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Abstract 

This work concerns the interrelationship between thermodynamic, kinetic and 
structural aspects of crystal polymorphism. It is both experimental and theoretical, and 
limited with respect to compounds to substituted monocyclic aromatics. 

Two polymorphs of the compound m-aminobenzoic acid have been experimentally 
isolated and characterized by ATR-FTIR spectroscopy, X-ray powder diffraction and 
optical microscopy. In addition, two polymorphs of the compound m-hydroxybenzoic 
acid have been isolated and characterized by ATR-FTIR spectroscopy, high-
temperature XRPD, confocal Raman, hot-stage and scanning electron microscopy. For 
all polymorphs, melting properties and specific heat capacity have been determined 
calorimetrically, and the solubility in several pure solvents measured at different 
temperatures with a gravimetric method. The solid-state activity (ideal solubility), and 
the free energy, enthalpy and entropy of fusion have been determined as functions of 
temperature for all solid phases through a thermodynamic analysis of multiple 
experimental data. It is shown that m-aminobenzoic acid is an enantiotropic system, 
with a stability transition point determined to be located at approximately 156°C, and 
that the difference in free energy at room temperature between the polymorphs is 
considerable. It is further shown that m-hydroxybenzoic acid is a monotropic system, 
with minor differences in free energy, enthalpy and entropy. 

1393 primary nucleation experiments have been carried out for both compounds in 
different series of repeatability experiments, differing with respect to solvent, cooling 
rate, saturation temperature and solution preparation and pre-treatment. It is found 
that in the vast majority of experiments, either the stable or the metastable polymorph 
is obtained in the pure form, and only for a few evaluated experimental conditions 
does one polymorph crystallize in all experiments. The fact that the polymorphic 
outcome of a crystallization is the result of the interplay between relative 
thermodynamic stability and nucleation kinetics, and that it is vital to perform multiple 
experiments under identical conditions when studying nucleation of polymorphic 
compounds, is strongly emphasized by the results of this work.  

The main experimental variable which in this work has been found to affect which 
polymorph will preferentially crystallize is the solvent. For m-aminobenzoic acid, it is 
shown how a significantly metastable polymorph can be obtained by choosing a 
solvent in which nucleation of the stable form is sufficiently obstructed. For m-
hydroxybenzoic acid, nucleation of the stable polymorph is promoted in solvents 
where the solubility is high. It is shown how this partly can be rationalized by analysing 
solubility data with respect to temperature dependence. 

By crystallizing solutions differing only with respect to pre-treatment and which 
polymorph was dissolved, it is found that the immediate thermal and structural history 
of a solution can have a significant effect on nucleation, affecting the predisposition 
for overall nucleation as well as which polymorph will preferentially crystallize. 

A set of polymorphic crystal structures has been compiled from the Cambridge 
Structural Database. It is found that statistically, about 50% crystallize in the 
crystallographic space group P21/c. Furthermore, it is found that crystal structures of 
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polymorphs tend to differ significantly with respect to either hydrogen bond network 
or molecular conformation. 

Molecular mechanics based Monte Carlo simulated annealing has been used to 
sample different potential crystal structures corresponding to minima in potential 
energy with respect to structural degrees of freedom, restricted to one space group, for 
each of the polymorphic compounds. It is found that all simulations result in very large 
numbers of predicted structures. About 15% of the predicted structures have excess 
relative lattice energies of ≤10% compared to the most stable predicted structure; a 
limit verified to reflect maximum lattice energy differences between experimentally 
observed polymorphs of similar compounds. The number of predicted structures is 
found to correlate to molecular weight and to the number of rotatable covalent bonds. 
A close study of two compounds has shown that predicted structures tend to belong to 
different groups defined by unique hydrogen bond networks, located in well-defined 
regions in energy/packing space according to the close-packing principle. It is 
hypothesized that kinetic effects in combination with this structural segregation might 
affect the number of potential structures that can be realized experimentally. 

The experimentally determined crystal structures of several compounds have been 
geometry-optimized (relaxed) to the nearest potential energy minimum using ten 
different combinations of common potential energy functions (force fields) and 
techniques for assigning nucleus-centred point charges used in the electrostatic 
description of the energy. Changes in structural coordinates upon relaxation have been 
quantified, crystal lattice energies calculated and compared with experimentally 
determined enthalpies of sublimation, and the energy difference before and after 
relaxation computed and analysed. It is found that certain combinations of force fields 
and charge assignment techniques work reasonably well for modelling crystal structures 
of small aromatics, provided that proper attention is paid to electrostatic description 
and to how the force field was parameterized.  

A comparison of energy differences for randomly packed as well as experimentally 
determined crystal structures before and after relaxation suggests that the potential 
energy function for the solid state of a small organic molecule is highly undulating with 
many deep, narrow and steep minima. 

Keywords: Polymorphism, crystallization, thermodynamics, kinetics, nucleation, 
crystallography, solubility, phase equilibria, polymorphic transformation, solution 
history, metastable zone, classical theory of nucleation, two-step theory of nucleation, 
cluster, crystal structure prediction, lattice energy, molecular mechanics, force field, 
electrostatic potential, potential energy hypersurface, m-aminobenzoic acid, m-
hydroxybenzoic acid. 
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Probably every substance is potentially polymorphic. The only question 
is whether it is possible to adjust the external conditions in such a way 
that polymorphism can be realized or not. 
 

Maria Kuhnert-Brandstätter (1975)  

 
 
 
 
 
 
 
  



 viii

 
 



 ix

List of publications 

The thesis is based on the following papers, referred to by Roman numerals.  
 
Main papers: 
 
I. Svärd, M., Nordström, F., Jasnobulka, T., Rasmuson, Å. C. (2010) 

Thermodynamics and Nucleation Kinetics of m-Aminobenzoic Acid 
Polymorphs. Cryst. Growth Des. 10, 195. 
 

II. Svärd, M., Rasmuson, Å. C. (2009) Force Fields and Point Charges for Crystal 
Structure Modeling. Ind. Eng. Chem. Res. 48(6), 2899. 

 
III. Svärd, M., Rasmuson, Å. C. (2010) Structural and Energetic Aspects of the 

Differences Between Real and Predicted Polymorphs. Cryst. Res. Technol. 45(8), 
867. 
 

IV. Svärd, M., Rasmuson, Å. C. Thermodynamics and Nucleation of m-
Hydroxybenzoic Acid Polymorphs in Pure Solvents (manuscript). 
 

V. Nordström, F., Svärd, M., Malmberg, B., Rasmuson, Å. C. Influence of Solution 
Thermal and Structural History on the Nucleation of m-Hydroxybenzoic Acid 
Polymorphs (manuscript). 
 

VI. Svärd, M., Rasmuson, Å. C. (2008) Molecular Simulations to Predict 
Experimental Polymorphs. Proceedings of the 17th International Symposium on 
Industrial Crystallization / 8th Conference on Crystal Growth of Organic Materials 
(Maastricht, the Netherlands) 3, 1631. 

 
Conference contributions and other related papers (not included in thesis): 

 
VII. Svärd, M., Rasmuson, Å. C. (2007) Oiling-Out or Molten Hydrate – Liquid-

liquid Phase Separation in the System Vanillin-Water. J. Pharm. Sci. 96(9), 2390. 
 
VIII. Gracin, S., Svärd, M., Fischer, A. (2005) 4-Aminophenylacetic acid. Acta Cryst. 

E61, o1536. 
 

IX. Svärd, M., Rasmuson, Å. C. (2006) Evaluation of Common Generic Force 
Fields and Methods for the Assignment of Point Charges. 7th Conference on Crystal 
Growth of Organic Materials (Rouen, France) P-25. 
 

X. Svärd, M., Nordström, F., Jasnobulka, T., Rasmuson, Å. C. (2009) 
Polymorphism of m-Aminobenzoic Acid. 40th Anniversary Conference of the British 
Association for Crystal Growth (Bristol, UK). 

 



 x

XI. Svärd, M., Nordström, F., Rasmuson, Å. C. (2010) Polymorphism of m-
Hydroxybenzoic Acid – Primary Nucleation and Solid-Solid Transformation. 9th 
International Workshop on the Crystal Growth of Organic Materials (Singapore). 
 

XII. Svärd, M., Rasmuson, Å. C. (2011) Influence of Solvent on the Nucleation of 
m-Hydroxybenzoic Acid Polymorphs. Submitted to: 18th International Symposium 
on Industrial Crystallization (Zürich, Switzerland). 
 

Licentiate thesis: 
 

XIII. Svärd, M. (2009) Crystal Polymorphism of Substituted Monocyclic Aromatics. 
Licentiate Thesis in Chemical Engineering, Royal Institute of Technology, 
TRITA-CHE Report 2009:26, ISSN 1654-1081. 



 xi

Notation  

a Activity 
aeq Activity of a solute in solution at equilibrium 
A Solubility regression coefficient 
B Solubility regression coefficient 
C Solubility regression coefficient 
C Number concentration 
C* Equilibrium number concentration of critical nuclei 
Cns Number concentration of nucleation sites 
Cp Specific heat capacity at constant pressure 
Cs Solubility (mass ratio, solvent basis) 
∆Cp Difference in specific heat capacity at constant pressure between a 

liquid and a corresponding solid phase 
D Diffusion coefficient 
EB Bond angular bending energy 
Ee Electrostatic energy 
EHB Hydrogen bond energy 
EI Planar inversion energy 
ELATT Lattice energy 
∆Erelax Relaxation energy 
ES Bond stretching energy 
ET Torsional energy 
ETN Reichardt polarity index 
ETOT Total potential energy in molecular mechanics 
EvdW Dispersion (van der Waals’) energy 
∆EErel Relative excess lattice energy of a crystal structure compared to the 

global minimum  
f * Frequency of attachment of solute molecules to critical nucleus 
gE Molar Gibbs excess free energy 
G Gibbs free energy 
∆G Gibbs free energy difference between two phases 
∆Gfus Gibbs free energy of fusion 
∆G* Critical Gibbs free energy on formation of nucleus 
H Enthalpy 
H0 Enthalpy at 0 K 
∆H Enthalpy difference between two phases 
∆HvHsoln Van’t Hoff / apparent enthalpy of solution 
∆Hfus Enthalpy of fusion 
∆Hsub Enthalpy of sublimation 
J Steady-state rate of nucleation 
J0 Pre-exponential factor in nucleation rate equation 



 xii

KP Crystal packing coefficient 
k1,2 Heat capacity regression coefficient 
kB The Boltzmann constant 
m Mass 
M Molar mass 
N Number of predicted crystal structures 
N10% Number of predicted crystal structures with ∆EErel ≤ 10% 
p Pressure 
q ∆Cp regression coefficient 
Q Nucleus-centred point charge 
r Radius of (spherical) particle or nucleus 
r ∆Cp regression coefficient 
r* Radius of critical nucleus  
R Distance between two atom nuclei 
R Gas constant 
R Pearson regression coefficient 
S Supersaturation ratio 
S Entropy 
S0 Entropy at 0 K 
∆S Entropy difference between two phases 
∆Sfus Entropy of fusion 
tSH Superheating time (constant time at superheated conditions, used in 

thermal pre-treatment protocol) 
T Temperature 
TSH Superheating temperature (constant temperature exceeding Tsat used 

in thermal pre-treatment protocol) 
Tm Melting temperature 
Tsat Saturation temperature 
Ttr Transition temperature 
∆Tuc Undercooling temperature 
U Internal energy 
V Volume 
Vcell Unit cell volume 
x Mole fraction concentration 
xeq Mole fraction solubility 
Z The Zeldovich factor 
Z Number of molecules in the unit cell 
Z' Number of molecules in the asymmetric unit 
α Solubility ratio 
α ∆HvHsoln regression coefficient 
β ∆HvHsoln regression coefficient 
γ Activity coefficient 
γeq Activity coefficient at equilibrium 
ε Dielectric constant 



 xiii

φ Volume fraction 
η Dynamic viscosity 
κ Sticking coefficient 
µ Chemical potential 
∆µ Difference in chemical potential between two phases 
ρ Crystalline density 
σ Interfacial energy 
υ Molar volume 
υint Intrinsic molecular volume 
Ψ Wave function 

 



 xiv

Abbreviations and expressions 

API Active pharmaceutical ingredient 
ATR-FTIR Attenuated total reflectance Fourier-transform infrared 

spectroscopy 
CA Cellulose acetate 
CCDC The Cambridge crystallographical data centre 
CNT The classical theory of nucleation 
CSD The Cambridge structural database 
CSP Crystal structure prediction 
DFT Density functional theory, a quantum mechanical technique 
DSC Differential scanning calorimetry 
ESP Electrostatic potential 
HBD  Hydrogen bond donating (solvent) 
HT-XRPD High-temperature X-ray powder diffraction 
LJ Lennard-Jones potential 
MD Molecular dynamics 
MM Molecular mechanics 
MNDO Modified neglect of diatomic overlap, a semi-empirical 

quantum chemical method 
MZW Metastable zone width (in K) 
PM3 MNDO parameterization 3, a semi-empirical quantum 

chemical method 
PTFE Polytetrafluoroethylene 
QEq Charge equilibration, a method for calculating atomic point 

charges 
QM Quantum mechanics 
RMS Root mean square, a statistical measure 
SEM Scanning electron microscopy 
SCF-HF Self-consistent field Hartree-Fock, a quantum mechanical 

technique 
XRD X-ray diffraction 
XRPD X-ray powder diffraction 

 
  



 xv

Table of contents 

Abstract .............................................................................................................................. v 

List of publications .......................................................................................................... ix 

Notation ............................................................................................................................ xi 
Abbreviations and expressions .................................................................................... xiv 

Table of contents ............................................................................................................ xv 

1. Introduction ................................................................................................................ 1 

2. Theory .......................................................................................................................... 3 

2.1 Thermodynamics of Solutions, Crystals and Clusters ................................... 3 

2.1.1 Fundamentals ........................................................................................... 3 

2.1.2 Solid-Liquid Phase Equilibria ................................................................. 3 

2.2 Primary Nucleation ............................................................................................ 6 

2.3 Polymorphism .................................................................................................... 8 

2.3.1 Definitions and Terminology ................................................................. 8 

2.3.2 Thermodynamic Aspects of Polymorphism ........................................ 9 

2.4 Molecular Modelling of Crystals .................................................................... 10 

2.4.1 Molecular Mechanics ............................................................................. 11 

2.4.2 Crystal Structure Prediction: Sampling the Potential Energy 
Hypersurface ....................................................................................................... 15 

2.4.3 Crystallographic Aspects ....................................................................... 16 

2.4.4 Crystal Structure Comparison .............................................................. 17 

3. Experimental Work .................................................................................................. 19 

3.1 Experimental Work on the Polymorphic Systems m-Aminobenzoic Acid and 
m-Hydroxybenzoic Acid .......................................................................................... 19 

3.1.1 Materials and Preparation ..................................................................... 20 

3.1.2 Evaporation Crystallization and Solid-State Characterization ......... 20 

3.1.3 Thermal Analysis .................................................................................... 21 

3.1.4 Solubility .................................................................................................. 21 

3.1.5 Primary Nucleation ................................................................................ 22 

3.2 Computational Modelling Work .................................................................... 23 

3.2.1 Investigation of Force Fields and Point-Charge Assignment Techniques 
for Crystal Structure Modelling ........................................................................ 23 

3.2.2 Analysis of the Crystal Structures of Substituted Monocyclic Aromatics
  .................................................................................................................. 24 

3.2.3 Crystal Structure Prediction Simulations ............................................ 25 

4. Results ........................................................................................................................ 27 



 xvi

4.1 Characterization of the Polymorphs of m-Aminobenzoic Acid and m-
Hydroxybenzoic Acid ..............................................................................................27 

4.1.1 Thermal analysis .....................................................................................29 

4.1.2 Heating-Induced Polymorph Transformation ...................................30 

4.2 Solubility and Primary Nucleation of the Polymorphs of m-Aminobenzoic 
Acid and m-Hydroxybenzoic Acid in Pure Solvents ............................................31 

4.2.1 Solubility ..................................................................................................31 

4.2.2 Primary Nucleation ................................................................................33 

4.3 Force Fields and Point-Charge Assignment Techniques for Crystal Structure 
Modelling ...................................................................................................................35 

4.4 Structural Similarity of Experimental Polymorphs ......................................37 

4.5 Crystal Structure Prediction Simulations ......................................................39 

5. Discussion ..................................................................................................................41 

5.1 Thermodynamic Stability Relationship of Polymorphic Systems ..............41 

5.2 Primary Nucleation of Polymorphic Compounds .......................................45 

5.2.1 Influence of Solvent Properties on the Kinetics of Nucleation ......49 

5.2.2 Influence of Solution History on Nucleation of Polymorphic Systems 
  ..................................................................................................................51 

5.2.3 The Polymorphic Outcome of a Crystallization ................................52 

5.3 Computational Modelling of Crystal Structures...........................................52 

5.3.1 The Potential Energy Hypersurface ....................................................52 

5.3.2 The Importance of Electrostatics ........................................................58 

5.4 Real Polymorphs Versus Predicted................................................................60 

5.4.1 Explanations for the Discrepancy in the Number of Structures .....64 

6. Conclusions ...............................................................................................................67 

Acknowledgements .........................................................................................................69 

Bibliography .....................................................................................................................71 

 
Appendices: 
A1. Model systems 
A2. Space group statistics 
A3. Modelling software 
 



 1

1. Introduction 

Crystal polymorphism, the possibility for a single compound to exist in more than 
one distinct crystal structure, is a common phenomenon which is far from completely 
understood, despite long being the subject of extensive research. It is of crucial 
importance in many branches of chemical industry, perhaps most of all in the 
pharmaceutical industry, as polymorphs can and often do show significant differences 
in properties such as solubility and dissolution rate, affecting the bioavailability of drug 
formulations, as well as melting point, physicochemical stability and mechanical 
properties affecting e.g. tablet production1. The polymorphic differences can be 
exploited, e.g. to take advantage of better compactibility or powder flow rate, or a 
thermodynamically metastable form may be chosen to improve drug administration, as 
it will have a higher dissolution rate than a more stable polymorph. Another reason for 
the increasing industrial interest in polymorphism is the fact that the polymorphs of an 
active pharmaceutical ingredient (API) can be protected by separate patents. 

Polymorphism is very common. It was the considered opinion of two pioneers in the 
field, Walther McCrone2 and Maria Kuhnert-Brandstätter3, that all compounds are 
potentially polymorphic. It has been reported4 that more than half of the APIs in 
production are polymorphic. Despite this, not long ago polymorphism was either 
treated as an annoyance or completely overlooked by the pharmaceutical industry. 
There are several striking examples of how suddenly emerging polymorphs have 
caused production delays and forced companies to retrace their steps and start over. 
An example is the API Ritonavir manufactured by Abbott, for which a more stable 
polymorph was discovered two years after the market launch of the drug, as capsules 
suddenly started failing dissolution tests5. Today, it is accepted that the best insurance 
against such surprises is knowledge, and this view has led to strict regulations requiring 
extensive polymorph screening and process control with respect to polymorphism of 
APIs and excipients6.  

Crystallography, the science of crystallinity, has made it possible to determine the 
structure of a molecular crystal, enabling the study of polymorphism at a molecular 
level. Before the time of routine crystal structure determination by X-ray diffraction, 
the study of polymorphism was an exclusive prerogative of the field of chemical 
microscopy; monumental works in the identification and description of polymorphic 
systems have been carried out by McCrone2 and the group of Kuhnert-Brandstätter at 
Innsbruck, Austria7. Today, the problem of solving a crystal structure is often reduced 
to growing a single crystal of sufficient quality, and the database of available crystal 
structures is growing rapidly.  

