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Abstract 

 
This work contains an experimental study of the substance m-aminobenzoic 

acid, which has two crystalline polymorphs, and computer modelling simulations 
of crystal structures. The simulations comprise an evaluation of different 
molecular mechanics methods for the calculation of lattice energies, crystal 
structure prediction simulations and a structural comparison of experimentally 
encountered polymorphs. The model substances have been selected from a 
common class of molecules, substituted benzene derivates with a low molecular 
weight and restricted to substances containing only the elements carbon, 
hydrogen, oxygen and nitrogen. The restrictions are enforced in order to allow 
systems to studied with adequate quality in computer simulations. 

In the experimental part, two crystalline polymorphs of m-aminobenzoic acid 
have been isolated experimentally, and characterized by ATR-FTIR and XRPD. 
For both polymorphs, melting properties and specific heat capacity have been 
experimentally determined with DSC, and the solubility in several solvents has 
been determined gravimetrically. A total of 300 primary nucleation experiments 
have been carried out, in four solvents. It is found that the system is 
enantiotropic, with form I being stable at low and form II at high temperature. 
The transition temperature has been determined to be about 156°C by 
calorimetric observations and thermodynamic analysis. The only published crystal 
structure has been found to be that of form II, which is metastable at room 
temperature. All nucleation experiments in water and methanol resulted in form 
I. In acetonitrile, most experiments yielded form II, but some resulted in form I 
or both forms crystallizing concomitantly. The work shows the importance of 
considering both solubility and nucleation kinetics when crystallizing 
polymorphic substances, and that it is possible for a significantly metastable 
polymorph to nucleate ahead of the thermodynamically stable form under certain 
conditions, when the nucleation of the stable form is sufficiently obstructed. It is 
also shown that the stochastic nature of nucleation can lead to a large spread in 
nucleation temperature, and thus, the polymorphic outcome of a crystallization 
can sometimes be uncertain. Hence, it is important to perform multiple 
experiments under identical conditions when studying nucleation of polymorphic 
substances. 

In an evaluation of different molecular mechanics methods, the experimentally 
determined crystal structures of several substances have been geometry-
optimized to the nearest potential energy minimum (relaxed) with molecular 
mechanics, using ten different combinations of force fields and techniques for 
assigning atom-centred point charges. Crystal lattice energies have been 
calculated and compared with experimental enthalpies of sublimation, and the 
structural changes upon relaxation quantified in different ways. Different levels 
of theory for the optimization of the geometry of a free gas-phase molecule, used 
as an energy reference, have been examined. The conclusion is that most 
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methods cannot be used to compute absolute or relative lattice energies, but that 
a small number of methods seem to work reasonably well provided the evaluated 
structures are relaxed. The importance of parameterization consistency, i.e. of 
using the same electrostatic technique as in the force field development, is 
stressed.  

The Cambridge Structural Database has been searched for monomolecular, 
polymorphic systems of the kind described above. Three main aspects of the 
structural similarity between these polymorphs have been analysed: differences in 
molecular conformation, by means of comparing important torsion angles, in 
hydrogen bond networks, by means of first and second order graph set analysis 
complemented by visual analysis, and in the structural packing of molecules and 
hydrogen-bonded structural units. The conclusion is that, overall, polymorphs 
tend to differ significantly from each other, with only 8% of examined pairs 
sharing identical hydrogen bond networks packed in a similar way. 

Crystal structure prediction simulations have been carried out, using Monte 
Carlo simulated annealing, for 15 substances. The resulting predicted structures 
have been analysed statistically and structurally, and compared with 
corresponding experimental structures. It is found that all simulations give very 
large numbers of predicted structures. About 10% of the predicted structures are 
within a lattice energy window of ≤10% compared to the most stable predicted 
structure, which is a limit chosen to reflect lattice energy differences between a 
majority of experimentally observed polymorphs. The predicted structures form 
well-defined regions in energy/packing space, according to the different 
combinations of hydrogen bond motifs. For simple molecules, only a few such 
hydrogen bonding structure types should be relevant for consideration as 
potential polymorphs, from an energy/density point of view.  

The results from the different parts of this work are contrasted and compared, 
and conclusions about the important competition between thermodynamics on 
the one hand, and kinetics of nucleation, growth and transformation on the 
other, are drawn.  

 

 

Keywords: Crystallization, polymorphism, thermodynamics, kinetics, solubility, 
nucleation, crystal structure prediction, lattice energy, enthalpy, entropy, 
molecular mechanics, quantum mechanics, electrostatic potential, force field. 
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“Those who study polymorphism are rapidly reaching the conclusion that all compounds, 

organic and inorganic, can crystallize in different crystal forms or polymorphs.  
In fact, the more diligently any system is studied the larger the number of polymorphs 

discovered.” 
Walther C. McCrone (1957) 
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a Activity 
asolid Activity of the solid phase 
asolute Activity of the solute 
A Solubility regression coefficient 
B Solubility regression coefficient 
C Solubility regression coefficient 
C1,2,3 Constants in the vdW-energy term of the potential energy equation 
Cp Specific heat capacity at constant pressure 
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 
ETOT Total potential energy in molecular mechanics 
EvdW Dispersion (van der Waals’) energy 
G Gibbs free energy 
ΔG Gibbs free energy difference between two phases 
ΔGnucleus Gibbs free energy change on formation of nucleus 
ΔG*nucleus Critical Gibbs free energy on formation of nucleus 
ΔGsurf Excess Gibbs free energy between surface and bulk of nucleus 
ΔGvol Excess Gibbs free energy between bulk of nucleus and solute in 

solution 
H Enthalpy 
H0 Enthalpy at 0 K 
ΔH Enthalpy difference between two phases 
ΔHsub(T) Enthalpy of sublimation at temperature T 
J Rate of nucleation 
J0 Pre-exponential factor in nucleation rate equation 
KP Crystal packing coefficient 
k1,2 Heat capacity regression coefficient 
kB The Boltzmann constant 
QA Point charge centred on nucleus of atom A 
r Radius of (spherical) nucleus 
RAB Internuclear distance of atoms A and B 
R Gas constant 
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R Pearson regression coefficient 
S Entropy 
S0 Entropy at 0 K 
SA Supersaturation ratio with respect to phase A 
ΔS Entropy difference between two phases 
T Temperature 
Tsat Saturation temperature 
Ttr Transition temperature 
U Internal energy 
V(r) Electrostatic potential at point r 
Vcell Unit cell volume 
VM Intrinsic molecular volume 
x Mole fraction concentration 
xeq Mole fraction solubility 
Z Number of molecules in the unit cell 
Z’ Number of molecules in the asymmetric unit 
Zi Nuclear charge of atom i 
γ Activity coefficient 
γsl Interfacial energy between solid and solution 
ε Dielectric constant 
μi Chemical potential of phase i 
μL Chemical potential of the pure liquid 
μsolute Chemical potential of the solute 
Δμ Difference in chemical potential between two phases 
ρ Electron density 
ρ Crystalline density 
Ψ Wave function 
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Abbreviations and expressions 

 
ab initio i) in crystal structure prediction, when knowing only the 

molecular formula, 
ii) in quantum mechanics, for methods that are not based on 

experimental data 
ACN Acetonitrile 
API Active pharmaceutical ingredient 
ATR-FTIR Attenuated total reflectance Fourier-transform infrared 

