting molecular geometry in the structure generation.  The outcome of 

the analysis greatly depends on the force field used.  Different force fields tend to 

generate different numbers of low-energy conformers, with different relative energies.   

The quality as well as the success of the CSP calculations crucially relies on the force 

field and the number of low-energy conformers considered. 

 

In only one case (Chapter 5) the CSP calculations did not find the packing arrangement 

corresponding to the experimental data.  Experimentally the crystal structure of the 

molecule has not yet been determined, and the only information available is a low 

quality powder X-ray diffraction (PXRD) pattern measured from a needle shaped 

sample.  From the list of low-energy structures generated in the CSP calculations, no 

structure is found to have a simulated PXRD that resembles or is similar to the 

experimental PXRD.  This observation may be due to one or more of the following: (1) 

it is possible that the correct space group was neglected during the structure generation, 
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(2) the compound may crystallise with more than one molecule in the crystallographic 

asymmetric unit, Z' > 1, and/or (3) the experimental crystal structure may contain a 

molecular conformation that is not present according to the applied force field (PCFF) 

but that does exist according to another force field (Dreiding). 

 

All successful predictions presented in this thesis and reported elsewhere have used the 

calculated lattice energy as the main criterion to evaluate the quality of the prediction.  

The lattice energy of every structure has to be sufficiently accurate in order to 

confidently discriminate its packing stability within some energy range from the global 

minimum.  In general, lattice energy ranking using a generic force field method (as in 

PP) may not always be sufficient and reliable.  The energetics of the experimental 

crystal structures are sometimes poorly described.  Usually the more general a force 

field, the less accurate the result will be.  
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The application of the TMFF and DFT(d) methods has resulted in a significant 

improvement in the energy ranking of the predicted structures.  In some cases the 

rankings of the experimental crystal structures are better described by the TMFF, 

however, this can be regarded as fortuitous as the force field is designed to reproduce 

the DFT(d) results.  Using the DFT(d) method, the experimental structures for 12 out of 

the 17 molecules considered in this thesis are found as the lowest energy crystal 

structures.  For molecule II (Chapter 6), 3-MBTD (Chapter 7), and molecule C 

(Chapter 8), the experimental crystal structures are located as the second most stable 

structures.  For molecule V (Chapter 5) and  2,3-DBTD (Chapter 7), the DFT(d) method 

considers their observable crystal packings as the rank 4 and rank 3 structures, 

respectively.   Relatively small energy differences are calculated between the global 

minima and the experimental crystal structures for these five compounds.  The results 

presented here suggest that accurate lattice energies are an appropriate selection 

criterion in CSP. 

 

Four of the 17 molecules considered here are polymorphic, with each observed to 

crystallise into two different forms.  Three molecules are blind test compounds (Chapter 

6) and one is a flexible molecule (Chapters 4 and 9).  Relatively small lattice energy 

differences are calculated between the optimised experimental polymorphs, 

demonstrating the accuracy of the DFT(d) method.  However, the present method is 

incapable to describe the stability order of the experimental polymorphs for the purpose 

of polymorph prediction.  It is well known that at a given temperature and pressure, 

only one polymorphic form is stable.  In order to consider the polymorphic stability of a 

compound, free lattice energy differences need to be computed instead of lattice energy 

differences.  To perform these calculations, additional components such as zero point 
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energy, thermal correction, and entropic contribution are required and must be 

considered in the DFT(d) calculations.   

 

Based on all calculations in this thesis, four new potential polymorphs for four different 

compounds, which have not yet been observed experimentally, are predicted to exist 

and may be obtained under the right crystallisation conditions.  One polymorph 

(molecule V in Chapter 5) is expected to crystallise under pressure.  The remaining 

three polymorphs (2,3-DBTD in Chapter 7 and molecules B and C in Chapter 8) have 

been located by complementing the CSP results with the concept of isostructurality.  

They might be obtained by using a seeding technique or the utilisation of suitable tailor 

made additives.   

 

The work presented in this thesis highlights several aspects of the present, state of the 

art methodology in CSP which needs further research.  These aspects are summarised 

below: 

1. Improve the TMFF by considering potentials able to describe the anisotropic 

repulsion of halogen atoms.  The work in Chapter 8 has shown the inadequacy of the 

energy terms for non-bonded interactions in the TMFF in representing the anisotropic 

behaviour of chlorine and bromine atoms.  Relatively large force-field errors were 

computed based on the lattice energy comparisons between the TMFF and the DFT(d) 

optimised structures, indicating the difficulties experienced by the TMFFs in accurately 

describing their electrostatic potentials and the anisotropic repulsive interactions. 

Additional terms such as atomic polarisability, chemical potential, and anisotropic van 

der Waals potentials need to be taken into account in order to develop a more 

sophisticated TMFF capable of handling this type of compound.  
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2. Validate the ability of the TMFF and the DFT(d) methods by performing CSP of 

more challenging systems.  In order to enhance the properties of a drug, such as its 

solubility and bioavailability, the compound may be formulated as a multi-component 

system (Z’ > 1).  Many drug compounds are also flexible molecules.  In this thesis, the 

TMFF and the DFT(d) methods have been successfully applied to small organic 

compounds that are mostly rigid.  Only 1 out of the 8 molecules considered was 

relatively flexible.  Also, all of their experimental crystal structures were observed to 

crystallise in Z’ = 1 forms, and hence, calculations were restricted in Z’ = 1.  To further 

evaluate and assess the predictive capability of these methods in handling compounds 

that are of great interest to the industry, the investigation needs to be expanded by 

carrying out CSP calculations on more complex systems such as salts, co-crystals, 

solvates, and hydrates of flexible compounds that are of pharmaceutical interest.    

3. Expand the predictive capability of the DFT(d) method to perform polymorph 

prediction in addition to structure prediction.  At present, no method is capable of 

accurately predicting the polymorphic stability of a compound.  Most of the available 

CSP methods base their predictions on the calculated lattice energy, neglecting essential 

components that are required to express the stability in terms of the free energy. To 

make polymorph prediction feasible, additional components such as zero-point energy, 

thermal correction, and entropic contribution are essential to model the free energy of a 

crystal structure.  This is a highly active research area in CSP.   

 

The packing behaviour of compounds in a crystalline environment has been described 

by performing crystal structure prediction, and new potential polymorphs of some 

compounds have been proposed from the calculations.  In the end, additional 

experimental work has to be conducted in order to verify these predictions.   
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