Fuelled by steady advances in computer technology, there is a growing interest in 
new molecular modelling solutions, which has led to unprecedented opportunities for 
exploring new aspects of polymorphism, inaccessible to the experimentalist. The 
ultimate goal of crystal structure modelling is the ability to predict the structures and 
the thermodynamic stability relationship of all the polymorphs of a given compound, 
from nothing but the molecular formula, to say nothing of producing a model of the 
kinetics of nucleation, transformation and growth of the potential polymorphs, giving, 
as it were, the complete picture of the solid state. A more modest and realistic goal is 
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the prediction of crystal structures based on their potential energy at absolute zero 
temperature; a purely thermodynamic approach, in which entropy and kinetic energy 
are completely neglected.  

Even this goal is today far from being attained8. With such a battery of 
approximations, in a world controlled by kinetics as well as thermodynamics, the 
prediction of structures predominating at room temperature conditions has proved to 
be difficult. In a progression of benchmark blind tests during the last decade, success 
has been limited to small, rigid molecules, with flexibility, hydrogen bonding and 
structures with more than one crystallographically unique molecule constituting major 
problems. However, real promise for the future of such lattice energy based methods 
has been shown by a state of the art hybrid model using quantum mechanics to 
develop a finely tuned ad hoc potential function9, but so far, such calculations demand 
far too much computational resources for routine usage. 

The focus of this project has been the interrelationship between thermodynamic, 
kinetic and structural aspects of crystal polymorphism, with particular focus on the 
nucleation of polymorphs. The work has had a combined experimental and theoretical 
approach. Experimentally, the work has aimed to explore the influence of kinetic 
factors on the nucleation of known polymorphic compounds, against a thermodynamic 
framework. A method developed partly during the project, which allows large numbers 
of simultaneous crystallization experiments to be performed, has been used to explore 
primary nucleation of polymorphs with a dedicated approach to the stochastic nature 
of primary nucleation, the consequences of which are seldom fully appreciated. 

The experimental work has been complemented with molecular modelling. The 
primary target has been the discrepancy between the fact that, in a lattice energy based 
crystal structure prediction simulation, hundreds of potential structures can be 
identified within reasonable limits of energy and density, while normally no more than 
a handful emerge in crystallization experiments. This has been investigated qualitatively 
by contrasting the results of crystal structure prediction simulations with a study of real 
polymorphs with experimentally known structures.  

The project has been limited with respect to the type of compounds considered to 
small, substituted monocyclic aromatic compounds. The choice of this class of 
compounds offers several advantages. The industrial relevance is considerable, to the 
pharmaceutical industry in particular, as many APIs are members of, or derived from, 
this class of molecules. This also means a high likelihood of finding published data, e.g. 
crystal structures and solubility data. Many are well-studied, and there are several 
known polymorphic systems while others, despite having been extensively studied, 
have not as yet been found to possess any polymorphs. Finally, limitations in molecular 
size and number of elements are enforced in order to allow sufficiently detail and 
quality in the computer modelling. Despite these limitations, the molecules afford a 
certain flexibility in the choice of functional groups in different positions 
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2. Theory 

2.1 Thermodynamics of Solutions, Crystals and Clusters 

2.1.1 Fundamentals 

The property that governs the direction of any spontaneous process, and 
consequently the thermodynamic stability relationship between different phases of a 
compound, is the Gibbs free energy, G. As postulated by Willard Gibbs, any 
spontaneous change to a system will move in a direction leading to a reduction in free 
energy, which is defined as: 

� = � + �� − �	 = 
 − �	                 (2.1) 

where the enthalpy (H) is defined as the sum of the internal energy (U), and the 
pressure (p) multiplied by the volume (V). T is the temperature and S the entropy. 
Under conditions of constant pressure, both the enthalpy and entropy are functions of 
the isobaric, specific heat capacity (Cp) which itself is a function of temperature:  


��� =  ��	�� + 
�
�
�                   (2.2) 

	��� =  ��
� 	�� + 	��

�                    (2.3) 

For a completely ordered, solid phase – a crystal – the entropy at zero Kelvin, S0, is 
equal to zero, as dictated by the third law of thermodynamics, if residual entropy is 
disregarded. From this follows that the Gibbs free energy at temperature T is a 
function only of Cp and the constant H0, the zero Kelvin enthalpy.  

If a single, free gas-phase molecule is chosen as the reference state, the enthalpy of a 
crystalline solid becomes the enthalpy of sublimation. The zero Kelvin value of this 
enthalpy is called the lattice energy, ELATT. 

2.1.2 Solid-Liquid Phase Equilibria 

In a multicomponent system, it is useful to compare different states in terms of the 
chemical potential, denoted by µ. Under normal laboratory conditions where constant 
pressure applies, the chemical potential is equal to the partial molar derivative of the 
Gibbs free energy, G, given by: 

�� = � ��
���

�
�,�,� !�	

                    (2.4) 

In the chemical engineering literature, the reference state for the chemical potential is 
usually chosen to be the liquid state. For a pure solid phase A of component i at 
temperature T, the activity is given by: 
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ln $�,% = &�,'(&�,)
*� = (∆�',-.���

*�                 (2.5) 

where L denotes the supercooled melt at temperature T. The free energy of fusion at 
temperature T, through eq. 2.1, is given by: 

∆�/01��� = ∆
/01��� − �∆	/01���             (2.6) 

As given by eq. 2.2, the enthalpy at temperature T can be obtained from the enthalpy 
at some reference temperature by integration of the heat capacity. If the enthalpy of 
fusion at the melting temperature Tm is known, the enthalpy of fusion at temperature T 
is given by: 

 ∆
/01��� = ∆
/01��2� +  ��,3	���
�4 −  ��,5	���

�4  

= ∆
/01��2� +  ∆��	���
�4                 (2.7) 

where ∆Cp = Cp,L – Cp,S, the difference in heat capacity between the supercooled 
pure liquid and the solid, which is a function of temperature. The same reasoning 
applied to the entropy of fusion yields:  

∆	/01��� = ∆6,-.��4�
�4 +  ∆�� 	

� ���
�4               (2.8) 

where ∆Sfus(Tm) is expressed in terms of ∆Hfus(Tm) through eq. 2.1, as ∆Gfus = 0 at 
Tm. Inserting eqs. 2.7 and 2.8 into eq. 2.5 results in the following expression for the 
activity of the solid phase A as a function of experimentally measurable quantities: 

ln $% = ∆6'
,-.��4,'�

* 7 8
�4,'

− 8
�9 − 8

*�  ΔC�,%���
�4,' + 8

* 
<=�,'

� ���
�4,'   (2.9) 

In a solution where the solute is at equilibrium with a solid form, the chemical 
potentials of the solid and the solute are equal. The activity of the solid phase is then 
equal to the activity of the solute, which may be written as a product of the mole 
fraction concentration, x, and the activity coefficient, γ, which describes the degree of 
departure from an ideal solution*: 

$% = $>? = @>?A>?                    (2.10) 

In a solution that is supersaturated with respect to a given solid phase, i.e. where the 
concentration is above the solubility of that phase at the given temperature and 
pressure, the chemical potential and the activity of the solute in solution will exceed the 
corresponding equilibrium values. The driving force for crystallization is then equal to 
the difference in chemical potential between the solute in the supersaturated solution 
and at equilibrium, ∆µ, given by: 

                                            
 
* This definition of the activity coefficient follows the so-called symmetric convention discussed by Prausnitz et 

al. (1999), where an ideal solution is defined according to Raoult’s law. The definitions of activity and activity 
coefficient given by eq. 2.10 will be used consistently thoughout this thesis. 
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∆� = � − �>? = B� lnC D
DEF

G = B� ln C H
HEF

I
IEFG          (2.11) 

The activity coefficient depends on the interactions between the solute and solvent 
molecules in the solution, and consequently on the concentration and the temperature, 
but not on the structure of the solid phase, i.e. the polymorph. There are several 
empirical and semi-empirical models available in the literature which describe non-
ideality and the concentration dependence of activity coefficients at constant T, with 
different degree of complexity, e.g. the equations of Margules, van Laar, Wilson, 
NRTL, UNIQUAC and UNIFAC. Most models take their point of departure in the 
Gibbs excess free energy, defined as the difference between the molar Gibbs free 
energy of the real solution and the corresponding value for an ideal solution at equal x, 
T and P: 

JK = B�∑ @� ln A��                     (2.12) 

For a binary mixture, the simplest activity coefficient model based in eq. 2.12, and 
which obeys the important boundary condition that gE = 0 for the pure components, is 
the one-parameter Redlich-Kister equation (also known as Porter’s equation and the 
two-suffix Margules equation): 

ln A� = D
*� �1 − @��N                    (2.13) 

where a is an empirical system-specific parameter which depends on temperature. 
Prausnitz et al.10 suggest the following two-parameter empirical relationship between 
activity coefficient and temperature at constant concentration: 

ln A = $ + O
�                      (2.14) 

The solubility of small particles is not necessarily equal to that of larger crystals. 
According to the Ostwald-Freundlich equation11, relating solubility to particle size, the 
solubility will increase exponentially with reduced particle size, going towards infinity 
as the particle size approaches zero:  

P*�
Q ln �R

� = NS
T                       (2.15) 

where ρ denotes the density of the solid, M the molar mass of the solute, σ the 
interfacial energy and Cr/C the ratio of the solubility of the small particle with radius r 
to that of the bulk solid. The thermodynamic basis for this behaviour is the formation 
of an unfavourable interface between a particle and the solution, forcing the molecules 
at the interface to have a higher free energy than molecules in the solid bulk because of 
unsaturated bonding. For a big crystal, this effect is negligible, but it increases with 
increasing particle surface to volume ratio. Knapp (1922)12 suggested that the effect of 
accumulation of electrical charge at the interface could offset the effect of Ostwald-
Freundlich equation (eq. 2.15), and even cause the solubility to reach a maximum with 
decreasing particle size, and then decrease towards zero, a theory which has later been 
supported by other sources13. Wu and Nancollas(1998)14 have questioned the 
applicability of the Ostwald-Freundlich equation to solid-liquid systems. The equation 



 6 

contains the assumptions i) that there are no differences in physical properties between 
macro and micro scale, and ii) that there is no difference in interfacial tension with 
different crystal size or face. 

2.2 Primary Nucleation 

In a supersaturated solution, solute molecules may form dynamical aggregates, or 
clusters, whose size and structure fluctuate with time. At a certain point, the solution 
may undergo primary nucleation, with stable crystal nuclei emerging in the solution. 
The exact appearance of these clusters and the mechanism of their formation, growth 
and dissolution, are unknown. Neither is there a generally accepted theory to describe 
the process of primary nucleation satisfactorily. Until recently, the so-called classical 
theory of nucleation, CNT, has dominated the literature on nucleation from solution. 
This model was developed by Volmer15, Becker and Döring16, Zeldovich17 and others, 
originally to describe vapour condensation, and has been adapted to nucleation of 
crystals in solution.  

According to the CNT, nucleation occurs by solute molecules aggregating into small, 
unstable clusters which from the outset take on the same structure as the 
corresponding bulk crystal. The associated change in free energy depends on the excess 
free energy of the formation of an unfavourable interface between the nucleus and the 
surrounding solution, ∆Gint, and on the volume excess free energy, ∆Gvol, which is the 
difference between the free energy of the solute in the bulk of the crystal and in 
solution: 

∆G = ∆��VW − ∆�XYZ                   (2.16) 

If the size of a cluster exceeds a critical size, having a maximum in free energy, ∆G*, 
the cluster ceases to be thermodynamically unstable and is likely to grow into a crystal. 
∆G* is a function of the interfacial energy, σ, the supersaturation expressed in terms of 
chemical potential, ∆µ, and the molar volume of the solute, υ, and for a spherical 
nucleus becomes18: 

∆�∗ = 8\]
^

S_`a
∆&a                      (2.17) 

The steady-state rate of nucleation, J, viz. the number of generated nuclei per unit 
volume and time, is written: 

b = �∗c∗d                       (2.18) 

where C* is the equilibrium concentration of critical nuclei, ƒ* is the frequency of 
attachment of solute molecules to a critical nucleus, and Z, the Zeldovich factor, 
corrects for the deviation from equilibrium. C* is given by:  

�∗ = �V1 exp �− ∆�∗
*� �                   (2.19) 

where Cns denotes the concentration of “nucleation sites” in the system and ∆G* the 
critical nucleation free energy barrier. As regards crystallization from solution, it has 
been proposed19 that Cns should equal the total concentration of solute and solvent 
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molecules in the system, since any molecule may function as a site for nucleation. Cns 
can be approximated by the reciprocal of the molar volume of the solvent, 1/υsolvent, if 
the solution is dilute enough20.  

Expressions for the molecular attachment frequency, ƒ*, have been derived by 
Kaschiev20 for a variety of cases. For homogeneous 3D nucleation controlled by the 
diffusion of monomers in solution, ƒ* is the product of the diffusion flux of solute 
molecules to the nucleus, the nucleus surface area and the sticking coefficient, κ, a 
number between 0 and 1 accounting for collisions not resulting in the addition of the 
solute molecule to the nucleus: 

c∗ = 4ij∗k�l	                     (2.20) 

C is the solute concentration, D is the molar diffusion coefficient, and the critical 
nucleus radius, r*, is often estimated with the Gibbs-Thomson (Kelvin) equation, 
although arguments against the use of this equation for solid-liquid systems, on 
thermodynamic grounds, have been raised14: 

j∗ = NS`
<&                         (2.21) 

Finally, the Zeldovich factor is postulated18 to be a function of ∆G*, the size of the 
critical nucleus and the temperature, and by combination with eqs. 2.15 and 2.20 
becomes: 

d = <ma
n]`o 8

*�S_                      (2.22) 

Combining eq. 2.19, 2.20 and 2.22 into eq. 2.18 for the rate of steady-state primary, 
homogeneous 3D nucleation of spherical particles, affords: 

b = p�q<&
`.rstEuvo

8
*�S exp �− 8\]

^*�
S_`a
<&a �               (2.23) 

Eq. 2.23 is often simplified into: 

b = b� exp �(∆�∗
*� � 	                    (2.24) 

where J0 is called the pre-exponential factor, or alternatively the collision factor. It 
has been reported13 that experimental values of J0 as low as 103-105 cm-3s-1 have 
frequently been obtained; values which are many orders of magnitude below those 
predicted21 by the CNT of around 1030 cm-3s-1, and although at least some degree of 
this discrepancy must be attributed to limitations of the experimental methods, the 
failure of the CNT to predict absolute nucleation rates, even for the condensation of 
water droplets22, has been taken as evidence that the model is inherently flawed.  

The CNT contains many implicit assumptions which may not hold in practice21: 
i) the critical nucleus is approximated by a perfect sphere, with identical density 

and structure as the bulk crystal, 
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ii) the nucleus/solution interface is sharp, with all curvature dependence of the 
interfacial energy neglected (the capillary approximation), 

iii) the solution is assumed to be homogeneous, with no concentration gradients or 
fluctuations, 

iv) the cluster distribution, and accordingly also the nucleation rate, is assumed be 
at a steady-state level, 

v) addition of solute molecules to the nucleus is assumed to proceed one monomer 
at a time. 

Furthermore, no account is taken of the possibility of one polymorph nucleating on 
aggregates of another.  

Other theories of nucleation have been suggested23, based on e.g. spectroscopic 
observations of pre-crystalline clusters of different kind, with varying degree of long-
range order and size24. Recently, a two-step model of nucleation has been put 
forward21. This theory is supported by experimental evidence from crystallizations of 
macromolecules25, 26 and colloidal suspensions27, and by computer simulations28, 29. 
There is evidence to suggest30 that the theory is also applicable to crystallization of 
small organic molecules from solution. The two-step theory postulates that the 
mechanism of nucleation proceeds in two stages:  

i) the formation of dense, unordered clusters by local density fluctuations in 
solution, and  

ii) a restructuring of molecules within these clusters into ordered crystal nuclei.  
The physical properties of a pre-crystalline cluster would resemble a diffuse liquid 

droplet or an amorphous solid. The rate-limiting step has been shown to be the 
restructuring step ii), and the pre-exponential factor in the rate expression is 
proportional to φCcT/ηc, where φ is the volume fraction of dense liquid clusters in the 
solution, and Cc and ηc are the solute concentration and viscosity within the clusters, 
respectively31. 

One thing that both nucleation theories have in common qualitatively is that J 
increases exponentially with the thermodynamic driving force for crystallization – the 
supersaturation. This relationship offers an explanation for the so-called metastable 
zone, the region of limited supersaturation where no primary nucleation is observed 
within a reasonable length of time. The width of this zone depends on purity, 
temperature and exact experimental conditions, but most importantly, it differs for 
different polymorphs1. 

2.3 Polymorphism 

2.3.1 Definitions and Terminology 

Polymorphism in molecular crystals has been defined by McCrone32 as “the 
possibility of at least two different arrangements of the molecules of a compound in 
the solid state”. If the definition is expanded and the word compound allows more than 
one distinct chemical substance, so that the requirement is simply that different solid 
phases have the same chemical composition, co-crystals can have polymorphs as well. 
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Sometimes, the word pseudopolymorphism is used to denote solvated forms, but the use 
of this term is discouraged33. 

Polymorphism is often classified into packing polymorphism, if two structures differ 
mainly in the way that molecules are packed, and conformational polymorphism, if there is 
also a difference in molecular conformation. This common classification is often far 
from unambiguous. At a quantum mechanical level, there is no such thing as a rigid 
molecule, as bond lengths and angles are only averages over time of different 
vibrational modes occurring on the femtosecond time scale, and depend on a 
multitude of different short and long range interactions. If there is also torsional 
flexibility, i.e. the possibility of rotation around single bonds, this merely constitutes 
additional degrees of freedom in the packing of molecules in the crystal lattice; for that 
reason, the terms packing vs. conformational polymorphism should be treated as 
extremes on a floating scale. 

Another problem with McCrone’s definition is that it is not clear as regards 
tautomerism, i.e. when there are dynamic isomers which can interconvert when in liquid 
or vapour state34. It has been suggested that two crystal structures be classified as 
polymorphic if they lead to identical liquid/vapour phases. For dynamic isomers, 
however, this completely depends on the time constants involved in isomeric 
interconversions. 

There are a few other special cases of polymorphism that should be mentioned. 
Polytypism, according to the definition by the International Union of Crystallography35, 
is the term applied when different crystal structures are composed of identical two-
dimensional layers, with differences only in the stacking. A recent example of the 
application of this term in connection with the important discussion of what 
constitutes polymorphism – a question with legal ramifications – is the case of 
acetylsalicylic acid (aspirin), of which a second polymorph was recently reported36, but 
this conclusions was later refuted by other authors37 on the grounds of erroneously 
interpreted diffraction data caused by structural disorder of a polytypic nature. 

Finally, conformational isomorphism refers to the case where one unit cell contains 
multiple, distinct molecular conformations in an ordered manner, and synmorphism to 
when different conformers occur in a random distribution38.  