spectroscopy 
C.I. Confidence interval 
CAS Chemical Abstracts Service 
CCDC The Cambridge Crystallographical Data Centre 
CSD The Cambridge Structural Database 
CSP Crystal structure prediction 
DFT Density functional theory, a quantum mechanical technique 
DSC Differential scanning calorimetry 
ESP Electrostatic potential 
EtOAc Ethyl acetate 
IR Infrared spectroscopy 
LCAO Linear combination of atomic orbitals, a fundamental 

quantum mechanical approximation 
MeOH Methanol 
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 
QEq Charge equilibration, a method for calculating atomic point 

charges 
QM (QC) Quantum mechanics (quantum chemistry) 
RMS Root mean square, a statistical measure 
SCF-HF Self-consistent field Hartree-Fock, a quantum mechanical 

technique 
T-10 All predicted crystal structures with a lattice energy within 

10% of the global minimum 
XRD X-ray diffraction 
XRPD X-ray powder diffraction 
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1. Introduction 

 
Crystal polymorphism, the existence of multiple different crystal structures of a 

single compound, is a complex and – despite being very common and extensively 
researched – still far from fully understood phenomenon. It is of importance to 
many branches of the chemical and chemical engineering industry, the 
pharmaceutical industry in particular, as polymorphs may differ significantly in 
many important thermodynamic properties such as solubility and melting point, 
and kinetic properties such as dissolution rate and stability, as well as mechanical 
properties crucial to e.g. tablet production1.  

Polymorphic traits of a substance can be exploited, for example to make use of 
the better compactibility or flow rate of one modification, 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 API can be protected by 
separate patents. 

Until quite recently, polymorphism tended to be seen as an annoyance, or not 
considered much at all, and there are many reported instances of new 
polymorphs suddenly appearing at late stages in the development process, 
resulting in delayed production and rising costs. Today, it is generally understood 
that the best insurance against such surprises is knowledge, and this view has 
translated into a regulatory requirement in the pharmaceutical industry that 
extensive polymorph screening be undertaken for active substances2. 

Polymorphism may have been a neglected phenomenon in the pharmaceutics 
industry, but it is now recognized as very common. A survey from 19973 reports 
that more than half of the APIs in use have been found to be polymorphic, and 
new crystal structures of simple organic substances where for a long time only 
one was known are frequently reported. 

Crystallography, the science of crystal structures, has made possible the 
determination of the molecular organisation in a crystal structure, which in turn 
has enabled the study of polymorphism on a molecular level. Until recent 
decades, however, routine usage of X-ray diffraction for the solution of crystal 
structures was not possible, and the study of polymorphs was the exclusive 
prerogative of the field of chemical microscopy; monumental works in the 

                                              
 
1 Grant (1999) 
2 See for example Byrn et al. (1995) 
3 Henck et al. (1997) 
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identification and description of polymorphic systems have been carried out by 
McCrone1 and by the group at Innsbruck, Austria2.  

Today, the situation is different. The problem of solving a crystal structure is 
now for most simple molecules reduced to that of growing a single crystal of 
sufficient quality, and the pool of crystal structures available for study is growing 
fast. Furthermore, rapid, ongoing advances in computational technology and a 
concurrent development of molecular modelling solutions, frequently based in 
old, well-established theory, allows unprecedented opportunities for exploring the 
phenomenon of polymorphism in detail.  

The ultimate goal of crystal structure modelling might be formulated as the 
ability to predict the structures of all polymorphs of any given substance, 
together with the complete thermodynamic phase diagram of those polymorphs, 
preferably coupled with a model that can account for the kinetics of nucleation, 
transformation and growth of the potential polymorphs, to give the complete 
picture of the system in the crystalline state. The general consensus is that this 
goal is very far from being attained3. First of all, the kinetic part of the problem 
has been almost completely ignored, so far. Focusing on the thermodynamic part 
of the problem, the object thus far has been to predict structures based only on 
potential energy, i.e. basing calculations at absolute zero temperature, neglecting 
entropy and kinetic energy completely.  

Success with such severe approximations in predicting real polymorphs, 
observed at room temperature in a world controlled by kinetics as well as 
thermodynamics, has been varied; in a series of benchmarking blind-tests carried 
out under the direction of the Cambridge Crystallographic Data Centre4, 
different research groups using a variety of methodologies have been invited to 
propose structures for sets of substances, knowing only the molecular formulae. 
The conclusions up to the fourth blind test have been that no technique is 
sufficiently consistent or reliable. The results show some promise for neutral, 
rigid molecules, but less so for flexible molecules, molecules dominated by 
hydrogen bonding, and for structures with more than one crystallographically 
unique molecule. Recently, however, some very promising results have been 
reported5 using a novel method, strengthening the belief that reliable prediction 
of potential crystal structures may be possible in the near future.  

This project focuses on different facets of the relationship between kinetic and 
thermodynamic aspects of polymorphism and crystal structure. The work is both 
experimental and theoretical. The experimental work focuses on the influence of 
thermodynamic and kinetic factors on the nucleation of a polymorphic system. 
This is coupled with molecular modelling work, primarily concerning the 
discrepancy between the fact that, in polymorph prediction with molecular 

                                              
 
1 McCrone (1957) 
2 See e.g. various works by M. Kuhnert-Brandstätter. 
3 Gavezzotti (2002 a); Dunitz (2003) 
4 Lommerse et al. (2000); Motherwell et al. (2002); Day et al. (2005). A fourth blind test was carried 

out in 2007; the results were still unpublished at the time of writing. 
5 Neumann et al. (2008) 
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mechanics, from hundreds to thousands of potential polymorphs can be 
identified within reasonable limits of energy and density, whereas by 
crystallization experiments, no more than a handful of polymorphs are generally 
found. This is investigated qualitatively by contrasting the results of crystal 
structure prediction simulations with structural study of experimentally known 
polymorphs. The project is limited to small, substituted benzene derivates, an 
important organic molecular class with important roles in e.g. the pharmaceutics 
industry. Only monomolecular crystal structures, i.e. no solvates or co-crystals, 
have been considered. Limitations in molecular weight, number of substituents 
and chemical elements are implemented mainly for computational reasons. 
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2. Theory 

 
In this chapter, the theoretical framework for the subsequent simulations, 

experiments and discussion will be laid out for the reader. 

2.1 Structural aspects of polymorphism 
Organic polymorphism has been defined by McCrone1 as:  

“A solid crystalline phase of a given compound resulting from the possibility of at least two 
different arrangements of the molecules of that compound in the solid state.” 

Exactly what is meant by a compound has been much debated in the literature. 
Where two chemically unique species of molecules are involved in an ordered 
lattice arrangement, it is either a case of pseudopolymorphism, in case the solvent 
molecules are incorporated in the structure, or a co-crystal. Discounting all solid 
phases of matter consisting of more than one substance, as well as any 
amorphous phases, there are a number of distinct, generalized types of 
polymorphism, with respect to structure: 

Packing polymorphism is the term used for polymorphs that differ with regard to 
the packing of individual, rigid units, whereas conformational polymorphism refers to 
those cases where two polymorphs also differ with regard to molecular 
conformation. This classification, although common in use, is not always clear-
cut. It is well known that organic molecules with torsional flexibility (i.e. with 
possible rotation about single bonds) are easily able to adopt different 
conformations. Vibrations involving stretching and bending of covalent bonds 
occur on the femtosecond time scale. Which particular molecular conformation 
will be found in a crystal structure depends on the interplay between inter- and 
intramolecular energies, and thus, the term conformational polymorphism is 
ambiguous at best, referring to a gradual phenomenon. 