2.3.2 Thermodynamic Aspects of Polymorphism 

The Gibbs free energy difference between two polymorphs is given by: 

∆� = �N − �8 = ∆
 − �∆	                (2.25) 

At a given temperature, the polymorph with the lowest value of free energy is the 
stable polymorph. Through eq. 2.5, it follows that the relative thermodynamic stability 
of two polymorphs at a given temperature is given by the ratio of solid-state activities. 
It further follows from eq. 2.10 that the stable polymorph will exhibit the lowest 
solubility in all solvents. A commonly adopted approximation is to assume that the 
effect on activity coefficients of small variations in concentration can be neglected. In 
that case, as given by eq. 2.10, the activity is proportional to the solubility. Defining the 
solubility ratio, α: 



 10

HEF,w
HEF,x = y z D'

D{
	=	constant                  (2.26) 

If the assumption that the ratio of activity coefficients in solutions at equilibrium 
with the respective solid phases A and B equals unity is sound, eq. 2.26 provides a 
convenient means to i) assess the relative thermodynamic stability of two polymorphs, 
and ii) estimate the solubility of one polymorph in a solvent from the solubility of 
another, if the solubility of both polymorphs can be measured in a second solvent at 
the same temperature. 

Depending on differences in the interactions between molecules in the crystal lattice 
of two polymorphs of a compound, they will exhibit different zero-Kelvin enthalpy, 
H0, and different dependence of Cp on T. This may lead to a transition in 
thermodynamic stability at some temperature below the melting point of the lower 
melting polymorph, in which case the system is termed enantiotropic. At the transition 
temperature, Ttr, ∆G is zero, and it follows from eq. 2.25 that ∆H is then equal to T∆S. 
The concept is illustrated in fig. 2.1, with all energy values given relative to the liquid 
reference state.  

 

 

Figure 2.1. The concept of enantiotropy illustrated in a schematic diagram showing ∆Gfus (solid 
lines), ∆Hfus (dashed lines) and T∆Sfus (dotted lines) for two polymorphs (red and blue), with 

associated melting temperatures, Tm, and stability transition temperature, Ttr. 

At the transition temperature, the two polymorphs will exhibit equal solubility in all 
solvents. If there is no transition in stability below the melting points, the system is 
termed monotropic. 

Considering the many examples of polymorphs being able to crystallize 
concomitantly39, it is a fair assumption that free energy differences between real, 
observed polymorphs should be fairly small in many cases. There are few studies that 
give experimentally determined differences in free energy between polymorphs. 

2.4 Molecular Modelling of Crystals 

The demand for new and better computational molecular modelling solutions to 
different problems is seeing a rapidly increased demand from the pharmaceutical and 
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chemical industry, as ever more computational power becomes available, and there are 
corresponding and ongoing advances in theory and models. Examples pertaining to 
crystals include morphology prediction40 and Monte Carlo and molecular dynamics 
simulations to explore interactions in solution41, nucleation42, 43 and melting44.  

Perhaps the most coveted goal, the slow progress towards which has been 
described45 as a “continuing scandal”, is the prediction of crystal structures of a 
compound from knowledge only of the molecular formula. The rigorous way to 
predict crystal structures would be through quantum mechanics, which entails solving 
the Schrödinger equation with respect to all nuclei and all electrons for every possible 
set of relative molecule positions. Without approximations, however, this cannot be 
done for systems with more than two particles, and characterizing the entire energy 
hypersurface, the energy of the crystalline state as a function of all structural degrees of 
freedom, for a molecule with more than a few atoms using quantum mechanical 
methods such as SCF-HF or DFT is computationally prohibitive46. An organic crystal 
is a complex system, with the molecules balanced by weak but long-range forces, which 
effectively prohibits reduction of the model. Without doubt, sufficient computational 
power will eventually become available to allow techniques based on quantum 
mechanics to supplant current approximative methods. 

2.4.1 Molecular Mechanics 

The one technique which still today is fast enough for simulations of large, complex 
systems, and for routine crystal structure predictions, is molecular mechanics, MM. 
This technique is based on evaluating a parameterized analytical function – a force field – 
describing the potential energy hypersurface. A frequent assumption is that potential 
(lattice) energy is a sufficient measure of crystal structure stability. This means that the 
vibrational contributions to the internal energy (including the zero-point energy), 
entropy and density are all neglected, which could lead to serious errors47, 48.  

The parameters of a force field have to be tuned so that the force field potential 
energy corresponds as closely as possible to the real case, for a relevant set of 
molecules. There are many generic force fields available, with different functional 
forms, parameterized for different sets of compounds. For the best results, a 
specialized, ad hoc force field should be prepared for a given situation49. 

The total intermolecular potential energy of a system of molecules can be written as 
the sum of all pairwise, three-body, four-body, etc. interactions. An almost universally 
adopted approximation is to consider only pairwise interactions. This is done by 
adding together energy terms for different types of interactions between all relevant 
atom pairs: 
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The intramolecular “bonding” terms in eq. 2.27 describe, from left to right, bond 
stretching, bond angular bending, bond torsion and planar inversion. The “non-
bonding” terms describe dispersion (van der Waals’) and electrostatic interactions. 
Some force fields include a special hydrogen bond term while others treat hydrogen 
bonds as a combination of dispersion and electrostatic interactions. Some force fields 
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use a rigid body approximation and include only the non-bonding terms, which can be 
disastrous for flexible molecules48. 

ETOT, the total energy, by itself is a rather meaningless quantity, as it has no sensible 
reference state; the reference states for the bonding terms refer to equilibrium values 
defined for each atom type (i.e. most molecules can never attain the reference state 
with respect to all bonding interactions simultaneously), whereas the reference state for 
the non-bonding interactions is at infinite separation (i.e. approximately realizable for 
intermolecular, but never for intramolecular non-bonding interactions). In order for 
the calculated energy to be used for meaningful comparisons between e.g. different 
crystal structures, the reference states must be identical, which requires that the 
structures have similar atom types and bonds. Choosing the reference state to be a 
single molecule in vacuum (a gas with infinite volume) allows calculation of the lattice 
energy: 

�3%�� = K	���,�Ess
� − ����,2YZ                 (2.28) 

If the molecular conformation in the crystal structure is different from that in the gas 
phase, the lattice energy, besides the intermolecular packing energy, will also contain 
contributions from conformational energy differences. 

Calculated lattice energies may be compared to enthalpies of sublimation measured at 
a finite temperature50 provided that a correction for the effects of Cp(T) on the 
enthalpy (cf. eq. 2.2) is included. Lacking detailed knowledge of the heat capacity as a 
function of temperature at low temperatures, and under the crude assumptions i) that 
the heat capacity of the gas is equal to that of an ideal gas and ii) that the heat capacity 
of the crystal is constant in the temperature interval, the enthalpy of sublimation at 
temperature T becomes49: 

∆
10O��� = −��3%�� + 2B��                 (2.29) 

The temperature correction in eq. 2.29 is fairly small, generally in the same range as 
the uncertainty in experimentally determined ∆Hsub which frequently amounts to 
several kJ/mol51. 

With a perfect force field, the experimental structure (disregarding temperature 
effects) should correspond to a local minimum of the force field potential energy 
hypersurface, but in practice this is never the case. A minimum on a real energy 
hypersurface corresponds to a point sloping towards some minimum on the 
corresponding force field hypersurface. If the force field is used to minimize the energy 
of an experimentally determined structure, the resulting structure is called relaxed. The 
reduction in energy as given by the force field is called the relaxation energy, ∆Erelax. 
Fig. 2.2 shows the process of relaxation schematically in 2D. 
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Figure 2.2. 2D illustration of the relationship between a real energy minimum (left) and the 
corresponding minimum on a force field hypersurface (right), with energy on the ordinate and a 

structural coordinate on the abscissa. The pathway of structural relaxation is shown with dotted 
arrows, together with the corresponding relaxation energy as given by this force field. 

The functional form and number of the terms in eq. 2.27 depend on the force field. 
Most force fields have much in common, however. The bonding terms tend to be 
fairly simple functions based in classical mechanics, with a small number of parameters 
that need to be defined for each combination of atom types. 

The dispersion energy is composed of many attractive components with different 
distance dependence, representing various induced (London) multipole interactions 
diminishing as R-6 (dipole-dipole), R-8 (dipole-quadrupole), R-10, etc., where R is the 
interatomic distance. The total asymptotic behaviour is as R-6. A repulsive component, 
abating rapidly with increased atomic separation, is included to account for orbital 
overlap at short separations. Three common functional forms are the Lennard-Jones 
potential (eq. 2.30), the Buckingham potential and the Morse potential.  

�X��
3� = ��

*�a − �a
*�                     (2.30) 

and C1,2 are tuneable parameters. Most force fields favour the Lennard-Jones form 
for the dispersion potential, even though it is qualitatively inferior to the Buckingham 
form52, or the even more accurate Morse potential, because it is computationally less 
expensive, and more stable than the Buckingham potential at very short separations.  

Perhaps the most important term in eq. 2.27 is the term representing electrostatic 
interactions (between permanently charged parts of molecules). In its simplest and 
most common form it is a Coulomb potential: 

�> = �'�{
�*�a                        (2.31) 

QA,B are point charges centred on atoms A and B which are separated by distance R, 
and ε is a dielectric constant that can be included to account for shielding effects. As 
only pairwise interactions are generally taken into account, three-body effects such as 
polarisation interactions, e.g. Debye (dipole – induced dipole) interactions, are not 
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considered explicitly. This introduces an error that can sometimes be significant – of 
the same order of magnitude as the electrostatic interactions48. 

Nucleus-centred point charges offer a simple description of the electrostatics around 
a molecule leading to rapid calculations, and they fit intuitively into our chemical 
perception of molecules being composed of atoms. However, it is only an 
approximation; quantum mechanically, electrons are distributed around nuclei 
according to the wave function, Ψ, creating an electrostatic field. This, and the fact that 
the coulombic energy is the relatively small sum of many large terms49, leads to the 
need for as high-quality point charges as possible. Distributed multipole models53 and 
other more sophisticated techniques54 exist, but are sadly not incorporated in most 
modelling software.  

There is a multitude of ways in which point charges can be assigned. One approach is 
to treat the charges as integral parameters in the force field, optimized for each force 
field-defined atom type, leading to a certain robustness. An approach that theoretically 
leads to higher accuracy and flexibility is to calculate the charges separately for each 
model system. In the early but still used method of Mulliken55, the electron population 
is simply divided into charges centred on the participating atoms. Other and faster 
techniques which do not need access to the wave function have been developed, e.g. 
the method of Gasteiger and Marsili56 where only the atoms and their connectivity are 
taken into account, and the charge equilibration method57 which in addition accounts 
for molecular conformation. 

The recommended58, 59 approach for crystal structure prediction is to fit the charges 
to the electrostatic potential of the molecule (fig. 2.3), so-called ESP-charges.  

 

 
Figure 2.3. The electrostatic potential (ESP) field mapped on an electron density isosurface for a 

p-aminobenzoic acid molecule. Blue is negative and red positive. 

In an ESP-charge fit, the ESP is first calculated by a quantum chemical method of 
sufficient quality. Point charges are then assigned so as to minimize the difference 
between the quantum chemical ESP and the ESP obtained by the point charge model, 
at a lattice of points in space outside the molecule, while maintaining the condition of 
electroneutrality. This is not trivial60, 61, and can be fraught with problems62.  
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It has been found that ESP-charges depend only weakly on the choice of quantum 
mechanical basis set63. It has been shown64 that inclusion of electron correlation effects 
has little influence on the ESP far from the nuclei, which is the most relevant region 
for intermolecular interactions. It has also been shown61, 65 both for standard Hartree-
Fock and DFT that ESP-charges depend linearly on the quality of the basis set, and 
consequently it should be possible to use a small basis set to obtain an initial set of 
charges, and scale them linearly to obtain a new set of charges of a quality equivalent to 
a set obtained with a more extended basis set.  

2.4.2 Crystal Structure Prediction: Sampling the Potential Energy 
Hypersurface 

Given a force field, crystal structure prediction can be effected by generating a large 
number of initial structures, sufficient in number and diversity to assure a thorough 
sampling of the multi-dimensional potential energy hypersurface, followed by a 
geometry-optimization with respect to potential energy. In the generation step, either 
through a random or a systematic approach a crystal lattice is commonly constructed 
using one or more molecular conformations used as building blocks. Other approaches 
include simulating the start of crystallization by constructing low-energy clusters, or 
building configurations by invoking symmetry elements and then extending these to 
include lattice symmetry66. The widely used Polymorph module of the software 
package Materials Studio from Accelrys employs Monte Carlo simulated annealing67. 
The principle is that a starting point on the energy hypersurface is chosen at random. 
Using chosen initial values of temperature and maximum allowed displacement, a 
Metropolis random walk is then executed, i.e. random, restricted steps on the 
hypersurface are suggested, and accepted or rejected according to defined criteria: if a 
trial step results in a lower value of the function to be optimized the step is accepted, 
and if it results in a higher value, the step is accepted with a probability of e-∆C/kBT (the 
Boltzmann factor), where C is the function to be optimized. The idea is to allow small 
energy barriers to be overcome early in the simulation process in order to ensure a 
thorough sampling of the hypersurface. The temperature and the maximum 
displacement are gradually decreased until no more structures are generated. 

It is possible to account for vibrational contributions to the free energy in the 
evaluated energy function through lattice dynamics, though at greatly increased 
computational cost. However, attempts to do this have so far not been reported to be 
particularly successful in improving the accuracy in crystal structure predictions68. 

The predicted structure corresponding to the minimum on the force field’s potential 
energy hypersurface with the lowest energy is called the global minimum structure. 
Other minima can be compared to the global minimum in terms of lattice energy 
differences. Introducing: 

∆�T>ZK = K)'��4�u (K)'��
K)'��4�u                     (2.32) 

for the excess relative lattice energy of a given structure compared to the global 
minimum, allows comparison of structures with respect to energy difference on a 
relative basis.  
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The relative energies of predicted structures may be compared against differences in 
energy between experimentally observed polymorphs. In a recent molecular mechanics 
study23 of 475 organic polymorphic pairs, it is reported that the lattice energy 
difference between polymorphs never exceed 20 kJ/mol, with the majority having 
∆Erel < 10%. Another molecular mechanics study from 199569 reports that 85% of the 
investigated polymorphic systems show relative lattice energy differences below 10%, 
with the upper limit at 25 kJ/mol. Price70 gives as an estimate a maximum lattice 
energy difference between experimentally observed polymorphs of about 8 kJ/mol. 

With regard to entropy differences, Gavezzotti and Filippini69, based on lattice-
dynamical calculations of ∆S between the experimental crystal structures of over 200 
polymorphic pairs, have reported that polymorphic differences in lattice vibrational 
entropy at room temperature never exceed 15 J/(K×mol), corresponding to a T∆S-
term (cf. eq. 2.25) of 4.5 kJ/mol at room temperature. As witnessed by the prevalence 
of enantiotropic polymorphism, demonstrated by e.g. the extensive works of M. 
Kuhnert-Brandstätter, the entropic contribution to the free energy difference between 
polymorphs can frequently amount to the same magnitude as enthalpy differences, 
occasionally even at room temperature. Finally, as to density differences between 
polymorphs, Gavezzotti23 has shown that they practically never exceed 10%, with the 
majority differing by less than 5%. Hence, the contribution to the free energy 
difference between polymorphs from their differences in solid-state density, through 
the pV contribution to the enthalpy in eq. 2.1, is negligible. 

A peculiarity that is repeatedly demonstrated in crystal structure prediction is the vast 
number of minima on a potential energy hypersurface. With the availability of 
increasingly sophisticated force fields it has become apparent that the existence of 
many low-energy minima is not in fact mathematical artefacts70. Given that the true 
crystal energy hypersurface is equally studded with minima, it raises the question why 
not more polymorphs are experimentally observed. At least part of the explanation is 
kinetic in origin. A structure with a shallow energy minimum, separated by a barrier of 
the order of kBT from some deeper one, will tend to relax spontaneously into a more 
stable structure as a result of thermal motion71. However, in metadynamics simulations 
it was found that only about 25% of the predicted minima for the compound 5-
fluorouracil are thermally unstable72. 

2.4.3 Crystallographic Aspects 

The crystalline state is made up of molecules related by a combination of different 
symmetry elements, translated in three dimensions. Mathematically, there are 230 
possible such space groups. For an asymmetric object, such as an organic molecule, 
where the driving force for aggregation and packing is governed by a field of complex 
intermolecular interactions, generally only certain combinations of symmetry elements 
are feasible23. According to the close-packing principle put forward by Kitaigorodsky73, 
organic molecules will strive to be as closely packed as possible. If the shape of a 
molecule prevents a sufficiently tight, ordered packing, it will tend to form an 
amorphous solid on cooling. The degree of packing in a crystal is measured with the 
packing coefficient, KP, which is the ratio of the volume occupied by the molecules to 
the total volume of a unit cell: 

�� = �`�uv
��Ess

                       (2.33) 
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Z is the number of molecules in the unit cell and υint is the intrinsic molecular 
volume, which may be computed quantum chemically by defining a cutoff value for 
the electron density, or by an approximative method, e.g. using parameterized values 
for the van der Waals radii of different atoms74. Kitaigorodsky73 and Dunitz et al.75 
found that the degree of close-packing of organic crystals does not depend on 
hydrogen bonding or lattice energy, that the packing coefficient is more or less 
constant, and close to that of the packing of spheres (0.74); apparently, organic 
molecules may form closely packed structures quite irrespective of their irregular shape 
or the presence of directionally dependent hydrogen bonds. 

Altogether, there is a rather small set of space groups which allow organic molecules 
to form closely packed structures. For molecules without internal symmetry, they are 
Pī, P21, P21/c, Pca, Pna and P212121 and for centrosymmetric molecules, Pī, P21/c, C2/c 
and Pbca73. Baur and Kassner76 have lent statistical support to this, through a survey of 
structures available via the Cambridge Structural Database (CSD). 

Another important crystallographic property to consider in crystal structure 
modelling, especially CSP, is the number of crystallographically unique molecules in the 
unit cell, Z'. Allowing for the possibility of variation in Z' constitutes a problem in the 
design of prediction algorithms and leads to calculations that are vastly more 
computationally expensive. However, it is reported77 that for 92% of all organic 
structures in the CSD, Z'=1, but that e.g. alcohols show a higher propensity for 
crystallizing with more than one molecule in the asymmetric unit. As regards 
polymorphic compounds, 18% of the structures in the CSD exhibit69 Z'>1. 

2.4.4 Crystal Structure Comparison 

Comparison of a crystal structure against a reference with respect to structural 
similarity is not trivial. For very similar structures, this can be done in two basic ways: i) 
some generated spectra relating to the periodicity, e.g. XRPD spectra or radial/spatial 
distribution functions, can be compared, and ii) structural coordinates can be 
compared directly. Comparison of simulated XRPD patterns is tricky, however, as 
these depend strongly on the unit cell and are prone to change considerably with small 
structural alterations78. Day et al.79 compared the root mean square of relative 
deviations in the lattice parameters a, b and c of the reduced80 unit cell.  

For two structures that exhibit a less marked similarity comparison is less 
straightforward. In the literature a few methods based on overlaying two structures by 
means of a least-squares optimization of some atom coordinates have been 
suggested81-83, and this has now become a de facto standard for comparison of predicted 
structures by virtue of being used in the CCDC blind tests68, 84-86. The method is good 
for fairly similar structures but if there is a more fundamental difference in packing the 
method cannot quantitatively grade the difference, and more qualitative methods must 
be used. Cross et al.87 used hydrogen bonding similarity to grade structural similarity, 
by means of the graph set approach of Etter et al.88, originally developed by Zorkii and 
Kuleshova (1981)89. In this method, each motif (pattern formed by a hydrogen bond) 
is given a descriptor, containing the designator (either a ring, designated R, chain, C, 
intramolecular hydrogen bond, S, or other finite pattern, D) with the number of 
acceptors and donors in the repeat unit as superscript and subscript, respectively, 
followed by the number of atoms in the repeat unit in parentheses.  
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3. Experimental Work 

This chapter summarizes the experimental laboratory work and the computer 
modelling work that has been carried out in this project. The former comprises studies 
of the polymorphic systems m-aminobenzoic acid and m-hydroxybenzoic acid, 
including solid-state characterization, calorimetric analysis, solubility measurements and 
series of repeated primary nucleation experiments at constant cooling rate. The 
modelling work includes an evaluation of the suitability of different molecular 
mechanics methods for calculations of lattice energies of crystal structures of 
substituted monocyclic aromatics, Monte Carlo simulations to predict potential crystal 
structures, and finally, a study of the structural and energetic similarities of structures 
of known polymorphic systems. Appendix A1 contains a list of the different model 
systems used throughout the work reported in this thesis. 

3.1 Experimental Work on the Polymorphic Systems m-Aminobenzoic 
Acid and m-Hydroxybenzoic Acid 

The two model compounds, m-aminobenzoic acid (mABA) and m-hydroxybenzoic 
acid (mHBA), shown in fig. 3.1, each have two known polymorphs. Only one crystal 
structure has been published for mABA90, shown in fig. 3.2, but early spectroscopic 
work has reported the existence of a second form91. mHBA has two known crystal 
structures92, shown in fig. 3.3. A detailed account of all experimental work pertaining 
to mABA is given in paper I, and most of the work on the compound mHBA is 
reported in detail in papers IV and V. 

 

         
Figure 3.1. The molecular structures of m-aminobenzoic acid (left)  

and m-hydroxybenzoic acid (right). 
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Figure 3.2. The crystal structure of m-ABA form II (refcode AMBNZA) with prominent 

hydrogen bonds shown with light blue lines. 

     

Figure 3.3. The crystal structures of m-HBA form I (left, CSD refcode BIDLOP) and form II 
(right, CSD refcode BIDLOP01) with prominent hydrogen bonds shown with light blue lines. 

3.1.1 Materials and Preparation 

Crystalline mHBA (purity >99%) and mABA (>98%) were purchased from Sigma-
Aldrich, and used without further purification steps, excepting the mHBA used in the 
work reported in paper IV which was recrystallized once in methanol before use (see 
paper IV.) 

The following solvents were used: ethyl acetate (purity >99.8%, purchased from 
VWR), acetonitrile (>99.8%, VWR), methanol (>99.9%, VWR and Sigma-Aldrich), 
ethanol (>99.7%, Solveco), 1-propanol (>99.8%, VWR) and acetone (>99.8%, VWR). 
Water used as solvent was deionised and microfiltered (CA membrane filter, pore size 
0.2 µm). 

3.1.2 Evaporation Crystallization and Solid-State Characterization 

Crystals of mABA and mHBA were grown by solvent evaporation from saturated 
solutions of several different solvents at room temperature, with evaporation kept at a 
slow rate by using glass containers covered with perforated ParaFilm. The purpose of 
the experiments was to obtain crystals of high purity and good size, for use in solid-
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state characterization, and of sufficient quality for single-crystal X-ray diffraction 
analysis. 

The polymorphs of mABA and mHBA which have been isolated during the course of 
this work have been characterized with attenuated total reflectance Fourier-transform 
infrared (ATR-FTIR) spectroscopy and X-ray powder diffraction (XRPD), and in 
addition, for mABA, single crystal XRD, and for mHBA, high-temperature (HT) 
XRPD, confocal Raman microscopy, scanning electron microscopy and hot-stage 
microscopy. FTIR spectra were collected using a Perkin Elmer Spectrum One with an 
ATR module equipped with a ZnSe crystal. XRPD spectra of mABA were collected 
using an X’Pert PRO diffractometer using CuKα-radiation, and for mHBA an X’Pert 
PRO MPD diffractometer using CuKα-radiation, equipped with an Anton-Paar HTK 
1200 high-temperature chamber, was used. Raman spectra were collected using a 
Horiba Jobin Yvon LabRAM XY spectrometer equipped with an Olympus BX40 
confocal microscope. A red laser operating at 633 nm was used, with an 1880 g/mm 
grating, a 900 µm confocal hole and a 600 µm confocal slit. SEM images were obtained 
using a Jeol CarryScope 5700 scanning electron microscope with an SE detector, with 
all samples lightly gold-electroplated to reduce charging effects. 

Hot-stage microscopy was done by Anthony Maher at MSSI, University of Limerick. 
Single crystal XRD analysis was performed by Dr Andreas Fischer at the Division of 
Inorganic Chemistry, Department of Chemistry, KTH. 

3.1.3 Thermal Analysis 

Melting temperatures and associated enthalpies of fusion have been determined for 
the polymorphs of mABA and mHBA by differential scanning calorimetry (DSC) using 
hermetically sealed Aluminium pans. Heating rates of 2 and 5°C/min were used, in 
repeat runs. Several heating and cooling cycles were occasionally employed, with 
sample pans re-weighed after each cycle to compensate for material losses from 
sublimation or evaporation.  

The isobaric specific heat capacity (Cp) of the polymorphs was determined by 
modulated DSC using non-hermetic Aluminium pans, a modulation amplitude of 1°C 
and a period of 100 s, with an underlying heating rate of 3°C/min.  

3.1.4 Solubility 

The solubility of the stable and the metastable polymorphs of mABA and mHBA 
have been measured experimentally in the temperature range 0 – 50°C in different, 
pure solvents, by means of a gravimetric method. Saturated solutions in contact with 
excess crystalline material of a given polymorph were prepared in sealed flasks, 
immersed in a cryostatic bath and agitated by means of a small, PTFE-coated magnet 
bar. The temperature of the cryostat was controlled within ±0.01°C. All solutions were 
allowed sufficient time to equilibrate by dissolution at each temperature. Solution 
samples were collected with syringes, (10 ml, pre-heated to avoid unwanted 
crystallization) and filtered through 0.2 µm filters (PTFE, CA for aqueous solutions) 
into pre-weighed (mempty) glass vials. The mass was recorded immediately (msoln) and 
when completely dry (mdry), and from the change, the mass fraction solubility was 
calculated, according to: 
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                    (3.1) 

From this value the mole fraction solubility was calculated, using eq. 3.2: 

@>? = 8
8� �.rs-vE

�.×�.rstEuv
                    (3.2) 

Multiple samples, from more than one flask, were collected at each temperature. 
Concentration samples were taken at different equilibration times at each temperature, 
and equilibrium verified. The temperature was increased in steps of 5°C. Samples of 
the solid material present in the solution bottles were continually collected and the 
polymorph verified by FTIR. 

3.1.5 Primary Nucleation 

Primary nucleation experiments were performed in several different solvents at 
different saturation temperatures for both mABA and mHBA. Solutions saturated with 
respect to the stable polymorph were prepared in 500 ml flasks through equilibration 
by dissolution, and the concentration was measured gravimetrically. The solutions were 
then filtered using pre-heated syringes (50 ml) fitted with 0.2 µm filters (PTFE or CA) 
into test tubes (15 ml) which were promptly sealed, and stirred using PTFE-coated 
magnet bars. The tubes were put in racks and immersed in an open tank connected 
with tubing and a level adapter to a cryostatic control bath (the setup is shown in fig. 
3.4), and kept for at least 12 h at elevated temperatures in order to minimize the effects 
of any lingering structural “memory”93 of the dissolved polymorph. The tubes were 
subsequently cooled at a constant rate and the visible onset of nucleation recorded 
with a digital camcorder, allowing the temperature of this event to be determined 
visually to within ±0.1°C (estimate). As soon as sufficient crystal material had 
crystallized in a test tube, its contents were filtered with filter paper and dried in a 
ventilated fume hood until just dry (time depending on solvent and deposited amount; 
typically ranging from a few minutes up to an hour). The crystals were then promptly 
analysed by FTIR. 

Primary nucleation experiments to investigate the effect of solution structural history 
on nucleation of polymorphs of mHBA were carried out according to a more complex 
protocol, laid out in detail in paper V. 
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Figure 3.4. The experimental setup used for the nucleation experiments. 

3.2 Computational Modelling Work 

This section summarizes the molecular modelling that has been carried out in the 
course of this work. Detailed accounts of the software and protocols used are given in 
papers II-III. A list of the modelling software used is given in appendix A3 and 
tabulated settings used with different software are given in the relevant papers. 

3.2.1 Investigation of Force Fields and Point-Charge Assignment 
Techniques for Crystal Structure Modelling 

The experimentally determined crystal structures of seven small, aromatic 
compounds have been used to evaluate different combinations of force fields and 
methods for assigning atom-centred point charges. For each combination, the 
geometry of the structure as well as the single gas-phase molecule was optimized. 
Lattice energies were calculated with eq. 2.28, for the unoptimized as well as for the 
relaxed structures, and compared to reported experimental values of ∆Hsub, using the 
heat capacity correction given by eq. 2.29. Different levels of theory for the 
optimization of the reference gas-phase molecular geometry were evaluated. 

Table 3.1 lists the three evaluated force fields, and table 3.2 the charge assignment 
methods. 

Table 3.1. The evaluated force fields and original literature references. 
Force field Reference 

Dreiding Mayo et al. (1990)94 
Pcff Sun (1998)95 
Compass Sun (1998)95 
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Table 3.2. The evaluated charge assignment methods, the force field(s) they have been combined with, 
and references to the original publications. 

Method Used with Reference 

Integral charges Pcff, Compass Sun (1998)95 
ESP-charges:   

- DFT (PW91), gas optimum all force fields Perdew, Wang (1992)96 
- DFT (PW91), crystal geometry  Dreiding Perdew, Wang (1992)96 
- Vamp (Semi-emp., MNDO), gas optimum Dreiding Dewar, Thiel (1977)97 

Gasteiger Dreiding Gasteiger, Marsili (1980)56 
Charge equilibration (QEq) Dreiding Rappé, Goddard III (1991)57 
Coulson (Vamp MNDO), gas optimum Dreiding Coulson, Longuet-Higgins (1947)98 

 
ESP-charges were calculated by the DFT software module Dmol-3 and by the semi-

empirical module Vamp, both part of the Materials Studio software package. An 
evaluation of the quality of the ESP-charges obtained by these programs has also been 
carried out. Using several different methods, ESP-charges were calculated for a set of 
10 small molecules, used in similar previously reported studies99, and compared with 
reference ESP-charges calculated with Gaussian, at the SCF-HF/6-31G(d) level. A 
detailed account is given in paper II. 

3.2.2 Analysis of the Crystal Structures of Substituted Monocyclic 
Aromatics 

A subset of the Cambridge Structural Database (CSD) was identified by the following 
criteria: 

i) mono- or disubstituted monocyclic aromatics allowed to contain no elements 
other than C, H, O and N, 

ii) the number of C-atoms ≤ 10, O-atoms ≤ 3, N-atoms ≤ 2, 
iii) no co-crystals, salts, solvates or zwitterionic structures, 
iv) crystallographic R-factor ≤ 10%, 
v) no incomplete or known faulty structures, no XRPD-based structures. 
From this subset, all structures with Z'=1 were selected and analysed with respect to 

space group, in order to compare to published statistical evaluations for all organic 
structures76, and to obtain a statistical space group frequency distribution more valid 
for the kind of molecules considered in this work. The results are given in paper III 
and appendix A2. 

Furthermore, all polymorphic compounds with more than one unique structure 
present in the subset were identified, and one representative structure was picked for 
each polymorph based on quality and date of publication. Some structures were 
excluded because closer study revealed that they did not constitute true cases of 
polymorphism.  

The polymorphic structures were analysed visually, and several structural features 
were classified systematically using modelling software, and the degree of similarity 
between polymorphs was compared. The purpose of the structural comparison of 
experimental polymorphs is to discuss their similarities and differences from a kinetic 
point of view, such as the probability of solid-solid transformations or 
interconversions between their corresponding pre-crystalline clusters or nuclei. 
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Because of considerable bond strength and directional properties, the network of 
hydrogen bonds was deemed to be of major importance. Hydrogen bond motifs were 
classified into graph sets up to the second level88 using the software Rpluto, and a 
complementary visual study was carried out to analyse differences and similarities in 
the configuration of such patterns, e.g. if two different chain patterns connect the same 
molecules in one, strong chain, or different molecules in 2D- or 3D-networks. The 
conformation of flexible molecules was evaluated and important torsion angles 
compared between polymorphic structures. Finally, differences in the packing of units 
such as molecules, dimers and other hydrogen-bonded entities were studied.  

3.2.3 Crystal Structure Prediction Simulations 

Potential crystal structures were predicted for a set of monocyclic aromatic 
compounds using Monte Carlo simulated annealing, implemented in the Polymorph 
module of the software code Materials Studio. This was until recently the only 
commercially available implementation of an ab-initio crystal structure prediction 
algorithm, and seen to all the CCDC blind tests68, 84-86 has been probably the most 
successful of the molecular mechanics based methods. The set consisted of all the 
polymorphic compounds found by analysing the CSD (vide supra). In addition, the 
compound benzoic acid, with (so far) no known polymorphs, was included in the set. 
Predictions were carried out with crystallographic restrictions (with respect to space 
group and number of molecules in the asymmetric unit) in order to limit the 
computational cost and allow sufficiently detailed settings. The force field Pcff was 
used, with integral charges. 

The molecular conformation used as input structure in the simulations was obtained 
by a full geometry optimization in vacuum with molecular mechanics, using the same 
force field as in the subsequent prediction simulation. In order to account for 
molecular flexibility, during the majority of simulations all important torsional degrees 
of freedom were allowed to vary in the packing step where trial structures are 
generated. Details of the restrictions and settings used are given in paper III. 

After a low-tolerance clustering step to remove identical duplicates, by means of a 
comparison of radial distribution functions, lattice energies of the predicted structures 
were calculated using eq. 2.28. The results of the predictions are analysed statistically, 
and for selected compounds, qualitatively with respect to structural similarity. 

In paper VI, another series of structure predictions are reported for a smaller set of 
compounds, using two force field/charge combinations with slightly different 
simulation settings and restrictions with respect to space group and Z'. Details are 
given in paper VI. 
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4. Results 

4.1 Characterization of the Polymorphs of m-Aminobenzoic Acid and 
m-Hydroxybenzoic Acid 

Two polymorphs each of the two compounds mABA and mHBA have been isolated 
and characterized with ATR-FTIR and XRPD, as well as HT-XRPD, SEM, dispersive 
Raman spectroscopy and hot-stage optical microscopy for the mHBA polymorphs. 
The stable polymorphs at room temperature will be referred to as form I and the 
metastable as form II. The FTIR spectra of the pure polymorphs are shown in fig. 4.1. 
For both compounds, the spectra of the two polymorphs have distinct differences, 
allowing FTIR to be used as a routine method for polymorph identification. The 
XRPD spectra of the pure polymorphs were equally distinctive for both compounds 
(shown in paper I for mABA and in section 4.1.2 below for mHBA). 

 

   
Figure 4.1. ATR-FTIR spectra of the two polymorphs of mABA (left) and mHBA (right); 

form I (red) and form II (blue). 

Slow evaporation crystallizations yielded different polymorphs in different solvents, 
for both compounds, as indicated by table 4.1. For both compounds, the metastable 
polymorph was obtained in ethyl acetate and acetonitrile, non-HBD solvents of low 
and moderate polarity (as measured by ETN, the normalized Reichardt polarity index100, 
cf. appendix A1) and the stable polymorph in the polar protic solvents methanol and 
water. 

Table 4.1. The results of the controlled solvent evaporation crystallizations. 
mABA mHBA 

Solvent Polymorph Solvent Polymorph 

Water Form I Water Form I + II 
Methanol Form I Methanol Form I 
Acetone Form I Ethyl acetate Form II 
Ethyl acetate Form II Acetonitrile Form II 
Acetonitrile Form II   

 
mABA form I exhibited a dendritic habit in all solvents, and various attempts at 

growing a single crystal failed repeatedly. Form II grew as rods or needles, and was 
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verified to be the published structure90 by means of single crystal XRD. The typical 
habits of the mABA polymorphs are shown in fig. 4.2. 

 

          
Figure 4.2. Photo microscopy DF images of mABA crystals of form I (left)  

and form II (right), grown by solvent evaporation in water and ethyl acetate, respectively. 

The habit of form I crystals of mHBA was prismatic in methanol, whereas the form 
II crystals grown from ethyl acetate and acetonitrile were needle-shaped. In water, 
FTIR scans indicated the presence of different polymorphs for different samples. Two 
different samples were studied with SEM: sample 1 was confirmed by FTIR to be form 
I, but faint traces of form II peaks were seen in the spectrum, and sample 2 resulted in 
the spectrum of pure form II. SEM images are shown in fig. 4.3. 

 

        
Figure 4.3. SEM SE images of mHBA sample 1 (crystals of form I with traces of  

form II, left) and sample 2 (pure form II, right). 

The right-hand image in fig. 4.3 shows that crystals of form II grow in a rod-like 
habit, with strong elements of agglomeration and possible twinning. In contrast, 
sample 1 is found mainly to consist of platelets, with scattered regions of the rod-like 
form II crystals intermixed, as seen in the left-hand image. It would appear that mHBA 
form I preferentially adopts a prismatic or plate-like crystal shape, while form II tends 
to grow as needles. 

Samples of both polymorphs of mHBA were analysed with dispersive Raman 
microscopy, in order to obtain fingerprint spectra of the two different polymorphs as 
well as to contrast the results of the more deeply probing Raman technique with the 
surface-sensitive ATR-FTIR for different crystals. Several spectra were recorded for 
the three samples, with variations in the focal point position to investigate different 
parts of the samples. For all the samples, Raman results agree with those of FTIR with 
respect to polymorph. Raman spectra of the pure polymorphs are shown in fig. 4.4. 
The differences are small, but distinctive; besides some position shifts and differences 
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in the relative peak intensities, the form II spectrum has two peaks at 1618 and 1698 
cm-1, while the form I spectrum has a peak at 1630 cm-1. It is found that the FT-Raman 
spectrum published by Wang and Fang (2005)101 is in fact that of form I. 

 

 
Figure 4.4. Raman spectra of the two mHBA polymorphs; form I (red) and form II (blue). 

4.1.1 Thermal analysis 

The melting data for the polymorphs of mABA and mHBA have been determined 
through averaging over multiple DSC runs. The melting data of form II of mHBA was 
obtained after one melting-recrystallization cycle, shown in fig. 4.5, and described in 
detail in paper IV. The DSC data is presented in table 4.2. 

Table 4.2. The melting temperatures and associated heats of fusion of the polymorphs of mABA 
and mHBA determined by DSC, with 95% confidence intervals. 

 Compound and polymorph Scans Tm [°C] α ∆Hfus(Tm) [kJ/mol] 

mABA form I 6 172.04 ± 0.25 35.51 ± 1.14 
mABA form II 9 177.98 ± 0.46 26.74 ± 0.70 
mHBA form I 8 201.08 ± 0.14 35.83 ± 0.22 
mHBA form II 9 194.34 ± 0.38 32.68 ± 0.42 

α) Extrapolated onset temperature. 