Closely related to the latter is conformational isomorphism, where one crystal 
structure contains multiple, distinct molecular conformations in an ordered 
manner, and conformational synmorphism, where different conformers of the same 
molecule are randomly distributed in the crystal2.  

As Dunitz (1995) has pointed out, the above definition of polymorphism is 
unclear with respect to tautomerism, i.e. the phenomenon of dynamic isomers that 
interconvert more or less readily in the liquid or vapour state. McCrone suggested 

                                              
 
1 McCrone (1965) 
2 Bernstein (2002) 
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that two crystal structures be classified as polymorphic if they lead to identical 
liquid or vapour phases. It is important to bear in mind, however, that – in this 
respect – there are no sharp borders between different conformations and 
different isomers. Depending on the time scale of the isomeric interconversions, 
crystal structures of different dynamic isomers may or may not be said to 
effectively lead to identical liquid or vapour phases. 

Polytypism is a special case of polymorphism, where different modifications are 
composed of more or less identical layers, differing only in the stacking thereof1. 
The interesting case of acetylsalicylic acid (aspirin), where a second polymorph 
was recently reported2, only to be discounted as an example of erroneously 
interpreted diffraction data caused by structural disorder of a polytypic nature3, 
has raised important issues of exactly what constitutes polymorphism; a question 
which, as mentioned in chapter 1, has important legal implications. 

2.2 Thermodynamic aspects of polymorphism 
Thermodynamic stability is given by the Gibbs free energy, G, which is a 

function of enthalpy and entropy: 
 

TSHG −=                      (2.1) 
 
For a closed system at constant pressure, the enthalpy and entropy at 

temperature T are both functions of the heat capacity, CP:  
 

0

T

0
P HC)T(H += ∫                    (2.2) 

 

0

T

0

P S
T

C)T(S += ∫                    (2.3) 

 
The entropy of an ordered, solid phase at a temperature of 0 K, S0, is zero, as 

dictated by the third law of thermodynamics, and disregarding residual entropy. 
Hence, the Gibbs free energy at temperature T is a function of CP and the 
constant H0, the zero Kelvin enthalpy.  

                                              
 
1 Guinier et al. (1984) 
2 Vishweshwar et al. (2005) 
3 Bond et al. (2007) 
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Taking a free gas-phase molecule as a 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. 

2.2.1 Polymorphic differences in thermodynamic properties 
The Gibbs free energy difference between two polymorphs is given by: 
 

STHGGG 12 Δ−Δ=−=Δ                (2.4) 

 
In case there is a transition in thermodynamic stability below the melting points 

of two polymorphs, the system is called enantiotropic. At the transition 
temperature, Ttr, ΔG is zero, and thus, ΔH is equal to TΔS. If there is no stability 
transition below the melting points, the system is called monotropic. 

The difference in free energy between real, observed polymorphic pairs is 
probably fairly small in most cases; witness e.g. the many examples of 
polymorphs being able to nucleate concomitantly1. There is a lack of studies 
reporting statistics of experimental free energy differences between organic 
polymorphs, but some work has been done with lattice energy calculations using 
molecular mechanics. One recent study2 of 475 organic polymorphic pairs 
reports that polymorphs never differ by more than 20 kJ/mol in lattice energy, 
with the majority being within 10% of one another. A similar study from 19953 
reports that, for 85% of all investigated polymorphic systems, the lattice energy 
difference is below 10%, and the absolute upper limit of energy differences is 25 
kJ/mol. Price (2004) gives 8 kJ/mol as the maximum estimated lattice energy 
difference between experimentally observed polymorphs. 

As regards entropy, the study by Gavezzotti and Filippini (1995) reports that 
polymorphic differences in lattice vibrational entropy at room temperature never 
exceed 15 J/(K· mol), which corresponds to a contribution to ΔG of 4.5 kJ/mol 
at room temperature. This result is based on calculations of ΔS between the 
experimental crystal structures of over 200 polymorphic pairs with a lattice-
dynamical method4. The prevalence of enantiotropy5 proves that the 
contribution from entropy to the Gibbs free energy difference between 
polymorphs (the TΔS-term in eq. 2.4) can frequently amount to the same 
magnitude as enthalpy differences (the ΔH-term), occasionally at temperatures as 
low as room temperature. 

The same study further claims that density differences between polymorphs of 
a substance never exceed 10%, generally differing by less than 5%. This entails 

                                              
 
1 Bernstein et al. (1999) 
2 Gavezzotti (2007) 
3 Gavezzotti, Filippini (1995) 
4 Filippini, Gramaccioli (1986) 
5 See e.g. the extensive work of M. Kuhnert-Brandstätter. 
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that the contribution to the enthalpy difference between polymorphs from 
differences in solid-state density is negligible1. 

2.2.2 Solid-liquid equilibria 
The activity of a phase i of a substance is given by: 
 

RT
i

Li

ea
μμ −

=                    (2.5) 

 
where μi is the chemical potential, and the supercooled melt at the temperature 

of interest (subscript L) is chosen as the reference state. In a solution at 
equilibrium, the chemical potential of the solid and the solute will be equal. The 
corresponding activities, using the same reference state, will be equal to the 
product of the equilibrium mole fraction concentration xeq – the solubility – and 
a coefficient describing the departure from ideality, the activity coefficient γ: 

 

eqeqeq,solutesolid xaa γ==                 (2.6) 

  
The activity coefficient depends on the interactions between the solute and 

solvent molecules in the solution, and thus depends on the concentration and the 
temperature, but not on the structure of the solid phase, i.e. the polymorph. At a 
given temperature, the most stable polymorph will have the lowest solubility, and 
for enantiotropes, the solubilities of the two forms will be equal at the transition 
point. 