 
Figure 4.5. DSC thermogram of a thermal cycle of mHBA showing melting of form I (red, upper), 

recrystallization (green, middle) and melting of form II (blue, lower). 
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The specific heat capacity of the polymorphs of mABA and mHBA has been 
determined using modulated DSC, by averaging over several scans. The coefficients of 
the linear function given by eq. 4.1 were determined by fitting to the experimental data, 
for each polymorph. The heat capacity regression coefficients are given in table 4.3 for 
all polymorphs.  

�� = �8� +	�N                     (4.1) 

 

Table 4.3. Details of the specific heat capacity determinations and regression coefficients of eq. 4.1 for 
the polymorphs of mABA and mHBA. 

Compound and polymorph Scans Temperature range [K ] k1 [J/(K2×mol)] k2 [J/(K×mol)] 

mABA form I 8 300 – 400  0.4825 39.60 
mABA form II 9 300 – 400 0.5237 41.54 
mHBA form I 6 243 – 403 0.4779 20.45 
mHBA form II 6 243 – 403  0.5052 15.17 

4.1.2 Heating-Induced Polymorph Transformation 

During DSC analysis of crystals of mABA form I, the polymorph stable at room 
temperature, occasionally the crystals were observed to transform into form II at 
temperatures below the melting point. The transformation resulted in an endothermic 
peak, as shown in paper I. The lowest detected extrapolated onset temperature of this 
phase transformation was 157.3°C. 

Crystals of the metastable form II of mHBA were frequently observed in DSC scans 
to transform into form I, partly or completely just below the melting point. This 
temperature-induced polymorph transformation was investigated by HT-XRPD. A 
powder sample of form II, obtained by slow cooling (3°C/h) of an ethyl acetate 
solution from saturation at 50°C (with respect to form I), was heated from 120°C to 
170°C at a constant rate of 20°C/min between scans, with the temperature held 
constant for the duration of each scan (~10 min). Reference spectra at 20°C were 
collected for the pure polymorphs. In fig. 4.6 the transformation from form II into 
form I can be seen to start at ~155°C to be completed at ~170°C. Samples of the 
original crystal material and of the crystals after the HT-XRPD cycle were each viewed 
with SEM, as shown in fig. 4.7.  

As witnessed in fig. 4.7, the transformed crystals are significantly bigger, several 
hundred µm compared to about 20-50 µm initially, and of a different habit, elongated 
prisms rather than the thin, agglomerated platelets of the original crystals. It has been 
found during the course of this work that form II undergoes significant sublimation at 
high temperatures. In hot-stage microscopy, it was observed that, as form II crystals 
are heated, they begin to sublimate and vanish, while other crystals of a needle-like 
habit start to grow. A reasonable hypothesis is that the temperature-induced 
polymorph transformation proceeds through a vapour-mediated mechanism where 
crystals of form II sublimate while crystals of form I grow. The rate is negligible at low 
temperatures but rises rapidly with increasing vapour pressure. 
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Figure 4.6. HT-XRPD spectra at increasing temperatures showing the transformation of mHBA 

form II into form I. 

        
Figure 4.7. SEM SE images of crystals of mHBA form II (left) and crystals transformed into 

form I (right) at 220 times magnification. 

4.2 Solubility and Primary Nucleation of the Polymorphs of m-
Aminobenzoic Acid and m-Hydroxybenzoic Acid in Pure Solvents 

4.2.1 Solubility 

Solubility data was obtained experimentally in multiple pure solvents for the 
polymorphs of mABA and mHBA. In some solvents, the solubility of the metastable 
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polymorphs could not be measured at some or all temperatures, as the crystal 
transformed rapidly into the respective stable forms. In solvents where the solubility of 
the metastable form could not be measured estimated values based on the average ratio 
of solubilities in other solvents were used (see paper I and IV for details and 
verification of the underlying assumptions). Solubility data is tabulated in papers I and 
IV. A non-linear regression model which has been shown to give a good description of 
the temperature dependence of solubility102, was fitted to the experimentally 
determined solubility data using the software Origin 6.1: 

ln @>? = ��(8 + � + ��                  (4.2) 

where T is the temperature in Kelvin and A, B and C are regression coefficients. The 
coefficients are given in papers I and IV. The experimentally determined solubility data 
is shown plotted against temperature, as mass fraction (solvent basis, cf. eq. 3.2), 
together with the corresponding regressed data, in different solvents, in fig. 4.8 for 
mABA and fig. 4.9 for mHBA. 

 

   

   
Figure 4.8. Solubility of mABA form I (red) and form II (blue) in four solvents, shown together 

with the corresponding regression models (solid lines).  
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Figure 4.9. Solubility of mHBA form I (red) and form II (blue) in three solvents, shown together 
with corresponding regression models (solid lines; dashed if estimated). Data for form I in water is 

taken from Nordström and Rasmuson (2006)103.  

4.2.2 Primary Nucleation 

Primary nucleation experiments were carried out using solutions of different pure 
solvents, at different saturation temperatures (with respect to the stable form) and with 
different cooling rates. For each set of conditions, two runs each with a batch of 30 
test tubes, giving 60 nucleation experiments at each set of conditions, for 840 
experiments in total, were conducted. In preparation and analysis of the experiments, 
solubility data presented here was complemented by published data by Nordström and 
Rasmuson (2006)103. The results of the primary nucleation experiments are 
summarized in table 4.4. As shown in this table, most experimental series resulted in a 
distribution of polymorphs obtained, with the majority of experiments resulting in 
either the stable or the metastable polymorph crystallizing in pure form. Regarding 
mABA, form I was the exclusively obtained polymorph in water and methanol, but 
form II dominated in acetonitrile. For mHBA, none of the 9 series resulted in 100% of 
either polymorph. Form II was the statistically dominant polymorph in all but one 
series, but higher fractions of form I were obtained in the alcohols. 

In one series, mABA in ethyl acetate solution saturated at 45°C, no nucleations at all 
were observed during cooling to 0°C. For mHBA in acetonitrile, it was occasionally 
observed for some test tubes that nucleation of form II would occur within minutes of 
a form I nucleation, and consequently the resulting FTIR analyses cannot be taken as a 
reliable indicator of the polymorph nucleating at the point of visible onset of 
nucleation. 
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Table 4.4. Summary of experimental conditions, the fraction of samples resulting in form I, form II 
or both forms concomitantly, and the average driving force for nucleation at visible onset of nucleation, 

with respect to the saturation of form I and form II (in italics if based on estimated values) for all 
primary nucleation experiments. 

Series Solvent 
Tsat dT/dt Polymorph [%] Avg RT ln Si (Tnucl) [kJ/mol] 

[°C] [°C/h] Form I Form II Both Form I Form II 

mABA 

1:1 Water 45 10 100 0 0 2.63 α 

1:2 Water 55 10 100 0 0 2.65 α 

1:3 Methanol 45 10 100 0 0 1.69 α 

1:4 Acetonitrile 45 10 10 83 7 3.98 1.08 
1:5 Ethyl acetate 45 10 - - - >3.63 β >0.51 β 
mHBA 

2:1 Water 50 10 8 92 0 1.50 0.73 
2:2 Water 50 3 7 93 0 1.32 0.63 
2:3 Methanol 50 10 41 58 2 0.45 0.24 
2:4 Ethanol 50 10 72 23 5 0.53 0.33 
2:5 1-Propanol 50 10 28 65 7 0.64 0.45 
2:6 Ethyl acetate 50 10 0 98 2 >1.65 β 0.80 
2:7 Ethyl acetate 50 3 22 58 20 1.20 0.67 
2:8 Acetonitrile 50 10 γ γ γ γ γ 

2:9 Acetonitrile 50 3 γ γ γ γ γ 

α) Value unknown; no nucleations of this polymorph, no supersaturation achieved. 

β) Value unknown; no nucleations of this polymorph, lower limit based on the highest supersaturation achieved.  

γ) Value unknown; uncertainty regarding nucleating polymorph (cf. paper IV). 

 
In addition to the experiments listed in table 4.4, nine series of primary nucleation 

experiments were carried out in mHBA solutions of ethyl acetate saturated at 50°C 
(with respect to form I), with a constant cooling rate of 5°C/h. These solutions had 
been prepared and kept at slightly undersaturated conditions according to a controlled 
pre-treatment program prior to cooling, in order to investigate the effects of solution 
thermal and structural history on nucleation. The series differ with respect to the 
polymorph dissolved to create the final solution, and the temperature (TSH) and time 
(tSH) of the superheating step immediately preceding the cooling step. Nine series were 
conducted, comprising at least 47 experiments each, summarized in table 4.5. A 
detailed experimental protocol is provided in paper V. 

Table 4.5. Summary of solution history nucleation experiments in ethyl acetate solution, with 
preparation and pre-treatment variables, the fraction of samples resulting in form I and form II, and 

the average driving force for nucleation at visible onset of nucleation. 

Series 
Polymorph ∆TSH tSH Polymorph [%] Avg RT ln Si (Tnucl) [kJ/mol] 

dissolved [°C] [min] Form I Form II Form I Form II 

3:1 Form I 10 >360 9.8 90.2 1.20 0.75 
3:2 Form II 10 >360 6.8 93.2 1.24 0.74 
3:3 Form I 10 30 39.6 60.4 1.16 0.65 
3:4 Form I 5 30 37.5 62.5 1.19 0.71 
3:5 Form I 2 30 50.0 50.0 1.11 0.66 
3:6 Form II 10 30 14.6 85.4 1.17 0.69 
3:7 Form II 5 30 21.3 78.7 1.17 0.66 
3:8 Form II 2 30 35.9 64.1 1.13 0.68 
3:9 Form II 2 8 14.6 85.4 1.02 0.66 
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Just as the case was for series 2:1 – 2:9, none of series 3:1 – 3:9 resulted in 100% of 

crystallizations of either polymorph. Form II is statistically dominant in all series 
except possibly series 3:5. In fig. 4.10, the fraction of all non-concomitant nucleations 
resulting in form I are shown, together with 95% confidence limits (calculated with the 
Wilson procedure104). 

 

 
Figure 4.10. The fraction of crystallizations resulting in nucleation of the stable polymorph given 

with 95% confidence limits for the experimental series listed in tables 4.4 and 4.5. 

4.3 Force Fields and Point-Charge Assignment Techniques for 
Crystal Structure Modelling 

Ten different combinations of force fields and techniques for calculating point 
charges have been evaluated. These are listed in table 4.6.  

Table 4.6. The investigated molecular mechanics methods. 

Method Force field 
Charge assignment technique 

Level of theory Mol conf α 

1 Dreiding ESP (DFT, PW91) Exptl. 
2 Dreiding ESP (DFT, PW91) QM opt. 
3 Dreiding ESP (Vamp, MNDO) QM opt. 
4 Dreiding Coulson (Vamp, MNDO) QM opt. 
5 Dreiding QEq MM opt. 
6 Dreiding Gasteiger N.A. 

7 Pcff Integral N.A. 

8 Pcff ESP (DFT, PW91) QM opt. 
9 Compass Integral N.A. 

10 Compass ESP (DFT, PW91) QM opt. 

α) The molecular conformation that was used in the calculation of point charges, if applicable: the conformation(s) 
occurring in the experimental crystal structure (Exptl), the quantum-mechanically optimized (QM opt) or the molecular 
mechanics-optimized (MM opt) one. 

 

Using each of the methods in table 4.6, seven experimentally determined crystal 
structures of six different compounds* (resorcinol, vanillin, benzoic acid, mABA, 
pHBA and both polymorphs of pABA) were optimized, and the lattice energy was 
calculated both for the optimized and the experimental state, using eq. 2.28. Regarding 
                                            
 
* In paper II, the compound oHBA was also included in the calculations, but because of an error in the 
optimization of this structure with some methods, it has been excluded from all evaluations here. 
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the choice of the geometry of the gas-phase reference molecule used to calculate 
ETOT,mol (the reference value for the lattice energy) it was verified (cf. paper II) that the 
best results are obtained when the geometry of the single molecule is optimized using 
the same method as for the crystal structure. Calculated energies were then compared 
to experimentally determined sublimation enthalpies, tabulated by Chickos and Acree 
(2002)51, and the value for the β-form of pABA calculated using an estimated value of 
∆Hα-β from Gracin and Rasmuson (2004)105. Eq. 2.29 was used to correct for 
temperature differences. The root mean squared (RMS) relative errors in this value 
over all the crystal structures was within 20% for five methods: the force fields Pcff 
and Compass with either charge assignment technique, and Dreiding with Gasteiger 
charges, methods 6-10 in table 4.6. These methods may be stated to have been 
successful within the inherent uncertainty of the comparison method, which stems 
from the temperature correction in eq. 2.29 and the experimental uncertainty in 
reported enthalpies of sublimation51. For the other Dreiding methods, the error in 
energy was significantly higher. 

In comparing and parameterizing force fields, it is usual to compare the degree of 
change to an experimental structure resulting from structural relaxation. This has been 
quantified with three different methods, and the results are shown in fig. 4.11:  

i) the RMS difference in the positions of non-hydrogen atoms in a spherical 15-
molecule shell after a least-squares optimized structure overlay81, carried out 
using the software Mercury CSD, 

ii) the average absolute changes in the lengths of all prominent* hydrogen bonds, 
identified by visual analysis of the structures, 

iii) the RMS change in the reduced Niggli80 unit cell parameters a, b and c. 

   

 
Figure 4.11. Comparison using three different measures of the methods listed in table 4.6 based on 

degree of structural change upon crystal structure relaxation. 

                                            
 
* Definition in paper II. 
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It is apparent from fig. 4.11 that structural relaxation results in cell parameter changes 
of a few percent for the best methods, which must be considered as acceptable79, and 
in hydrogen bond lengths and atom positions differing by fractions of an Ångström. 
For this particular set of structures, the method Pcff/integral (no. 7) performs slightly 
better than the rest, but no method stands out as dramatically better or worse than the 
others. 

4.4 Structural Similarity of Experimental Polymorphs 

The survey of the CSD for polymorphic compounds generated a list of 26 
compounds, with 56 unique crystal structures in total. The compounds and the chosen 
polymorphic structures are listed in table 4.7, with differences in molecular 
conformation and hydrogen bond network summarized. A more detailed version of 
the table is available in paper III. Fig. 4.12 graphically summarizes the results with 
respect to conformational differences and the relationship between the hydrogen bond 
networks. The results show that, at least for the considered compounds, the majority 
of experimentally known polymorphs differ from one another significantly. Over 40% 
of the polymorphic pairs of the same compound have completely different hydrogen 
bonds present, and only about 8% have identical hydrogen bonds and approximately 
similar packing of molecules and supramolecular units. As regards conformational 
differences, however, few dramatic differences were encountered; although no two 
molecules were exactly identical, in most cases the differences were minor, with torsion 
angles differing by less than 10°. 

 

 
Figure 4.12. The percentage of polymorphic pairs, out of a total of 34 comparisons, differing in 

molecular conformation and with hydrogen bond network differences corresponding to each of the four 
classes listed in table 4.7. 
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Table 4.7. Summary of differences in conformation and hydrogen bond networks between 
experimentally known polymorphs of 26 compounds. 

    Compound Crystal structure Mol  
conf α 

Hydrogen bond network 
No Name No CSD refcode Graph set β Difference γ 

1 o-Acetamidobenzamide 1 ACBNZA A A 4 
2 ACBNZA01 B B 

2 p-Methylacetanilide 3 ACTOLD02 A  2 
4 ACTOLD05 B  

3 o-Aminobenzoic acid 
5 AMBACO07 A+B A 

4; 4; 4 6 AMBACO03 A B 
7 AMBACO08 A C 

4 p-Aminobenzoic acid 8 AMBNAC01  A 4 
9 AMBNAC04  B 

5 m-Hydroxybenzoic acid 10 BIDLOP  A 4 
11 BIDLOP01  B 

6 Benzamide 12 BZAMID05 A  2 
13 BZAMID06 A+B  

7 trans-Cinnamic acid 14 CINMAC03   2 
15 CINMAC06   

8 RS-Mandelic acid 16 DLMAND02   3 
17 DLMAND03   

9 Isonicotinamide 18 EHOWIH01  A 4 
19 EHOWIH02  B 

10 Paracetamol 20 HXACAN19   3 
21 HXACAN25   

11 Isophthalaldehyde 22 IHEMIR   1 
23 IHEMIR01   

12 p-Hydroxybenzoic acid 24 JOZZIH  A 4 
25 δ  B 

13 m-Nitrophenol 26 MNPHOL03   2 
27 MNPHOL10   

14 p-Nitrophenol 28 NITPOL02   2 
29 NITPOL03   

15 p-Nitrobenzamide 30 NTBZAM01 A A 4 
31 NTBZAM11 B B 

16 3-Hydroxy-5-phenylisoxazole 32 OPOXAZ   2 
33 OPOXAZ01   

17 4-(Dimethylamino)-benzoic acid 
34 PDABZA04   

2; 1; 2 35 PDABZA02   
36 PDABZA03   

18 Phenol 37 PHENOL03  A 4 
38 PHENOL11  B 

19 Resorcinol 39 RESORA03   3 
40 RESORA02   

20 Benzocaine 41 QQQAXG02   2 
42 QQQAXG01   

21 Salicylaldoxime 
43 SALOXM02  A 

4; 4; 4 44 SALOXM03  B 
45 SALOXM09  C 

22 4-(2-(Dimethylamino)-ethyl)phenol 46 TALJIZ   2 
47 TALJIZ01   

23 2-Hydroxy-1,4-naphthoquinone 
48 TELYAK01   

3; 3; 1 49 TELYAK02   
50 TELYAK03   

24 cis-Cinnamic acid 51 ZEDPIH A + B  2 
52 ZEDPIH01 B  

25 (1Z,2E)-1,2-Naphthoquinone-dioxime 53 ZENQDX  A 4 
54 ZENQDX01  B 

26 N-Phenylmethacrylamide 55 ZILHOR A  2 
56 ZILHOR02 B  

α) If molecular conformation differs between polymorph, each unique conformation (torsion angle difference >10°), is 
designated by a letter A, B (unique for each compound). 

β) If hydrogen bond network differs with respect to graph set (up to 2nd level), each unique type of network is designated 
by a letter A, B, C (unique for each compound). 

γ) The difference in hydrogen bond network between structure pairs quantified by a number between 1-4, where 1 = same 
graph set with same configuration and similar packing, 2 = same graph set with same configuration but significantly different 
packing, 3 = same graph set but different configuration, 4 =  different graph set (for trimorphic cases, three numbers signify 
comparisons between forms 1-2, 2-3 and 3-1, respectively).  

δ) Crystal structure described in Kariuki et al. (2000)106, and structure data file obtained in private communication from the 
authors. 

 



 39

4.5 Crystal Structure Prediction Simulations 

For 27 different compounds, structure prediction simulations were run with one 
molecule in the asymmetric unit (Z'=1) in the space group P21/c, in order to obtain 
results that could be compared with affordable computational cost. According to the 
results of a statistical evaluation of the crystal structures of similar substituted 
aromatics available in the CSD (presented in appendix A2), the space group P21/c 
represents 50% of the structures of similar compounds.  

The results of the structure prediction simulations are summarized in table 4.8. In 
addition to the total number of predicted structures, the number of structures having a 
lattice energy within 10% of the predicted global minimum, designated N10%, an 
arbitrarily chosen limit based on an estimated range of energy differences between real 
polymorphs23, is listed for each compound.  

All the simulations resulted in large numbers of predicted structures. The fraction of 
predicted structures belonging to the N10% subset, ostensibly potential polymorphs, 
vary approximately between 3 – 37% depending on the compound, with an average 
value of about 15%. Using slightly different settings, it was found that the case Z'=2 
results in about an order of magnitude more predicted structures than for Z'=1 (cf. 
paper VI). 