2.3 Kinetic aspects of polymorphism: nucleation 
In a solution that is supersaturated or close to supersaturation, solute molecules 

may form dynamical aggregates whose size and structure fluctuate with time. The 
exact appearance of these aggregates, and the mechanism of their formation, 
growth and dissolution, are unknown. At some point, a supersaturated solution 
may undergo primary nucleation, i.e. stable crystal nuclei will form in the 
solution. According to the classical theory of nucleation2, small, unstable 
aggregates, or clusters, of solute molecules with the same structure as in the 
corresponding crystal, will form in a supersaturated solution. The corresponding 
change in free energy will depend on the excess free energy of the formation of 
an interface between the nucleus and the surrounding solution, ΔGsurf, and on the 

                                              
 
1 Gavezzotti (2002 a) 
2 Mullin (2001) 
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volume excess free energy, ΔGvol, the difference between the free energy of the 
solute in the bulk of the crystal and in solution: 

 

volsurfnucleus GGG Δ−Δ=Δ               (2.7) 

 
The former is positive (destabilizing) and, if the cluster is approximated by a 

sphere, depends in the square of the radius, r. The latter is negative (stabilizing), 
and depends on the cube of r. The classical theory of nucleation postulates that 
there is a critical nucleus size, with a maximum in free energy. For a molecular 
aggregate smaller than this critical size, further growth will be destabilizing. In an 
empirical Arrhenius-like equation, the rate of nucleation is given by: 

 

Tk
G

0
B

*
nucleus

eJJ
Δ−

=                    (2.8) 

 
where ΔG*nucleus is the free energy barrier for the formation of a stable nucleus, 

and J0 is the so-called pre-exponential factor, which is generally assumed to 
depend on the collision frequency between solute molecules in solution. 
ΔG*nucleus depends on the thermodynamic driving force for nucleation: 

 

2
*
nucleus

)(
1G
μΔ

∝Δ                   (2.9) 

 
 
where Δμ is the difference in chemical potential between the solute in the 

supersaturated solution and at equilibrium. The thermodynamic driving force can 
be expressed in terms of solution supersaturation: 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
==−=Δ

eqeqeq,solute

solute
eq,solutesolute x

xlnRT
a
a

lnRT
γ
γμμμ      (2.10) 

 
where the supersaturation ratio x/xeq is the solute mole fraction concentration 

in solution divided by the solubility at the same temperature. As given by 
combining eq. 2.8, 2.9 and 2.10, the rate of nucleation increases exponentially 
with supersaturation. This relationship offers an explanation for the so-called 
metastable zone – a region of limited supersaturation where no primary 
nucleation is observed within a reasonable time. The width of this zone depends 
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on purity, temperature and exact experimental conditions, but most importantly, 
it differs for different polymorphs1. 

If a solution is supersaturated with respect to two or more polymorphs, there 
will be a thermodynamic possibility for either form to nucleate. According to the 
classical theory, a balance between supersaturation and interfacial energy will 
decide the relative nucleation rates of different polymorphs, and hence which 
form will nucleate first. The often-cited Ostwald’s rule of stages2 states that the 
most metastable form will tend to nucleate first, followed by subsequent 
transformations into more stable forms. This rule, however, is a simplification of 
a complex interplay of thermodynamic and kinetic factors, and hence, it often 
fails3. 

The classical theory of nucleation is also a simplified theoretical framework, 
originally based on condensing vapour droplets, with many implicit assumptions 
that may not hold in practice for solid phases; e.g. homogeneous nucleation, no 
concentration gradients or fluctuations in the solution, and identical molecular 
arrangements on the nucleus surface and in the crystalline bulk. Furthermore, no 
account is taken of the possibility of one polymorph nucleating on aggregates of 
another. Other, more qualitative theories of nucleation have been suggested, 
based on spectroscopic observations of pre-crystalline clusters of different kinds, 
with varying degree of long-range order and size4, as well as molecular 
simulations. The development of such theories will probably be necessary to 
account for some phenomena, e.g. solutions retaining a “memory” of the thermal 
history5. A summary is given by Gavezzotti (2007). 

2.4 Crystal structure prediction 
There are various levels of crystal structure prediction, or CSP, depending on 

the data available at the starting point. It might for instance be desirable to 
compute the exact crystal structure of a substance using previously acquired 
XRPD data, if the crystal quality is not sufficient for single-crystal XRD. The 
basis for this is Rietveld refinement6, which can be coupled with structural search 
algorithms in order to be used for solving crystal structures. Another case is 
when incomplete single-crystal XRD data is available, such as unit cell parameters 
and space group7. In this work, the kind called ab initio CSP, which involves the 
prediction of potential crystal structures starting with only the molecular formula, 
is explored. 

A purely quantum mechanical approach would be the only rigorous way of 
going about an energy-based prediction of structures. A complete prediction for 

                                              
 
1 Grant (1999) 
2 Ostwald (1897) 
3 Mullin (2001); Gavezzotti (2007) 
4 Sorensen et al. (2003) 
5 Nývlt et al. (1985) 
6 Rietveld (1969) 
7 Gavezzotti, Filippini (1996) 
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a system would entail solving the Schrödinger equation with respect to all nuclei 
and all electrons for every set of relative molecule positions. Without 
approximations, however, the Schrödinger equation cannot be solved analytically 
for systems with more than two particles, and calculating the complete potential 
energy surface (vide infra) for a molecule with more than a few atoms using 
quantum mechanical methods such as SCF-HF or DFT is a computationally 
prohibitive task, unlikely to become a routine possibility anytime soon1. 

The problem is mainly one of size. An organic crystal is a complex system, with 
the molecules being balanced by weak but long-range interactions, which 
effectively prohibits the reduction of the model down to a feasible size. No 
doubt, however, computational power will soon be available which will allow 
techniques based on quantum mechanics to supplant faster, more approximative 
ones. One such hybrid technique, incorporating elements from both quantum 
mechanics and molecular mechanics (vide infra) has recently met with 
considerable success in a benchmarking blind test of different structure 
prediction methods2. However, as of today it is almost prohibitively expensive3 in 
a computational sense, requiring a large computer cluster even for fairly simple 
predictions. 

2.4.1 Molecular mechanics 
The only technique which today is sufficiently fast for modelling large and/or 

crystallographically complex systems, or for routine CSP simulations on a 
desktop computer, is molecular mechanics. This technique is based on a set of 
parameterized equations, a force field, which describes the potential energy of a 
model system. Crystal structure prediction can then be effected by generating a 
large number of starting structures, making sure to obtain a sufficient sampling of 
all the possible packing arrangements, and then optimizing these with respect to 
the potential energy. A three-dimensional simile would be placing a large number 
of small balls randomly on uneven ground, and allowing the balls to settle at the 
bottom of the nearest depression. The balls symbolize trial structures and the 
ground the multi-dimensional hypersurface described by the potential energy, 
which is a function of many structural variables. Finally, depressions in the 
ground, corresponding to minima in potential energy, are potential crystal 
structures, given some fairly severe approximations and of course a sufficiently 
good force field. 

The basic assumption in molecular mechanics is that the lattice energy will be 
sufficient to consider as a descriptor of crystal structure stability. This means that 
the vibrational contributions to the internal energy – including the zero point 
energy – as well as entropy, and the contribution to enthalpy from differences in 
density are all neglected. The importance of these contributions to the relative 
stability of organic polymorphs has been reported to be significant4. 

                                              
 
1 Price (1997) 
2 Neumann et al. (2008) 
3 According to personal communication with the developers. 
4 Rivera et al. (2008) 
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The total intermolecular packing energy of a system of N rigid molecules can 
be written as the sum of all pairwise, three-body, four-body etc. interactions, 
being functions of their distances, R, and relative orientations, Ω: 
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An almost universally used approximation in crystal structure modelling is to 

consider only the first sum, of all pairwise interactions. This is done by summing 
together terms for different types of interactions between all relevant atom pairs: 
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The bonding terms are intramolecular and describe, from left to right, bond 

stretching, bond angular bending, bond torsion and planar inversion. The non-
bonded terms are the van der Waals’, or dispersion, term, and a term for 
electrostatic interactions. Some force fields include a special term for hydrogen 
bonds, while other account for such by some combination of dispersion and 
electrostatic interactions. Bonding terms are summed together for each molecule, 
while non-bonding terms are summed for intermolecular atom pairs, as well as 
for some intramolecular ones. Some simple force fields employ the rigid body 
approximation, and only include non-bonding terms; a reasonable approximation 
for rigid molecules, while potentially disastrous for flexible molecules1. 

2.4.2 ETOT and lattice energy 
The total energy taken by itself does not mean anything, as it has no sensible 

reference state. The reference states for the bonding terms refer to equilibrium 
values defined for each atom type, and thus, no molecule can ever attain the 
reference state with respect to all bonding interactions simultaneously. The 
reference state for the non-bonding interactions is chosen at infinite separation, 
and could be approximately realised for the intermolecular, but never for the 
intramolecular share of the non-bonding interactions. Overall, the energy value 
of zero refers to a hypothetical state of free, non-interacting molecules with non-
interacting fragments, and with all bond lengths and angles at their respective 
ideal, defined reference values, at 0 K. Hence, for meaningful comparisons to be 
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made, the reference state must be the same, which requires that the structures 
have similar atom types and bonds. 

If the reference state is chosen as a single molecule in vacuum (a gas of infinite 
volume) at a temperature of absolute zero, the calculated energy becomes the 
lattice energy, ELATT. This value can be computed easily from ETOT by subtracting 
the energy of a single molecule in vacuum from that of the crystal per molecule: 

 

MOL,TOT
CELL,TOT

LATT E
Z

E
E −=               (2.13) 

 
 In order to compare this to real enthalpies of sublimation measured at some 

finite temperature, some correction for the heat capacity must be effected. With 
the somewhat dubious approximations 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 becomes1: 

 
RT)2(E(T)ΔH LATTsub +−=                  (2.14) 

 
It is of course possible to introduce better heat capacity approximations, but 

the temperature correction is generally in the same range as uncertainty in 
experimentally determined ΔHsub2. 

If the molecular conformation in the crystal structure is different from the gas-
phase reference used, the lattice energy will contain contributions from 
conformational energy differences as well as the intermolecular packing energy. 

2.4.3 About the energy terms 
The exact form and number of the terms in eq. 2.12 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 term is composed of several attractive components with 
varying degree of distance-dependence, representing various induced (London) 
multipole interactions diminishing as R-6 (dipole-dipole), R-8 (dipole-quadrupole), 
R-10, etc., the total asymptotic behaviour of which is as R-6, and a repulsive 
component, abating exponentially, due to orbital overlap at short separations. 
Two popular ways of modelling this term is the Lennard-Jones potential: 
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and the Buckingham potential: 
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where RAB is the distance between atoms A and B, and C1,2,3 are parameters. 
Most force fields favour the Lennard-Jones form for the dispersion potential, 

even though it is qualitatively inferior to the Buckingham form, or the even more 
accurate Morse potential, and the reason is that it results in computationally less 
expensive calculations1. It is also slightly more stable than the Buckingham 
potential at very short separations, when the latter flips to become steeply 
attractive. The Lennard-Jones potential is illustrated in figure 2.1.  
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Figure 2.1. A van der Waals’ potential, here the example is the Lennard-Jones carbon-

carbon interaction potential from the force field Dreiding2, is composed of an attractive (dotted 
line, negative) and a repulsive (dashed line, positive) component. 

 
There is also in the total potential energy equation a term representing 

electrostatic interactions, i.e. between permanently charged parts of molecules. It 
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is perhaps the most important, and most disputed, term in eq. 2.12. In its 
simplest, most common form, it is a Coulomb potential: 
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e R
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ε
=                      (2.17) 

 
where QA,B are point charges, centred on atoms A and B, separated by distance 

RAB, and ε is a dielectric constant, which can be used to emulate the shielding 
effect from solvent molecules. In vacuum, ε is set to 1. 

Point charges centred on atom nuclei is an easy, simple way to obtain a 
description of the electrostatics of a molecule, intuitively fitting our chemical 
perception of molecules being composed of atoms. However, quantum 
mechanics teaches us that the molecular electrons are distributed around the 
nuclei according to the wave function, Ψ, creating an electrostatic field around 
the molecule. Hence, the point-charge representation can be no more than a 
crude approximation. Furthermore, the coulombic energy term has the nasty 
property of being a comparatively small sum of many large terms1. This 
necessitates point charges of high accuracy. A better description of the 
electrostatic energy is required in the pursuit of better force fields; one much-
touted, but computationally more expensive possibility is a distributed multipole 
model2. However, today the large majority of modelling software comes with 
point-charge force fields; point charges are simple to deal with, and result in fast 
calculations. 

Some force fields include their own built-in, or integral, charges, defined and 
optimized for each force field-defined atom type, whereas other force fields 
require the user to supply point charges separately. Integral charges should result 
in a more robust force field, whereas the latter approach could theoretically lead 
to a better and more flexible description of electrostatic interactions. 

There are many techniques available for calculating point charges, and the 
choice of method should depend on the intended use of the charges. An early 
and still widely used method was proposed by Mulliken (1955), by which the 
electron population is divided into charges centred on the participating atoms. It 
was the first method to obtain charges by analysing quantum mechanically 
computed wave functions. However, the method has inherent weaknesses3, and 
improved versions of Mulliken’s method have been suggested, as have many 
other techniques for assigning atomic charges in a fast and efficient way without 
needing to access the wave function. Two such methods that are often used are 
the method of Gasteiger and Marsili (1980) and the charge equilibration method4. 
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The former depends only on the atoms and their connectivity, whereas the latter 
depends on molecular conformation as well. 

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 explicitly considered. This introduces an error that can 
sometimes be significant – of the same order of magnitude as the electrostatic 
interactions1 – but accounting for three-body interactions would entail a 
substantially increased computational cost. 

2.4.4 ESP-charges 
Point charges to be used to describe interactions between adjacent molecules 

may be fitted to the electrostatic potential of the molecule (figure 2.2). Such so-
called ESP-charges have repeatedly been recommended2 for use in crystal 
structure prediction. The electrostatic potential (ESP) in a point r outside the 
molecule is defined rigorously as : 
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The first term in eq. 2.18 is the nuclear contribution, where Zi is the nuclear 

charge of atom i, and Ri its position. The second term is an integration of the 
electron density ρ(r), which can be calculated by quantum mechanical methods. 
Considering instead the atoms in a molecule as classical particles with charges Qi, 
the potential becomes: 
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The process of fitting charges to the ESP can be done by choosing a set of 

charges so as to minimize the difference between eq. 2.18 and 2.19 at some 
relevant points around the molecule, while maintaining the condition of 
electroneutrality. There are many ways to do this3 and it is by no means as trivial 
as it might seem. Francl and Chirlian (2000) showed that many problems with the 
robustness of ESP-charges are due to the fact that the charge fit for large 
molecules is a statistically underdetermined problem. Some improvement can be 
achieved by a careful choice of the number of sampling points (more not 
necessarily equalling better) and their positions.  