Table 4.8. The model compounds of the crystal structure prediction simulations, and the simulation 
output given as total number of structures (N) and number and fraction of structures having a lattice 

energy within 10% of the predicted global minimum (N10%). 
    Compound Predicted structures 

No Name  N N10% 

1 o-Acetamidobenzamide 4870 176 3.6 % 
2 p-Methylacetanilide 1842 675 36.6 % 
3 o-Aminobenzoic acid 1872 234 12.5 % 
4 p-Aminobenzoic acid 1216 268 22.0 % 
5 m-Hydroxybenzoic acid 1239 151 12.2 % 
6 Benzamide 826 78 9.4 % 
7 trans-Cinnamic acid 1826 291 15.9 % 
8 RS-Mandelic acid 3051 210 6.9 % 
9 Isonicotinamide 696 189 27.2 % 
10 Paracetamol 2690 597 22.2 % 
11 Isophthalaldehyde 1010 151 15.0 % 
12 p-Hydroxybenzoic acid 836 102 12.2 % 
13 m-Nitrophenol 820 131 16.0 % 
14 p-Nitrophenol 722 51 7.1 % 
15 p-Nitrobenzamide 1104 211 19.1 % 
16 3-Hydroxy-5-phenylisoxazole 1617 136 8.4 % 
17 4-(Dimethylamino)-benzoic acid 1282 343 26.8 % 
18 Phenol 333 36 10.8 % 
19 Resorcinol 373 84 22.5 % 
20 Benzocaine 3815 742 19.4 % 
21 Salicylaldoxime 1756 386 22.0 % 
22 4-(2-(Dimethylamino)-ethyl)-phenol 5533 153 2.8 % 
23 2-Hydroxy-1,4-naphthoquinone 1324 330 24.9 % 
24 cis-Cinnamic acid 2629 415 15.8 % 
25 (1Z,2E)-1,2-Naphthoquinone-dioxime 1545 373 24.1 % 
26 N-Phenylmethacrylamide 4107 539 13.1 % 
27 Benzoic acid 672 212 31.5 % 
Average 1837 269 14.6 % 
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5. Discussion 

5.1 Thermodynamic Stability Relationship of Polymorphic Systems 

The relative thermodynamic stability of two polymorphs at a given temperature is 
given by their difference in free energy, and through eq. 2.5 by the ratio of solid-state 
activities, or ideal solubilities. Through eq. 2.26, this ratio is approximately equal to the 
ratio of real solubilities. As shown in fig. 4.8 and tabulated in paper I, the two 
polymorphs of mABA exhibit large differences in solubility at and above room 
temperature in ethyl acetate and acetonitrile, with the mole fraction solubility of the 
stable form I lower than that of form II by a factor 3 at 20°C. However, DSC data 
shows that form II is the higher melting polymorph, and thus thermodynamically 
stable at high temperatures. Accordingly, the two polymorphs are enantiotropes, a fact 
which is borne out by the heat of fusion rule-of-thumb107, since ∆Hfus(Tm) of form II is 
significantly lower than that of form I. Further confirmation of enantiotropy is given 
by repeated DSC observations of an endothermic solid-solid phase transformation of 
form I into form II, occurring around 160°C (thermogram given in paper I). The 
lowest observed extrapolated onset temperature of this event, 157.3°C, provides an 
upper limit for the transition temperature, Ttr, given some kinetic hysteresis. 

The difference in solubility between the polymorphs of mHBA is significantly smaller 
at room temperature than for mABA, as shown in fig. 4.9 and tabulated in paper IV. 
The average value of the solubility ratio xeq,II/xeq,I in four solvents in the interval 10 – 
50°C is 1.25. DSC data shows that the order of stability remains unchanged up to the 
melting points, since form I is the higher melting polymorph (∆Tm = 7.4°C.) This 
indicates monotropy, although in theory, there could still be a transition in stability 
located below room temperature. ∆Hfus is lower for form II than for form I, which 
implies monotropy107, as does DSC observations of an exothermic solid-solid phase 
transformation of form II into form I at temperatures close to the melting point. 

The temperature dependence of the solubility can be expressed as an enthalpy 
term108, which may be obtained by differentiation of a suitable expression for the 
solubility: 

∆6.rsut�
*�a = �����H�

�� �>?                    (5.1) 

It has been shown103, 109, 110 that for a given solid phase, ∆HvHsoln, called the van’t 
Hoff, or apparent, enthalpy of solution, correlates to ln xeq for different solvents at a 
given temperature, as long as the solubility is not too low (i.e. for large positive 
deviations from Raoult’s law). This correlation allows the heat capacity difference 
between the supercooled melt and the solid, ∆Cp, to be calculated as a function of 
temperature111. If Tm and ∆Hfus(Tm) are known, the activity of the solid can then be 
computed as a function of T through eq. 2.9. Access to solubility data at multiple 
temperatures in multiple solvents, and to calorimetric melting data, allows this method 
to be used for the respective stable polymorph (form I) of both compounds.  
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Using a two-parameter regression equation, the functional form of which was derived 
thermodynamically102, given by eq. 5.2, solubility data for the respective stable 
polymorphs was correlated to the van’t Hoff enthalpy of solution calculated by 
derivation of eq. 4.2 using regressed data. 

�∆
1YZVX6 ��	�YV1W = y�ln @>? N + ¡ ln @>?            (5.2) 

The correlation was seen to hold in three of the solvents, methanol, acetonitrile and 
ethyl acetate, for mABA, and in six solvents, acetonitrile, ethyl acetate, acetic acid, 
methanol, ethanol and 1-propanol, for mHBA, with data for the first four solvents 
taken from Nordström and Rasmuson (2006)103. The correlations are shown at selected 
temperatures in fig. 5.1. The solubility data in aqueous solutions was found to deviate 
from the correlation for both compounds, because of low solubility. 

 

   
Figure 5.1. The van’t Hoff enthalpy of solution plotted against mole fraction solubility in several 

solvents for the stable polymorph of mABA (left) and mHBA (right), at five temperatures: 10°C 
(red), 20°C (green), 30°C (blue), 40°C (orange) and 50°C (purple), with functions correlated with 

eq. 5.2 shown as dotted lines. 

For mHBA form I, R2 values for the correlation exceed 0.99 at all temperatures, 
whereas for mABA form I, R2 values range from 0.62 – 0.99 with values improving 
with increasing temperature. ∆Cp was approximated by a linear two-parameter 
function: 

∆�� = ¢ + j��2 − ��                   (5.3) 

If eq. 5.3 is inserted in eqs. 2.7 and 2.9, the enthalpy of fusion and the solid-state 
activity become: 

∆
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For the stable polymorph of each compound, optimum values of q and r were 
calculated from the empirical relationship between ∆HvHsoln and ln xeq using an iterative 
approach, where an objective function returning the RMS of the residuals between ∆H 
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as given by the correlation in eq. 5.2 and ∆Hfus = ∆HvHsoln,id (eq. 5.4), at each of the 
temperatures in the correlation, was minimized. The solid-state activity, and the Gibbs 
free energy, enthalpy and entropy of fusion could then be calculated as functions of 
temperature. 

Unfortunately, not enough solubility data was available for the metastable polymorph 
of either compound to provide a passable model for the correlation between ∆HvHsoln 
and ln xeq, so the activity of form II of the respective compounds was calculated using 
experimentally measured Cp data. ∆Cp(T) was calculated from the corresponding 
function for the stable polymorph by subtracting the difference in the experimentally 
determined heat capacities of the two polymorphs, extrapolated up to the melting 
temperatures. Fig. 5.2 shows the experimentally determined Cp as a function of 
temperature for both polymorphs of mABA and mHBA, with the linear model 
extrapolated upwards in temperature to the respective melting points and downwards 
to 0 K. All Cp curves approach zero with decreasing temperature, in accordance with 
the third law of thermodynamics. N.B. that at low temperatures quantum effects will 
become increasingly important, leading to a deviation from linearity – the Debye 
model postulates a T3 dependence112 – and thus, the linear extrapolation is not valid at 
very low temperatures. 

 

     
Figure 5.2. Specific heat capacity vs. temperature for the polymorphs of mABA (left) and mHBA 

(right); form I (red) and form II (blue), and the calculated heat capacity of the liquid (green). 
Extrapolations outside the range of experimental data are shown with dashed lines and the melting 

points indicated by circles.  

Figs. 5.3 and 5.4 show how the Gibbs free energy of fusion, ∆Gfus, and its 
components ∆Hfus and T∆Sfus vary with temperature for the two polymorphs of both 
compounds. The transition temperature for the mABA polymorphs is calculated to be 
156.1°C, which is just 1.2°C below the upper limit obtained by DSC. 
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Figure 5.3. ∆Gfus (solid lines), ∆Hfus (dashed lines) and T∆Sfus (dotted lines) plotted against 

temperature for form I (red) and form II (blue) of mABA. The calculated transition temperature is 
shown in black. 

 
Figure 5.4. ∆Gfus (solid lines), ∆Hfus (dashed lines) and T∆Sfus (dotted lines) plotted against 

temperature for form I (red) and form II (blue) of mHBA.  

For mABA, the enthalpy difference between the two polymorphs is quite large, 7.0 
kJ/mol at room temperature, decreasing somewhat with reduced temperature. The 
corresponding difference between the mHBA polymorphs is much smaller, 1.2 kJ/mol. 
The difference in the entropic term, T∆S, amounts to 4.6 kJ/mol for the mABA 
polymorphs but only 0.34 kJ/mol for mHBA. The graph in fig. 5.3 suggests that the 
two mABA polymorphs are fairly dissimilar, with the structure of form I exhibiting 
favourable bonding but unfavourable entropy in comparison with form II. In contrast, 
the two polymorphs of mHBA appear to be fairly similar, energetically.  

If ∆Gfus and ∆Hfus are extrapolated downwards in temperature, they can be seen to 
converge, as expected, approaching the value of ∆H0fus as T → 0 K. ∆Gfus for the two 
mHBA polymorphs is diverging slightly with decreasing temperature, which further 
asserts that a monotropic relationship exists all the way to 0 K. 
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The uncertainty in the thermodynamic analysis is primarily caused by i) the 
correlation between solubility and its temperature dependence, and ii) the 
approximation of a linear temperature dependence of ∆Cp. The quality of the former 
can be estimated by the R2 values obtained using the two-parameter regression model, 
which were much higher for mHBA than for mABA. In addition, the correlation for 
mHBA rests on data in six solvents, compared to three for mABA. It is therefore 
expected that a higher accuracy was obtained for mHBA than for mABA. It would be 
interesting to be able to verify the calculations against additional experimental data. 
One possibility would be to measure the heat capacity of the melt as a function of 
temperature, and use only experimental data to calculate ∆Cp. Unfortunately, this could 
not be reliably accomplished either above or below melting for either compound, due 
to sublimation/evaporation. 

5.2 Primary Nucleation of Polymorphic Compounds 

In fig. 5.5 the distribution of the observed nucleations of mABA, series 1:1 – 1:4, with 
increasing supersaturation with respect to each polymorph is shown. As illustrated by 
fig. 5.5 b, the large majority of experiments resulting in form I nucleated below or just 
at saturation of form II, while in the large majority of those crystallizations where 
nucleation occurred when form II was supersaturated, form II was the recovered 
polymorph. In acetonitrile solution, the nucleation of form I is apparently hindered to 
such an extent that form II, which in this solvent has a much narrower metastable 
zone, is able to nucleate first in 83% of the cases. In water and methanol solutions, 
however, the metastable zone of form I is significantly smaller than in acetonitrile 
solution. In methanol, this causes form I to nucleate while the solution is still 
undersaturated with respect to form II, inevitably leading to an outcome of 100% form 
I. In aqueous solution, the nucleation of form I appears to be somewhat more 
hindered than in methanol, leading to the need for higher supersaturation. 
Consequently, form I nucleates when the solution is close to saturation, or slightly 
supersaturated, with respect to form II. Apparently, the kinetic nucleation barrier can 
be completely different for the two polymorphs, depending strongly on the solvent. 

 

   
Figure 5.5. Histogram of the distribution of mABA nucleations with supersaturation ratio with 

respect to (a) form I and (b) form II, coloured by series and nucleating polymorph. 

The degree of the difference in nucleation kinetics between the two polymorphs can 
be quantified by comparing the average thermodynamic driving force required for 
nucleation of the respective polymorphs, calculated through eq. 2.11 by relying on the 
assumption that the activity coefficients depend weakly on concentration. In fig. 5.6, all 
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the series of mABA nucleations are compared in a graph showing the cumulative 
distribution of nucleations with increasing RT ln S. The graph shows that the required 
driving force for nucleation of form I is higher in all solvents than for form II in 
acetonitrile, and the difference is very big, on average 3 kJ/mol. 

 

 
Figure 5.6. Cumulative distribution of nucleations with increasing RT ln S for mABA series 1:1 

(water, Tsat = 45°C, solid line), 1:2 (water, Tsat = 55°C, double solid line), 1:3 (methanol, Tsat = 
45°C, dotted line) and 1:4 (acetonitrile, Tsat = 45°C, dashed lines); form I (red) and form II (blue). 

For mHBA, despite variations in the cooling rate, thermal pre-treatment and choice 
of solvent, not one of the experimental series resulted is 100% of either form I or form 
II nucleations. The same behaviour was observed for mABA in acetonitrile, and it 
shows that the stochastic nature of nucleation can have a powerful impact on the result 
of cooling crystallizations of polymorphic systems. 

In five out of six solvents, at all cooling rates and for all variations in dissolved 
polymorph and thermal pre-treatment, the fraction of form II nucleations exceeds that 
of form I for mHBA crystallizations. It is clear that form II is kinetically favoured 
compared to the stable polymorph under these crystallization conditions. Calculated 
values of the thermodynamic driving force at nucleation of the respective polymorphs 
are listed in the final columns of tables 4.4 and 4.5. As the solubility of form II could 
not be determined experimentally in ethanol or methanol, an estimated value was used, 
calculated from the solubility ratio xeq,II/xeq,I at low temperatures in 1-propanol (cf. eq. 
2.26). The rationale for using the value in 1-propanol is that the solubility of form I in 
the chemically similar alcohols has been found to be very similar, in comparison with 
the other three solvents. This should lead to comparably similar activity coefficients as 
well, and to a relatively constant value of the solubility ratio. For mHBA, it is found 
that the average estimated values for the required driving force for nucleation is 
significantly lower for form II in all solvents.  
In figs. 5.7 and 5.8, the relationship between increasing driving force and the 
temperature of undercooling (i.e. the metastable zone width), defined by eq. 5.6, is 
shown for both polymorphs of the two compounds, for series 1:1 – 1:4 (mABA, fig. 
5.7) and series 2:1 – 2:7 (mHBA, fig. 5.8), with the observed nucleations for each 
polymorph plotted on their respective supersaturation curves. 
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∆�0� = �1DW,¥ − �                    (5.6) 

 

   

   
Figure 5.7. The relationship between RT ln S and ∆Tuc (solid lines, or dashed if based on 

estimated solubility) for mABA form I (red) and form II (blue) for four experimental series, with 
nucleations plotted as hollow circles. 
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Figure 5.8. The relationship between RT ln S and ∆Tuc (solid lines, or dashed if based on 

estimated solubility) for mHBA form I (red) and form II (blue) for seven experimental series, with 
nucleations plotted as hollow circles. 

There are several interesting pieces of information to be derived from the 
supersaturation curves in figs. 5.7 and 5.8. First of all, for most of the experiments, the 
increase of RT ln S with undercooling temperature from the onset of supersaturation 
until nucleations are observed is approximately linear. The linear correlations are 
slightly better overall for mHBA than for mABA, due to the shape of the solubility 
curves and the degree of supersaturation required for nucleation. The slope of the line 
is the rate of supersaturation generation (with respect to temperature, and for 
comparison of series with equal cooling rates, to process time). This value is in turn 
found to correlate to the solubility, given by ln x, as shown in paper IV for mHBA; a 
higher solubility for a given compound and polymorph corresponds to a lower rate of 
supersaturation generation.  

Another important variable that has been found to correlate to the solubility (for 
mHBA) is the offset, or distance, between the supersaturation curves of the stable and 
the metastable polymorphs, in terms of temperature. This can be shown, by again 
making the assumption that the solubility ratio α is constant regardless of solvent (cf. 
eq. 2.26). Then, the driving force for nucleation of form II can be expressed as: 

RT	ln 	¥¥ z B� ln 	¥ − B� lny                (5.7) 

If the assumption behind eq. 5.7 holds, the difference in driving force for nucleation 
for the two polymorphs at any temperature, graphically illustrated by the distance 
between the red and blue curves in the y-direction in figs. 5.7 and 5.8, should be a 
constant value, independent of solvent. Since the slope, however, has been found to 
depend inversely on solubility, the difference in saturation temperature, i.e. in the x-
direction, should increase with increasing solubility. This is shown schematically in fig. 
5.9. 
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Figure 5.9. Schematic image showing the effect of changing solvents from one where the solubility is 

low (1, solid lines) to another where the solubility is higher (2, dashed lines) on the dependence of the 
driving force for crystallization on undercooling temperature, leading to an increased difference in 

saturation temperature between two polymorphs (stable, red and metastable, blue). 

An important consequence of this reasoning is that, for cooling crystallizations 
conducted with constant cooling rate, more time is elapsed from the point where the 
solution becomes supersaturated with respect to the stable form to the corresponding 
point for the metastable polymorph, if the solubility is high. It is hypothesized that this 
will promote nucleation of the stable polymorph.  

Comparing different solvents with respect to nucleation of mHBA (fig. 5.8), the 
effect is striking for water, where the solubility is very low, and the temperature of 
saturation with respect to form II is 43°C, falling to around 36 – 38°C in the alcohols 
and in ethyl acetate. In a comparison between the three alcohols, it can be seen that a 
solution of ethanol will be undersaturated with respect to form II for about 1.5°C 
longer than methanol or 1-propanol solutions. At a cooling rate of 10°C/h, this 
corresponds to 9 min. This could explain the fact that a higher fraction of form I 
nucleations was obtained in methanol, compared to ethanol and 1-propanol. 

5.2.1 Influence of Solvent Properties on the Kinetics of Nucleation  

As shown by tables 4.4 and 4.5, which polymorph will preferentially crystallize 
depends on many experimental parameters, the most important of which is the solvent. 
As regards mABA, it is especially interesting that, in spite of a huge difference in 
thermodynamic stability, it is possible to adjust crystallization conditions such that the 
metastable polymorph can be obtained with some confidence. The structure of form I 
of mABA is unknown, but it has been reported to consist at least partly of molecules in 
the zwitterionic form, unlike the structure of form II (shown in fig. 3.2). A hypothesis 
for the large differences in metastable zone width observed for this polymorph, in 
methanol and water on one hand, and in acetonitrile and ethyl acetate on the other, is 
that the nucleation rate is directly affected by the equilibrium distribution of 
zwitterions to non-ions in solution through the concentration dependence of eq. 2.23. 
This hypothesis is supported by an examination of available literature data. In aqueous 
solution, the equilibrium distribution is reported to be approximately 50% zwitterions 
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and 50% non-ions113 and as discussed in detail in paper I, it can be expected to be 
shifted heavily in favour of the non-ionic species in acetonitrile and ethyl acetate. In 
methanol, which resulted in the smallest MZW, a study on another zwitterionic 
compound114 has shown that the degree of dissociation in ethanol is higher than in 
water. 