                                              
 
1 Gavezzotti (2002a) 
2 Brodersen et al. (2003); Gourlay et al. (2007) 
3 Momany (1978); Singh, Kollman (1984); Chirlian, Francl (1987) 
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For many quantum mechanical calculations, the choice of basis set (i.e. how 
detailed a description of the molecular orbitals to use) is extremely important. 
ESP-charges, however, have been found to depend to a much lesser extent on 
the basis set. The general consensus in the literature1 is that a high-quality wave 
function should be used for the reference, but that the electrostatic potential is 
adequately converged for the common, polarized split-valence basis set 6-31G(d).  
It has been shown2 that the added inclusion of electron correlation effects has 
little influence on the electrostatic potential far from the nuclei, which is the most 
relevant region for intermolecular interactions. 

 

 
Figure 2.2. The electrostatic potential field surrounding a p-aminobenzoic acid molecule 

shown mapped on an electron density isosurface. Negative charge is coloured blue and positive 
red. 

 
Momany (1978) showed for standard SCF-HF calculations that ESP-charges 

depend linearly on the quality of the basis set, and hence that it is 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. The exact value of the scaling coefficient will depend on the 
molecules used in the fit, and caution is required when transporting to another 
set of molecules. 

ESP-charges from semi-empirical calculations using the MNDO3 and the 
PM34 parameterizations have been shown5 to correlate well linearly with high-

                                              
 
1 Orozco, Luque (1989); Price et al. (1992) 
2 Luque et al. (1991) 
3 Dewar, Thiel (1977) 
4 Stewart (1989) 
5 Besler et al. (1990); Alemán et al. (1993); Orozco, Luque (1990) 
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quality SCF-HF ESP-charges. Scaling is necessary as semi-empirical methods 
tend to underestimate the ESP in the important regions far from the nuclei1. 
Calculating the ESP from a semi-empirical wave function can be done in many 
ways, more or less rigorous in nature. The technique used by Besler et al. (1990) 
and various other workers is fairly rigorous; in contrast, the method VESPA2, 
used in the Materials Studio software module Vamp, makes use of a greatly 
simplified theoretical foundation called NAO-PC, where the ESP is derived from 
a multipole distribution, avoiding expensive integrals. This results in a significant 
speed increase, allowing it to be used for larger systems, at the expense of some 
accuracy.  

Wampler (1995) examined linear scaling for density functional theory (DFT) 
methods, reporting scaling coefficients close to unity for various functionals, with 
good linear correlation to SCF-HF. DFT is a QM method with approximately the 
same computational requirements as SCF-HF, with some advantages in accuracy 
due to inclusion of some electron correlation effects.  

Regarding the computational costs of QM calculations, such aspects are mostly 
relevant for larger molecules, high-quality geometry optimizations or large 
numbers of repeat calculations. It is important to note that for a small molecule, 
single-point energy calculation using a normal workstation will only take a few 
seconds.  

2.4.5 Parameterization and evaluation of force fields 
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 those 
types of molecules that the force field is designed to describe; a process called 
parameterization. Force fields can be more or less generic. With access to 
experimental data it is possible to develop tailor-made, ad hoc force fields, 
specially parameterized for one or a few molecules, which can be remarkably 
successful, but limited in use3. For most calculations, however, there are generic 
force fields available. These are often parameterized for large groups of 
chemically related molecules. 

Arguably the most important thing in a parameterization is the choice of 
compounds to use; van Eijck (2002) concludes that the choice of reference 
compounds is more important than the functional form of the potential to be 
parameterized. 

The quality of a force field can be tested. With a perfect force field, the 
experimental structure (disregarding temperature effects) should correspond to a 
local minimum of the force field, but this is never completely the case. If the 
force field is applied to minimize the energy of an experimentally determined 
structure, the resulting structure is referred to as being relaxed. Figure 2.3 shows 
the process of relaxation schematically: an energy minimum on a “real” energy 
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hypersurface corresponds to a point sloping towards some minimum on the 
force field hypersurface. The relaxation energy is the difference in energy 
between the unoptimized and the optimized structure with a given force field. 

 

 
Figure 2.3. A simplified representation of the relationship between a real energy minimum, 

left, and the corresponding minimum for a force field, right, with energy on the Y-axis and some 
structural coordinate on the X-axis. The process of comparison and relaxation is shown with 

dotted arrows, and the relaxation energy as given by this force field with a vertical bar. 
 
The difference, energetical as well as structural, between an experimental and 

the corresponding relaxed structure can be used as an indicator of the quality of 
the force field for a particular class of molecules.  

2.4.6 Packing search 
The prediction of crystal structures, besides a force field, requires some 

algorithm of generating candidate structures. Generally, the structure search is 
composed of two parts: a generation step, and a minimization step in which the 
candidate structures are optimized (relaxed) into a state of minimum potential 
energy with respect to structural coordinates.  

The generation step usually takes one or more molecular conformations as 
starting structure(s), and then, using either a random or systematic grid sampling 
approach, constructs the crystal. Other approaches include simulating the start of 
crystallization by constructing low-energy clusters of 10-50 molecules, or building 
configurations by invoking symmetry elements and then extending these to 
include lattice symmetry1.  
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The as yet only commercial implementation of crystal structure prediction – 
the polymorph predictor module of the software package Materials Studio from 
Accelrys – uses a sampling method somewhat dissimilar from purely random 
search methods, called Monte Carlo-simulated annealing1. The principle is that a 
starting point on the energy hypersurface is chosen at random, along with starting 
values of temperature and maximum allowed displacement. A Metropolis 
random walk is then executed; a method where random steps on the 
hypersurface are suggested, and accepted or rejected according to certain 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, it is accepted with a probability of 
e-ΔC/kBT (the Boltzmann factor), where C is the function to be optimized, kB is the 
Boltzmann constant and T the temperature. The point of this is to ensure that 
small energy barriers can be overcome. The temperature and the maximum 
displacement are gradually decreased, hence the term “simulated annealing”, until 
no more structures are generated. 

2.5 Crystallographic aspects of crystal structure modelling 
The crystalline state is made up of molecules related by a combination of 

different symmetry elements, and translated in three dimensions. For the general 
case, there are 230 different mathematically possible such combinations, or space 
groups. Fortunately, the case is somewhat simplified for organic, molecular 
crystals. For an asymmetric object, such as an organic molecule, whose driving 
force for aggregation and packing is governed by a field of complex 
intermolecular interactions, only certain combinations of symmetry elements turn 
out to be feasible2. For example, two-fold rotation of a molecule with translation 
of one unit cell will tend to create voids that would prevent the molecules from 
making full use of their interaction potential. Better close-packing is possible if 
the molecule generated by rotation is translated somewhat with respect to the 
original molecule, referred to as a screw axis.  

2.5.1 Close-packing in crystals 
According to the close-packing principle of Kitaigorodsky3, all molecular 

structures will tend 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 close-packing in crystals is measured with the 
packing coefficient, KP, defined as the ratio of volume occupied by the molecules 
in the unit cell to the total cell volume: 
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The intrinsic molecular volume, VM, is not a rigorously defined property. 

Quantum mechanically, it may be computed by defining a cutoff value for the 
electron density. In order to compare packing coefficients between different 
substances, a standard method of calculating the volume of a molecule is 
required. One such method developed by Gavezzotti (1983) is based on 
parameterized values for the van der Waals radii of different atoms. It is reported 
to give molecular volumes that correspond to those calculated quantum 
mechanically using an electron density cutoff of 0.02 eÅ-3, and result in packing 
coefficients comparable to early work by Kitaigorodsky. 

Kitaigorodsky (1973) and Dunitz et al. (2000) have investigated the correlation 
between close-packing and various properties in organic crystals and found that 
the degree of close-packing of crystals does not depend on hydrogen bonding or 
lattice energy, but that the packing coefficient is more or less constant, and as 
close to that of the packing of spheres (0.74) as the method of calculating VM 
allows. Apparently, organic molecules, induced by attractive van der Waals’ 
forces, may form closely packed structures quite irrespective of their irregular 
shape or the presence of directionally dependent hydrogen bonds. 

Kitaigorodsky1 further derived small sets of space groups which allow organic 
molecules to form close-packed structures. These depend on the internal 
symmetry of the molecules; e.g. for molecules without internal symmetry, close-
packing is possible in P-1, P21, P21/c, Pca, Pna and P212121 and for 
centrosymmetric molecules in P-1, P21/c, C2/c and Pbca.  

Table 2.1. The eight most common space groups in the CSD, for organic 
crystals2. The space group is given as the International Tables number3 together 
with the short Hermann-Mauguin symbol for the standard configuration. 
space group occurrence, organics [%] 
14 P21/c 36.6 
2 P-1 16.9 
19 P212121 11.0 
15 C2/c 7.0 
4 P21 6.4 
61 Pbca 4.2 
33 Pna21 1.6 
62 Pnma 1.6 
Others 14.8 

 
This statement also has statistical support. Baur and Kassner (1992), in a study 

of structures available via the Cambridge Structural Database (CSD), found that 
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some space groups were indeed much more common than others for organic 
crystals. This, and other similar studies1, have been used frequently in the 
literature to support decisions to exclude a large proportion of all possible space 
groups when considering the packing of organic molecules. The most common 
space groups according to the study by Baur and Kassner are listed in table 2.1. 

2.5.2 The asymmetric unit 
Another important crystallographic property to consider in crystal structure 

prediction is the number of crystallographically unique molecules; the number of 
molecules in the asymmetric unit, Z’. This value can be below unity, which means 
that some of the crystal symmetry coincides with internal molecular symmetry, it 
can be exactly one, or it can be greater than unity, e.g. if molecules form dimers 
with no internal symmetry. Allowing for the possibility of variation in Z’ 
constitutes a problem in the design of prediction algorithms; many software 
codes do not allow cases of Z’≠1, and allowing for Z’>1 leads to a dramatic 
increase in the amount of calculations required. 

92% of all organic structures in the CSD are reported2 to have Z’=1, although 
for example alcohols are extra prone to crystallize with more than one molecule 
in the asymmetric unit. For the structures of polymorphic substances in the CSD, 
Gavezzotti and Filippini (1995) have found that 18% have Z’>1. 

2.6 Comparing crystal structures 
 Often, it is desirable to compare two crystal structures with respect to 

structural similarity. This could be in order to check whether two crystal 
structures are virtually the same, as in the optional clustering step in many 
structure prediction algorithms, or to compare more different crystal structures 
to find and quantify structural relationships. 

In the first case, there are two common ways of doing this3: one is to compare 
the periodicity of structures by comparing some corresponding generated spectra, 
and the other involves comparing structural coordinates directly. The clustering 
method of the software Materials Studio is based on comparing radial 
distribution functions – a method that works well for sorting structures into 
either similar or dissimilar, but which cannot be used to quantify similarities 
between more unique structures, based on experience as well as personal 
communication with the developers. Day et al. (2004) compared the root mean 
square of relative deviations in the lattice parameters a, b and c. If this method is 
used, it is important to compare so-called reduced unit cells4 (a unique cell 
representation), since the choice of cell axes is otherwise arbitrary. Another 
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option that has been explored in the literature1 involves comparison of simulated 
XRPD patterns. These depend strongly on the unit cell, however, and thus are 
prone to change considerably with small structural alterations. 

In case of less marked similarity, comparison can be difficult due to the 
complexity of crystal structures. There is a definite lack of established methods 
for structural similarity comparison. For a simple, geometric comparison, an 
overlay of the structures, based on a least-squares minimized difference in the 
atom coordinates, can be carried out2. This has been automated in a recent 
version of the software Mercury CSD, and similar techniques have been reported 
in the literature3. This method works well if two structures are very similar, or 
share similar regions (e.g. polytypic structures), but as soon as there is an 
appreciable difference in packing the method fails to provide a good description 
of the difference. 

A more qualitative approach is to compare hydrogen bond motifs and 
molecular packing. The Manchester group4 has used graph set analysis5 to group 
a set of predicted structures together based on hydrogen bond similarity. With 
this method, hydrogen bond patterns are classified as either rings (designated by 
the letter R), chains (C), intramolecular hydrogen bonds (S) or other finite 
patterns (D), and given shorthand descriptors containing the designator, the 
number of donor and acceptor atoms in the repeat unit, and the degree, or 
number of atoms in the repeat unit, according to: 

 

(degree)Designator acceptors
donors  

 
Graph sets can be unitary, meaning that they contain only one unique hydrogen 

bond, or binary, consisting of two unique bonds, etc. Figure 2.4 shows two 
unitary graph sets for the substance m-hydroxybenzoic acid; the carboxylic dimer 
motif and a chain of repeated OH…OH bonds.  

 
 
 
 

                                              
 
1 Panina et al. (2007); Payne et al. (1999) 
2 Chisholm, Motherwell (2005) 
3 Ivlev, Batin (2000); Dzyabchenko (1994) 
4 Cross et al. (2003) 
5 Etter (1990) 
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Figure 2.4. Examples of the graph set convention of classifying hydrogen bonds: a) the 

carboxylic acid dimer motif corresponds to the graph set R22(8), b) a chain of hydroxyl groups 
becomes C11(2). 
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3. Experimental work and simulations 

 
This chapter summarizes the experimental laboratory work and the computer 

simulations that have been carried out in this project. The former comprises a 
characterization of the polymorphic system m-aminobenzoic acid, including 
solid-state characterization with IR and XRPD, calorimetric analysis and 
solubility measurements of two polymorphs, and a series of repeated primary 
nucleation experiments with a linear cooling profile. The computer simulations 
include an evaluation of the suitability of different molecular mechanics methods, 
as well as simulations to predict potential crystal structures of crystal structures of 
substituted aromatics. Finally, a structural and energetic study of experimentally 
known polymorphs is reported. 