The structures of both mHBA polymorphs have been solved experimentally, and they 
exhibit significant differences, as shown in fig. 3.3 and discussed in paper IV. The 
structure of form I is composed of π-stacked layers of carboxyl dimers, while the 
structure of form II features ribbons of molecules with several hydrogen bonds 
connecting the carboxyl and hydroxyl groups of neighbouring molecules. The activity 
coefficients at equilibrium in different solvents, listed in paper IV, are negative in all 
solvents but water, where large, positive values are obtained. This means that solute-
solvent interactions are favourable compared to the respective pure liquid phases in all 
solvents but water.  

No correlation was observed when comparing average values of the supersaturation 
at nucleation or the relative polymorph distribution, and solvent properties relating to 
polarity (e.g. dielectric constant) or hydrogen bonding ability. However, a strong 
correlation was found when investigating a set of solution-dependent properties 
occurring in the pre-exponential factor in the CNT nucleation rate equation (eq. 2.23), 
which chiefly describe the mobility and the possibility of solute-solute collisions in 
solution. As discussed in detail in paper IV, the pre-exponential part of the steady-state 
nucleation rate is inversely proportional to the solution viscosity and the molar volume 
of the solvent, and proportional to the absolute solute concentration C and to 
√(Msolvent × T3). In fig. 5.10, average values of the supersaturation at nucleation for the 
two polymorphs is plotted against (η × υsolvent )/(C × √(Msolvent × T3)) for the 
experiments with a cooling rate of 10°C/h in different solvents.  

 

 

Figure 5.10. Average driving force at nucleation plotted against (η × υsolvent )/(C × √(Msolvent × 
T3)) for the series with a cooling rate of 10°C/h in five solvents for mHBA form I (red) and form II 

(blue), with error bars showing 95% confidence limits. Linear correlations are based on water, 
methanol, ethanol and 1-propanol (solid symbols), with data for ethyl acetate shown as hollow symbols. 

The correlation asserts the importance of the parameters which control the frequency 
of collisions between molecules in the solution for the nucleation rate. The data for 



 51

water, methanol, ethanol and 1-propanol exhibits a linear dependence in fig. 5.10, 
showing that for these solvents, when the conditions in solution are unfavourable for 
solute-solute molecular collisions, nucleation becomes correspondingly hampered, for 
both polymorphs. Data for ethyl acetate falls outside the linear correlation, especially as 
regards form I; apparently, other mechanisms are at work, further delaying nucleation 
in this solvent. One speculative hypothesis is that, since ethyl acetate molecules have 
no hydrogen bond donating groups, the solvent molecules are unable to form any 
strong hydrogen bonds with each other. On the other hand, they are perfectly capable 
of establishing hydrogen bonds with both the hydroxyl and carboxyl groups of the 
solute molecules. As discussed in paper IV, this could possibly explain the obstructed 
nucleation of mHBA – especially form I – in this solvent. 

5.2.2 Influence of Solution History on Nucleation of Polymorphic Systems 

Comparing series 3:1 with series 3:2 in table 4.5 and fig. 4.10, it can be seen that they 
result in approximately identical polymorphic fractions as well as average values of RT 
ln S for nucleation of both polymorphs, notwithstanding that different polymorphs 
were used in the preparation of the solutions. These series were kept for over 6 h at a 
temperature 10 °C above saturation of form I in order to minimize the effects of a 
possible structural memory, and will serve as reference experiments. 

By comparing series 3:3 – 3:9, where the time at undersaturated conditions was 
curtailed to ≤30 min, with the reference series 3:1 – 3:2, it can be seen that all of the 
former exhibit smaller metastable zones, with average decreases in driving force at 
nucleation of 0.06 kJ/mol (5%) for form I and 0.07 kJ/mol (9%) for form II, 
respectively (statistically established with 95% confidence for nucleations of form II). 
This observed effect of solution history on nucleation overall is in agreement with 
other studies93, 115. 

As regards the effect of solution preparation and pre-treatment on the nucleating 
polymorph, there are several statistically established facts that can be observed in fig. 
4.10: i) solutions prepared by dissolving form I (series 3:3 – 3:5) resulted in a 
substantial increase in the fraction of form I nucleations, and ii) the solution prepared 
by dissolution of form II which was kept for 30 min at a temperature 2 °C above 
saturation of form I (series 3:8) also resulted in an increased fraction of form I 
nucleations compared to the reference case. Notable is also iii) that the fraction of 
form II nucleations is higher for those cases where form II was dissolved than when 
form I was dissolved, under otherwise equal conditions (i.e. comparing series 3:3 – 3:5 
with 3:6 – 3:8). Overall, this shows that solution history, besides increasing the overall 
predisposition of the solution to nucleate, can also have an impact on the nucleating 
polymorph. 

The main question is whether the solution is able to retain some structure 
reminiscent of the dissolved polymorph, particularly facilitating nucleation of that 
polymorph in a subsequent cooling crystallization, and if so, how rapidly this property 
is lost under given undersaturated conditions. Observations i) and iii) above support 
such a mechanism, but observation ii) appears to contradict it. In paper V, several 
hypotheses dealing with possible explanations for the experimental results are 
discussed in detail. 
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5.2.3 The Polymorphic Outcome of a Crystallization 

Overall, the experimental work has shown that nucleation is a complex, stochastic 
phenomenon, depending on many factors which are difficult or impossible to control. 
The extent and nature of what in simplified terms is called the metastable zone depend 
strongly on the solvent and other crystallization conditions. For a polymorphic system, 
the interplay between thermodynamics and kinetics decides which polymorph will 
crystallize. If a solution is at a point where it is supersaturated with respect to two or 
more polymorphs, both have the potential to nucleate – but which, if any, will do so is 
controlled by kinetics. Due to the stochastic nature of nucleation there will be a spread 
in the metastable zone width for a set of multiple, and as far as possible, identical, 
experiments. Sometimes, as shown in papers I, IV and V, this can lead to cases where 
the polymorphic outcome of a crystallization is uncertain. There is a tendency in the 
literature to oversimplify the relationship between thermodynamics and kinetics in 
crystallization. Ostwald’s often-quoted rule of stages116 states that the metastable 
polymorph will generally nucleate ahead of more stable polymorphs. On the other 
hand, there is also the opposite belief that the outcome of a crystallization will be 
under total thermodynamic control when the crystallization is conducted sufficiently 
above or below the transition point117. The work presented in this thesis provides a 
good example of the fact that the polymorph which will nucleate is the result of a 
combination of factors, thermodynamic and kinetic, and that by thorough investigation 
of their interrelationship it is possible to establish a degree of control over the 
polymorphic outcome of a crystallization process. 

Moreover, as shown by the case of mABA, energy differences between polymorphs 
can be considerable at room temperature, with a substantial part of ∆G emanating 
from differences in entropy. This has important implications for energy-based crystal 
structure prediction, showing that it can be misleading to put too much emphasis on 
lattice energy as a lone descriptor of the relative merit of different structures. It also 
raises an important question: if the number of potential polymorphs is even close to 
that suggested by prediction simulations, and if differences in nucleation kinetics can 
be important enough to prevent the stable polymorph to nucleate despite a 
supersaturation ratio exceeding 5, how come no other polymorph is able to nucleate 
until form II does? The enthalpy difference between the two polymorphs is about 7 
kJ/mol at room temperature. Looking at the results from the crystal structure 
prediction simulations for similar systems, presented in paper III, there is certainly 
reason to expect several other potential crystal structures to be available in such a wide 
energy window.  

5.3 Computational Modelling of Crystal Structures 

5.3.1 The Potential Energy Hypersurface 

The function describing the potential energy as a function of structural coordinates – 
the potential energy hypersurface – of the ordered, solid state of even a simple organic 
molecule is complex, multidimensional and studded with local minima67. Completely 
characterizing such a complex function would be a very computationally demanding 
task. Some important features of the potential energy function for organic crystals can 
be inferred from the calculations performed in this work. Regarding the total number 
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of energy minima, corresponding to potentially metastable structural arrangements of 
the molecules, it is the consensus opinion in the literature that they are legion70. This 
has been verified to hold for substituted aromatics in this work, as shown in table 4.8: 
on average, close to 2000 unique structures representing minima in potential energy are 
identified in a search encompassing just one space group and with only one molecule 
in the asymmetric unit, using the settings listed in paper III. 

The number of predicted structures varies between the compounds, as seen in table 
4.8, the range spanning more than an order of magnitude. It is found that there are 
systematic variations depending on molecular complexity. The number of structures 
exhibits a fair correlation to molecular size, as shown in fig. 5.11, with the number of 
structures rising exponentially with increasing molar mass. 
 

 
Figure 5.11. The logarithm of the number of predicted structures of the compounds in table 4.8, 

plotted against molar mass.  

When comparing the compounds based on the number of rotatable bonds (as 
defined in paper III), another correlation is found, as shown in fig. 5.12.  

 

 
 Figure 5.12. The logarithm of the number of predicted structures of the compounds in table 4.8, 

plotted against the number of important torsion angles. 

Altogether, these results suggest that it is the size and flexibility, rather than the 
potential for hydrogen bonding, which are the major factors determining the number 
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of structures that correspond to minima in potential energy. An increase in molar mass 
by about 100 g/mol, or in torsional flexibility from no rotatable bonds to three, leads 
to an increase in the predicted structure output by an order of magnitude.  

No correlation was found between the number of structures and the capacity of the 
molecule for hydrogen bonding, as given by the number of hydrogen bond acceptor 
atoms or the number of free electron pairs. When comparing the relative positions of 
the substituents on the aromatic ring, a slightly lower average number of structures 
were predicted for meta- than for ortho- or para-substituted compounds, but this is 
not statistically established with 95% confidence; if there is such a correlation, it is 
mostly drowned out by other factors. 

Fig. 5.13 shows how the predicted structures of all 27 compounds in table 4.8 are 
distributed with respect to relative excess lattice energy compared to the global 
minimum, ∆EErel. The relationship between the number of predicted structures and 
their relative lattice energy is well described by a normal distribution, computed from 
the average over all predicted structures and the corresponding standard deviation. The 
Gaussian curve peaks at ∆EErel = 18.3%, meaning that on average, a structural 
minimum on the potential energy hypersurface has a lattice energy that is 18% higher 
than that of the lowest minimum. The range of ∆EErel slightly exceeds 40%, with 
occasional outliers found with ∆EErel close to 100%.  

 

 
Figure 5.13. The distribution of all predicted structures with increasing excess relative lattice 

energy, averaged over all compounds. The normal curve based on all predicted structures is shown with 
a solid line, and the fraction corresponding to N10% is highlighted. 

It is conceivable that part of the explanation for the shape of the distribution in fig. 
5.13 could be caused by the simulating annealing protocol used in the crystal structure 
prediction simulations, described in chapter 2. This approach is designed to lead to a 
comparatively more thorough sampling of low-energy regions of the potential energy 
hypersurface, and consequently lead to the simulation being more converged for low-
energy minima than for minima of higher energy. However, since each of the 
structures that are saved during the simulated annealing step are relaxed to the nearest 
minimum in the subsequent step of the prediction process, the degree of impact this 
will have on the distribution in fig. 5.13 depends on the nature of the potential energy 
hypersurface, i.e. the number, shape and depth of energy minima.  
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In order to investigate this, lattice energies were calculated, before and after 
relaxation, for all the structures that were saved during the simulated annealing step for 
the simple compound phenol (no. 18 in table 4.8), which resulted in the fewest number 
of unique predicted structures (333) out of all investigated compounds. Fig. 5.14 shows 
the lattice energies of all 8404 structures that were saved for this compound, with the 
simulation progressing along the abscissa. The red dots show the lattice energies of the 
structures produced in the packing step, which have not yet been geometry-optimized, 
and the blue dots the lattice energies of the  corresponding relaxed structures.  

 

 
Figure 5.14. Lattice energies of all saved structures during a Monte Carlo simulated annealing 

run of phenol, before (red) and after (blue) geometry optimization, with the simulation progressing from 
left to right along the abscissa. 

At the beginning of the simulation, the simulation “temperature” is high enough that 
sampling of the hypersurface is almost completely random. Towards the end of the 
simulation, the temperature is reduced so that sampling becomes constrained to a 
gradually smaller portion of the hypersurface. Several observations can be made by 
inspecting fig. 5.14. First of all, with regard to the distribution in fig. 5.13, it is obvious 
that although the average energy of the unoptimized structures (red dots) declines 
slightly as the simulation progresses (i.e. moves right in fig. 5.14), there is no 
corresponding trend for the relaxed structures. This strongly suggests that, for this 
compound, the sampling of minima (blue dots) on the potential energy hypersurface is 
approximately random with respect to lattice energy. Interestingly, the random 
sampling of over 8000 points never once led to lattice energies in the range of those of 
the corresponding relaxed structures.  

Directly visualizing the shape of the potential energy hypersurface in the region 
surrounding a local minimum is not feasible due to the multidimensional nature of the 
potential energy function. However, it can be sampled by e.g. Monte Carlo, molecular 
dynamics or metadynamics simulations72. A simple way to get some idea of the 
appearance of the potential energy function in the immediate vicinity of a local 
minimum is to consider the energy difference between a known structure before and 
after a structural optimization – the relaxation energy. Fig. 5.15 shows how the 8404 
phenol structures are distributed with increasing relaxation energy. All relaxation 
energies for this compound and force field were in the range 20 – 72 kJ/mol, i.e. in the 
same approximate order as the total lattice energy. 
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Figure 5.15. Distribution of all saved structures during a Monte Carlo simulated annealing 

simulation of phenol with increasing relaxation energy. 

Using the ten molecular mechanics methods listed in table 4.6, relaxation energies 
were calculated for the experimental crystal structures of six compounds (cf. section 
4.3). Fig. 5.16 shows the average, maximum and minimum values of ∆Erelax.  

 

 
Figure 5.16. Average relaxation energies over the experimental crystal structures of six compounds 

obtained with ten molecular mechanics methods (numbers refer to table 4.6), with the total range over 
all structures for each method shown in black. 

Fig. 5.16 shows that, notwithstanding the potential energy model, relaxation energies 
are of the same order of magnitude as the total lattice energy, although there are 
individual cases where it is significantly lower (see discussion in paper II). Structurally, 
however, the relaxed crystal structures are virtually indistinguishable from their 
experimentally determined counterparts by visual analysis, with average changes in cell 
parameters of a few per cent and in atom positions of fractions of Ångströms. Ergo, a 
small geometric perturbation from an energy minimum equals a large increase in 
potential energy. As far as these results are valid with respect to compounds and force 
fields, this is an indication that minima in potential energy tend to be narrow, steep and 
deep, with the major part of the hypersurface undulating approximately 20 – 200 
kJ/mol above, depending on compound. 
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It can further be seen from fig. 5.16 that, for a given force field, there is little 
variation between different charge assignment methods, which suggests that a 
considerable part of the values of ∆Erelax in fig. 5.16 could be intramolecular in origin. 
This hypothesis is somewhat verified by comparing the bonded (valence) fraction of 
the total ∆Erelax. With method number 6 (Dreiding/Gasteiger), the bonded 
contribution amounted to 64% on average, with variations between compounds 
ranging from 36% to 80%.  

Two possible caveats in relation to the relaxation energies in fig. 5.16, calculated 
using experimentally determined structures are: i) since the electron density is not 
centred on the nucleus of a hydrogen atom, but on its covalent bond, hydrogen atom 
positions are not calculated correctly by a freely refined XRD crystal structure 
determination23, and if this is not compensated for, some experimental structures could 
hypothetically give unrealistically high lattice energies due to overestimation of the 
intramolecular repulsion between e.g. carbon and hydrogen atoms, and ii) since crystal 
structures are determined at finite temperatures, if a force field is not parameterized for 
structures determined at approximately the same temperature, a structural relaxation 
could lead to a systematic change in the crystal density due to thermal expansion, in 
turn influencing ∆Erelax. In the first case, this effect may be corrected for by redefining 
the covalent bond lengths involving hydrogen atoms to standard values. After using 
the software Rpluto to set all covalent bonds involving hydrogen to reference values118, 
viz. C-H bonds to 1.083 Å, N-H bonds to 1.009 Å and O-H bonds to 0.983 Å, the 
relaxation energies in fig. 5.16 were recalculated with method number 6 
(Dreiding/Gasteiger). It was found that, on average, the magnitude of the relaxation 
energy was reduced by about 14 kJ/mol, or about 9%, while the corresponding average 
increase in the hydrogen-terminated covalent bond lengths was 7.3%. In order to 
verify the impact of the second issue, the relative change in cell volume on relaxation 
was calculated for all the crystal structures listed in table 4.7, using two of the methods 
in table 4.6. It was found that, on average, a relaxation with Pcff/integral resulted in a 
very small reduction in cell volume (-0.4%), whereas there was a volume increase of 
3.3% when using Dreiding/Gasteiger, suggesting that Pcff/integral is better 
parameterized for structures of the kind of molecules considered in this work with 
respect to thermal expansion. In summary, it appears that these problems, although 
not negligible, were not a major issue for the structures evaluated in this work. 

It has been reported23, 71 that the vast majority of polymorphic pairs differ by less 
than 10% of the total lattice energy. This is a limit that has been used in this work to 
define energetically relevant potential crystal structures. For the structures predicted in 
this work, the limit is shown with a shaded rectangle in fig. 5.13. From table 4.8, it can 
be seen that the number of such structures per compound (N10%) on average exceed 
200, corresponding to about 15% of the total number of predicted structures. 
Furthermore, the vast majority of real polymorphs are reported23, 71 to differ in density 
by less than 5%. In order to verify that these simple rules-of-thumb hold for the 
compounds and parameters in this work, the 56 structures in table 4.7 were relaxed 
with Pcff/integral and the optimized lattice energy and density calculated. The 
differences between polymorphs of the same compound are shown in fig. 5.17. 
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Figure 5.17. Relative difference in minimized lattice energy and density for the polymorphs of 26 

compounds. Each number, referring to table 4.7, represents one pairwise comparison. 

The fraction of polymorphic pairs differing by less than 10% in calculated lattice 
energy is 91% and the average relative lattice energy difference is 3.3%. This 
corresponds roughly to the same number expressed in kJ/mol, since typical values of 
lattice energy are in the range of -100 kJ/mol. Furthermore, all but one pair of 
polymorphs differ by less than 5% in density, in accordance with the close-packing 
principle of Kitaigorodsky (1973)73. Overall, the results with respect to both lattice 
energy and density differences between polymorphs are in very strong agreement with 
results from similar studies, obtained on larger and more chemically heterogeneous sets 
of compounds. 

5.3.2 The Importance of Electrostatics 

There exist more or less theoretically advanced and computationally expensive 
methods that may be used to calculate atomic point charges. Basically, the choice will 
influence quality on the one hand, and the robustness on the other. ESP-charges 
represent a potentially high quality, provided that a sufficient wave function is used, at 
the expense of poor robustness, leading to a need for careful parameterization. Using 
charges that depend only on connectivity or atom type, on the other hand, such as 
Gasteiger or integral charges, reduces the potential nuances that can be expressed with 
the electrostatic energy, but leads to a simpler parameterization and consequently to a 
more robust force field. 

Fig. 5.18 shows the contributions from different terms to the total non-bonded part 
of the lattice energy for the methods in table 4.6. It can be seen that the electrostatic 
contribution (blue bars) is significant, both in absolute and relative terms. The 
unweighted average fraction of the electrostatic contribution is 44% (54% if the 
Dreiding hydrogen bond term, which is mainly electrostatic in origin, is included in the 
electrostatic energy). For the Dreiding methods, it can be seen that, depending on the 
choice of charge assignment method, the electrostatic energy can be more or less 
dominant in the non-bonded energy. For the methods that work best in estimating 
lattice energy values and ranking structures based on energy, the electrostatic 
contribution is small, and below 50%. 
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Figure 5.18. Average absolute values (left) and corresponding fractions (right) of different terms 
contributing to the non-bonded part of the lattice energy, for the methods in table 4.6: electrostatic 

energy (blue), dispersion energy (yellow) and hydrogen bond energy (Dreiding: cyan). 

In a study of different electrostatic models58, using various force fields, it is reported 
that the most advanced model, a multipole expansion, did not result in improvement 
when comparing changes in cell parameters and atom positions before and after 
structural relaxation, except for rigid molecules. This was attributed to the force field 
parameterization. Some improvement in the ability to rank structures in the correct 
order of lattice energy was achieved when ESP-charges were used instead of charges 
more attuned to the other force field parameters, which indicates that qualitatively, 
such charges do in fact improve the electrostatic description. However, as shown in fig. 
5.18, the electrostatic energy can be very sensitive to changes in the atomic point 
charges. The fact that the electrostatic contribution can fluctuate as much as for 
Dreiding simply by changing the method of calculating ESP-charges is worrisome, and 
emphasizes the importance of making sure both of the quality of the electrostatic 
model used, and that the combination of force field and charge model is correctly 
balanced in the force field parameterization. 

ESP-charges in particular are prone to changes with molecular conformation, QM 
model and charge assignment algorithm62. In paper II, it is shown in detail, through 
analysis of the ESP-charges calculated with two different methods compared to a 
reference method, that charges based on semi-empirical wave functions, computed 
with a fast and simplified method that avoids time-consuming integrals, cannot be used 
in lieu of the recommended standard HF/6-31G(d) ESP-charges, against which some 
force fields are parameterized. As shown in fig. 5.19, the linear correlation is poor, 
which precludes calculating a scaling coefficient and then linearly scale the charges99, 
which can be done for charges calculated with DFT, as discussed in paper II. 
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Figure 5.19. ESP-charges calculated with DFT (left) and with a fast, approximative semi-

empirical method (right) correlated to reference HF/6-31G(d)ESP-charges. Each point charge is 
indicated by a dot and the linear correlation by a solid line with slope C. A dashed line with a slope of 

unity is shown for comparison. R is the Pearson regression coefficient. 

5.4 Real Polymorphs Versus Predicted 

Is has been shown (cf. fig. 4.12) by studying a set of experimentally found structures 
of polymorphic systems that polymorphs are in general fairly different from one 
another, in terms of structure. Occasional cases of polytypism have been encountered, 
but the majority of polymorphic pairs of the same compound differ significantly with 
regard to either molecular conformation or the type of hydrogen bond network; only 
8% of the investigated pairs have hydrogen bonding and packing features in common, 
and over 40% differ completely in hydrogen bond patterns as given by a graph set 
analysis. This agrees with the results of a study by Zorkii and Kuleshova (1981)89, who, 
by applying a graph set approach to study the hydrogen bonding of a small set of 
organic polymorphic systems found that 50% of the studied pairs differed with respect 
to the graph set describing the hydrogen bonding. 

In order to compare the case of experimentally observed polymorphs with the 
structures predicted by computer simulations, two compounds were selected for closer 
study; benzoic acid, chemically the simplest of the evaluated compounds, with only one 
crystal structure ever observed experimentally in spite of its considerable industrial 
importance, and o-aminobenzoic acid (oABA), which chemically is more complex and 
has three polymorphs reported in the literature119. The distribution of predicted 
structures with lattice energy for these two compounds is shown in fig. 5.20. It can be 
seen that, for benzoic acid, the distribution is approximately bimodal, with one peak in 
the number of structures slightly below 10% in excess relative lattice energy and 
another peak at approximately 25%. For oABA, with a number of predicted structures 
about three times higher, the distribution is more complex, featuring what appears to 
be several overlapping peaks.  
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Figure 5.20. The fraction of predicted structures with increasing excess relative lattice energy for 

benzoic acid (left) and oABA (right). 

Statistically representative samples of the predicted structures of benzoic acid and 
oABA were analysed visually, and classified into different categories based on the 
presence of different hydrogen bond motifs. The result for benzoic acid is shown in 
fig. 5.21, where the structures are plotted in a lattice energy vs. density graph, coloured 
according to the occurrence of different hydrogen bond motifs. There are only a small 
number of different hydrogen bond arrangements possible for such a simple molecule, 
and they are illustrated in paper III. By comparing this scatter plot to the distribution 
of structures with increasing excess lattice energy (fig. 5.20), it is evident that the first 
peak consists exclusively of two kinds of structures: those based on the COOH-dimer, 
and on the COOH-catemer (chain). The known structure of benzoic acid belongs to 
the former. 

 

 
Figure 5.21. Structures predicted for benzoic acid plotted with lattice energy on the ordinate and 

density on the abscissa. Colour is according to hydrogen bond motifs: carboxyl dimers (yellow), carboxyl 
catemers (blue), hydroxyl catemers (green), hydroxyl dimers (red) and weak/no hydrogen bonds (grey). 

The dotted line represents ∆EErel = 10%. 

It is found that each type of hydrogen bonding results in a well-defined cluster of 
points in fig. 5.21. Each type of hydrogen bonding can apparently be maintained with 
some variation in density, resulting in a corresponding change to the lattice energy; the 
slope of the regions corresponding to different structure types in fig. 5.21 are 
approximately identical. Furthermore, the distribution of structures with respect to 
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density is monomodal, with the same densities found for structures with strong 
hydrogen bonds as for those structures which feature weak or no hydrogen bonds. 

With this particular force field, only three kinds of hydrogen bond arrangements turn 
out to be energetically feasible, as all other types result in an energy shift of over 10 
kJ/mol, approximately corresponding to the estimated limit of observed energy 
differences between experimental polymorphs (cf. fig. 5.17.) The lattice energies of 
structures featuring the carboxylic dimer and catemer are about equal, and this is 
supported by other studies120. Furthermore, it seems to be possible to construct 
structures featuring either of these motifs with equal density. The reason that no 
catemer-based benzoic acid polymorph has ever been found is therefore most certainly 
kinetic in origin, given that energy calculations are approximately correct.  

A similar analysis of the predicted oABA structures yields a more complex graph, 
shown in fig. 5.22, as is to be expected since the added presence of an amino group 
leads to increased possibility of variation in hydrogen bonding (the motifs are shown in 
paper III). Only the 15 most commonly occurring combinations of hydrogen bond 
motifs are shown, for purpose of clarity (a somewhat more detailed treatment is given 
in paper III). The six most common such combinations, not counting structures that 
have no significant hydrogen bonding (shown as grey dashes in fig. 5.22), account for 
more than 50% of all predicted structures. The non-zwitterionic experimental 
polymorphs of oABA, forms I and II, feature COOH-dimers and C=O…HN-chains, 
and only COOH-dimers, respectively. 
 

 
Figure 5.22. Structures predicted for oABA plotted with lattice energy on the ordinate and density 
on the abscissa. Colour is according to hydrogen bond motif combinations. The dotted line represents 

∆EErel = 10%. 

The density distribution is monomodal for oABA as well, with no discernible 
difference in density between structures featuring different kinds of hydrogen bond 
network. In order to compare the packing of structures of both compounds, the 
packing coefficient, KP, given by eq. 2.33, was calculated for all the predicted structures 
of benzoic acid and oABA. The software OPiX121 was used to compute the intrinsic 
molecular volumes, υint, of the geometry-optimized molecular structures used as input 
structures in the prediction simulations. In fig. 5.23, KP is plotted against ∆EErel for all 
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predicted structures of both compounds. Packing coefficients are in the range 0.65 – 
0.80, in agreement with the close-packing principle (cf. the value of KP for the close-
packing of spheres, 0.74). 

 

 
Figure 5.23. The packing coefficient of all predicted structures of benzoic acid (red) and oABA 

(blue) plotted against the excess relative lattice energy. 

Several interesting points of similarity come to light when comparing the predicted 
structures of these two compounds. Only a certain number of structure types – unique 
combinations of hydrogen bond motifs – turn out to be possible for both compounds. 
This number is fairly low in comparison with the total number of structures generated 
by the prediction simulations. Considering only the energetically relevant structure 
types, the number is reduced considerably, down to three for benzoic acid and perhaps 
a handful for oABA, as given by the particular force field. Furthermore, for both 
compounds, the structures belonging to a given structure type appear to be very similar 
in qualitative terms, when studying the packing patterns of the molecules. An example 
of the similarity of two dimer-based benzoic acid structures is shown in fig. 5.24 (cf. 
paper VI). Altogether, this is an indication that potential energy hypersurfaces tend to 
contain many minima corresponding to structures which are geometrically similar. 

 

 
Figure 5.24. A comparison of two predicted dimer-based crystal structures of benzoic acid, A and 

B, shown from two right angles. Molecules in the same plane are identically coloured. 
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5.4.1 Explanations for the Discrepancy in the Number of Structures  

There are several contributing factors which together may explain the apparent 
discrepancy between the large number of structures predicted by molecular modelling, 
and the small number of polymorphs that can be experimentally identified for most 
organic compounds. Considering the problem from the experimental point of view, 
one question is why so few polymorphs are observed in practice. A widespread 
sentiment is that the more work that is put into polymorph screening, the larger the 
number of polymorphs that are discovered. Consequently, for many compounds, the 
apparent lack of polymorphs may in part be a reflection of the lack of effort in 
searching for them. The experimental study of the polymorphism of mABA has 
demonstrated that altered nucleation kinetics can be responsible for preventing a stable 
form from nucleating in one solvent despite a high supersaturation, allowing a 
significantly metastable polymorph to crystallize. Hence, if there are multiple, realizable 
crystal structures available for a compound, it should be possible to produce them 
simply by varying solvent and rate of supersaturation generation.  

Contemplating the problem from a modelling perspective, there are a number of 
factors that could contribute to the large number of predicted structures. At the heart 
of the matter is the fact that the potential energy hypersurface describing the crystalline 
states of even fairly small molecules contains many minima, some possibly shallow 
while others are deeper. If a minimum is very shallow along the direction of variation 
of one or more structural degrees of freedom, such that the structure it represents 
would not survive even normal thermal vibrations in the solid state, it does not 
correspond to a viable crystal structure, as it would quickly relax into a structure with a 
more stable energy minimum. Methods of eliminating such shallow minima have been 
tried, but so far have not become part of routine crystal structure predictions72, 122. As 
shown in this work (cf. figs. 5.14, 5.15 and discussion in paper II), relaxation energies 
are almost universally found to be quite formidable. This indicates that minima on the 
force field potential energy hypersurface tend to be both steep and deep. This 
conclusion is supported by literature reports of simulations71, 72 e.g. of the compound 
5-fluorouracil for which it was established that most of the predicted energy minima 
are stable against thermal vibrations in the solid bulk. 

Verwer and Leusen66 list some potential problems that can be introduced by the 
packing and minimization steps of crystal structure prediction algorithms, leading to a 
slight overrepresentation of the number of predicted structures due to artificial minima 
on the force field potential energy hypersurface. One possibility is that the same 
structure may be predicted in more than one space group for symmetry-related 
reasons, so a clustering step across all space groups to remove duplicate structures is a 
necessary part of any crystal structure prediction protocol. Another possibility is that a 
geometry optimization that is constrained with regard to space group symmetry could 
reach a halt that would not be a true minimum if the constraints were released. One 
way to overcome this would be to perform further minimization steps with released 
constraints, i.e. in space group P1. 

Having removed all duplicates and artefacts from the predicted set of structures, one 
may still be left with a substantial set of structures. If the force field is well 
parameterized, the lattice energy of the structures will correspond closely to true 0 K 
free energy values. By disregarding all structures with a lattice energy higher than a 
threshold value, the set could be reduced significantly. The threshold value should be 
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chosen so that it encompasses the maximum difference in free energy that can be 
expected between potential polymorphs, allowing both for differences in H0 as well as 
for the contributions from entropy and kinetic energy at room temperature. In the 
work reported in this thesis, based on molecular mechanics calculations of lattice 
energy differences between structures of experimentally reported polymorphs of 
substituted aromatic compounds, it has been shown that lattice energy differences 
generally amount to less than 10% of the total lattice energy (cf. fig. 5.17.) In the 
literature, there is very little reported in terms of statistics of experimentally determined 
energy differences between polymorphs, but many rules of thumb have been 
proposed23, 70. As shown in papers I and IV, it can be an onerous task to obtain a 
reasonably correct estimate of such energy differences by experimental methods. 
Calculated enthalpy differences at room temperature were 7.0 kJ/mol for mABA and 
1.2 kJ/mol for mHBA. By extrapolation, it is evident that, for these compounds, 
differences at room temperature exceed those at 0 K. Contributions from entropy to 
differences in free energy at room temperature amount to approximately half the 
magnitude of ∆H; 4.6 kJ/mol and 0.5 kJ/mol, respectively. 

Finally, a major piece of the puzzle spells kinetics. In crystallization from solution, 
nucleation, growth and transformation kinetics play a crucial part in deciding which 
polymorph will crystallize in case there is more than one thermodynamically accessible 
structure. The experimental work carried out within this project on two polymorphic 
compounds, m-aminobenzoic acid (paper I) and m-hydroxybenzoic acid (papers IV and 
V), emphasizes that the result of a crystallization is governed by many factors, 
thermodynamics being just one of them, and points with clarity to the fact that kinetic 
solvent effects can be important enough to allow a severely metastable form to be 
routinely obtained under certain conditions. The fact that so few polymorphs can be 
isolated experimentally, and that solutions can sometimes reach high levels of 
supersaturation without nucleating at all, despite the sheer number of minima in 
potential energy and the fact that these minima tend to be both steep and deep (vide 
supra) is indicative of the importance of kinetics. It suggests that only certain pathways 
towards nucleation are open for the molecules, and consequently that many potential 
structures correspond to packing patterns that are inaccessible during a crystallization 
from solution. 

It has further been found in this work (paper III) that many predicted structures are 
very similar, having hydrogen bond motifs in common, and appear to differ mainly 
with regard to the pattern of spatial packing of hydrogen bonded structural units, e.g. 
dimers and catemers. Such packing may be hypothesized to be mainly under the 
control of van der Waals interactions. Consequently, it may further be hypothesized 
that many of the structures predicted by lattice energy simulations would be fairly easily 
interconvertible in solution, either in their bulk crystalline state or at some 
corresponding pre-crystalline cluster stage. 

Unfortunately, our fundamental lack of knowledge about the exact mechanisms 
involved in nucleation from solution prevents direct study of the pre-crystalline aspects 
of polymorphism. The phenomenon of solution history93, the effects of which have 
been observed and probed experimentally in paper V, points toward the importance of 
the structure of a solution for the process of primary nucleation. The experimental 
work further indicates that the structure of a solution is a complex function of time 
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and temperature, and – for a sizeable amount of time after a solution is prepared – can 
be affected by which polymorph was dissolved to create the solution. 
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6. Conclusions  

Two polymorphs each of the compounds m-aminobenzoic acid and m-
hydroxybenzoic acid have been experimentally isolated. By a thermodynamic analysis 
based on experimental data it is shown that the two m-aminobenzoic acid polymorphs 
form an enantiotropic system, with a transition point determined to be located at 
156.1°C. Furthermore, the m-hydroxybenzoic acid polymorphs are monotropically 
related. The Gibbs free energy, enthalpy and entropy of fusion are determined as 
functions of temperature for both systems. A high-temperature solid-state 
polymorphic transformation from the metastable to the stable polymorph of m-
hydroxybenzoic acid is shown to proceed through a mechanism of simultaneous 
sublimation and growth. 

By analysing data from 1393 cooling crystallization experiments performed under 
different experimental conditions in batches of multiple identical experiments, it is 
shown that the spread in the metastable zone width can be large among multiple 
experiments performed under identical conditions. Depending on relative 
thermodynamic stability as well as nucleation kinetics, this can result in an uncertain 
polymorphic outcome of a crystallization. By comparing series of primary nucleation 
experiments performed on solutions differing with respect to pre-treatment, it is 
shown that the immediate thermal and structural history of a solution can be an 
important factor, affecting the size of metastable zones and which polymorph will 
preferentially crystallize. 

The choice of solvent is found be a particularly important factor, affecting metastable 
zones and the fractions of nucleating polymorphs. For m-aminobenzoic acid, all 
crystallizations in water and methanol resulted in the stable polymorph, whereas in 
acetonitrile the majority yielded form II. This is shown to be due to a kinetically 
obstructed nucleation of form I relative to form II in acetonitrile. Since the structure of 
form I has been found to contain zwitterions, this effect is explainable by differences 
in solution speciation. For m-hydroxybenzoic acid, nucleation of the metastable 
polymorph predominates statistically in most solvents, particularly in ethyl acetate and 
water where nucleation of form I is found to be relatively obstructed. Through analysis 
of solubility data and its temperature dependence in different solvents, it is shown that 
for solvents where the solubility is higher the difference in saturation temperature 
between two polymorphs will tend to be larger. For a constant cooling rate 
crystallization, this means that in solvents where the solubility is higher the stable 
polymorph will be given more time to nucleate before a metastable polymorph, which 
should promote crystallization of the stable polymorph in such solvents.  

By analysing the experimentally known crystal structures of polymorphs of 26 
compounds, obtained by a search of the Cambridge Structural Database, it is found 
that there is generally a significant structural difference between real polymorphs, with 
over 40% of the examined polymorphic pairs of the same compound found to exhibit 
completely different hydrogen bond arrangements, and only about 8% sharing similar 
type of hydrogen bond network and molecular packing patterns.  

In crystal structure prediction simulations using Monte Carlo simulated annealing, it 
is found that the number of unique structures that are produced range from hundreds 
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up to many thousands for each compound, in a crystallographically constrained search. 
The number of predicted structures is found to correlate to the molecular weight and 
to the number of torsional degrees of freedom. Furthermore, the structures are found 
to be normally distributed with increasing lattice energy. Approximately 15% of the 
predicted structures are found within a window of excess lattice energy of ≤10% 
compared to the predicted global minimum structure. This limit is verified to 
encompass lattice energy differences between the vast majority of experimentally 
found polymorphs of the investigated compounds. 

The predicted crystal structures are found to belong to a small number of unique 
structure types, featuring different combinations of possible hydrogen bond motifs. 
The structures within a given type differ with respect to the packing of hydrogen-
bonded supramolecular units such as dimers and chains, and generally appear to be 
geometrically very similar. This structural similarity is in contrast to the differences that 
can be observed between real, experimentally identified polymorphs. 

It has been found, by evaluating different combinations of force fields and 
techniques for assigning atomic point charges, that the choice of electrostatic method 
is crucial for the performance of the force field, and that it is vital to consider both the 
quality of the electrostatic model as well as how the force field was parameterized.  

Finally, it has been shown that differences in potential energy resulting from 
structural relaxation, of known experimental structures as well as randomly sampled 
points on a potential energy hypersurface, are generally of the same order as total 
lattice energies. This implies that minima in potential energy tend to be deep and to 
have steep slopes, and furthermore that, in order for molecular mechanics to 
reproduce reasonable values of the lattice energy for experimental crystal structures, it 
is necessary for the structures to be energy-minimized. 
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