3.1 Choice of model systems 
The model systems used in this work are listed in table 3.1. 
Table 3.1. The model substances. 

substance name abbr 
molecular 

weight [g/mol] 

no of 

polymorphsα 
CAS registry no 

benzoic acid BA 122.12 1 (1) 65-85-0 

o-hydroxybenzoic acid oHBA 138.12 1 (1) 69-72-7 

m-hydroxybenzoic acid mHBA 138.12 2 (2) 99-06-9 

p-hydroxybenzoic acid pHBA 138.12 2 (2) 99-96-7 

o-aminobenzoic acid oABA 137.14 3 (3) 118-92-3 

m-aminobenzoic acid mABA 137.14 2 (1) 99-05-8 

p-aminobenzoic acid pABA 137.14 2 (2) 118-92-3 

benzamide BAm 121.14 3 (2) 55-21-0 

o-hydroxybenzamide oHBAm 137.14 1 (1) 65-45-2 

m-hydroxybenzamide mHBAm 137.14 1 (1) 618-49-5 

p-hydroxybenzamide pHBAm 137.14 1 (1) 619-57-8 

o-hydroxybenzaldehyde oHBAl 122.12 1 (0) 90-02-8 

m-hydroxybenzaldehyde mHBAl 122.12 1 (1) 100-83-4 

p-hydroxybenzaldehyde pHBAl 122.12 1 (1) 123-08-0 

1,3-benzenediol (resorcinol) Res 110.11 2 (2) 108-46-3 

vanillin Van 152.15 2 (1) 121-33-5 

acetaminophen (paracetamol) - 151.17 3 (2) 103-90-2 
α) the number of reported polymorphs, with the number of polymorphs with solved crystal structures 

available in parenthesis 



 25

The exact choice of substances vary slightly depending on the exact 
requirements of the different computer simulations. The substances have been 
selected from a common class of molecules: substituted benzene derivates, with a 
low molecular weight, containing no elements other than carbon, hydrogen, 
oxygen and nitrogen. 

This class of molecules has several advantages. The industrial importance is 
considerable, especially to the pharmaceutical industry where many APIs are 
either members of or derived from this class of molecules. The limitations in 
molecular size and elements permit sufficient computational detail and quality. 
The combination of molecular size and industrial importance means that 
experimental data, including experimentally determined crystal structures, is likely 
to be available. Moreover, the chosen molecules have some flexibility in shape 
and feature different functional groups in different positions – this is particularly 
interesting for the isomeric sets – as well as a varying propensity for 
polymorphism. 

In addition to these substances, another set of smaller molecules were used in 
the evaluation of point charge methods outlined below; please see paper I for a 
list of these. Finally, a larger set of substances of the same kind as those in table 
3.1 was used in the study of experimental polymorphic substances. A list of those 
substances is available in table 4.8 in the results section, and in paper II.  

3.2 Experimental work on m-aminobenzoic acid 
The experimental work has been carried out on the substance m-aminobenzoic 

acid (mABA, figure 3.1). Only one crystal structure has been published for this 
substance1, but spectroscopic work has earlier reported the existence of two 
polymorphs2. A more detailed account of all materials used and experiments 
performed is available in paper III.  

 

N
H

H

O

O
H

 
Figure 3.1. The molecular structure of m-aminobenzoic acid. 

3.2.1 Solid-state characterization 
The polymorphs of mABA which have been isolated during the course of this 

work have been characterized with ATR-FTIR and XRPD. Crystals were grown 
by solvent evaporation from saturated solutions of several different solvents, 

                                              
 
1 Voogd et al. (1980) 
2 Gopal et al. (1967) ; Théorêt (1971) 
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controlled by means of glass beakers coated with perforated plastic film. The 
purpose of this was to obtain crystals of a size and quality sufficient for single-
crystal XRD.  

3.2.2 Thermal analysis 
The thermal properties of the polymorphs of mABA, i.e. melting temperatures 

and corresponding melting enthalpies, have been obtained by DSC using 
hermetically sealed Al-pans. Heating rates of 2 and 5°C/min were used. The 
specific heat capacity of the pure polymorphs was determined in the interval 300 
K – 400 K at constant pressure with modulated DSC using non-hermetic Al-
pans, a temperature modulation amplitude of 1°C and a period of 100 s, with an 
underlying heating rate of 3°C/min.  

3.2.3 Solubility 
The solubility of the polymorphs of mABA has been determined in several 

different solvents in the temperature range 0°C - 50°C (insofar as possible) using 
a gravimetric method. Saturated solutions in contact with excess solid crystalline 
material of the relevant polymorph were prepared at appropriate temperatures in 
sealed, magnet-agitated 250 ml or 500 ml bottles, immersed in a cryostatic bath. 
The temperature was controlled to within 0.01°C. After some sedimentation, 
samples of solution were collected using pre-heated syringes fitted with 0.2 μm 
filters in glass vials, and the mass recorded immediately and when completely dry, 
respectively. From the change in mass, the solubility was calculated. The 
temperature of the solutions was increased in 5°C-increments. Multiple samples 
from multiple bottles were taken, in order to minimize the experimental error. 
Measurements were repeated over time to ensure that equilibrium had been 
attained. Samples of the solid material present in the solution bottles were 
repeatedly analysed with IR to verify that it was the right polymorph.  

3.2.4 Primary nucleation 
Nucleation experiments were performed in several different solvents at 

different saturation temperatures. Solutions saturated with respect to form I were 
prepared in 500 ml bottles and the concentration measured with the gravimetric 
method described above. The solutions were filtered, using pre-heated syringes 
fitted with 0.2 μm filters, into sealed, magnetically stirred 15 ml test tubes, which 
were kept for 24 h at an elevated temperature to ensure the erasure of any 
“solution memory”1. The tubes were then cooled, immersed in an open tank 
connected to a cryostatic bath, at a rate of 10°C/h and the nucleation events 
recorded with a digital camcorder, to allow the visible onset of nucleation to be 
determined to within ±0.1°C. The solutions were then filtered and the crystals 
analysed with ATR-FTIR. The experimental setup is shown in figure 3.2. 

 

                                              
 
1 Nývlt et al. (1985) 
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Figure 3.2. The experimental setup used for the nucleation experiments. 

3.3 Simulation work 
This section contains a summary of the modelling simulations that have been 

carried out. For more detailed information about the software used and the 
detailed methodologies employed, please see the relevant papers I-II. The 
modelling software used is listed in appendix A1, and the detailed settings used 
with the various programs are summarized in appendix A2. 

3.3.1 Molecular mechanics calculations on experimental crystal 
structures 

The experimentally determined crystal structures of several substances in table 
3.1 have been energy-minimized (relaxed) with molecular mechanics, using a 
number of different combinations of force fields and methods for setting atom-
centred point charges. The lattice energy of the experimental and the relaxed 
structures have been calculated with eq. 2.13, using different levels of theory for 
the optimization of the reference gas-phase molecular geometry. Lattice energies 
are compared with experimental enthalpies of sublimation, with the influence of 
temperature corrected for using eq. 2.14. Three force fields, Dreiding1, Pcff2 and 
Compass3, have been used, in combination with several methods for calculation 
of point charges: 

ESP-charges, calculated with two QM methods: Dmol-3, a DFT-level method 
using the PW91 exchange-correlation functional, and Vamp, a semi-empirical 
method, with the MNDO parameterization. Charges were calculated both on the 
QM-optimized molecule and using the geometry found in the crystal structure.  

Gasteiger charges, calculated with the method of Gasteiger and Marsili 
(1980). 

                                              
 
1 Mayo et al. (1990) 
2 Sun (1998) 
3 Sun (1998) 
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Charge equilibration (QEq) charges, calculated with the method of Rappé 
and Goddard (1991). 

Coulson-charges, apportioned from the wave function obtained by Vamp 
MNDO on the gas-phase optimized molecule according to the Coulson method1. 

Integral charges, which are built-in parameters of some force fields. 
An evaluation of the quality of ESP-charges obtained by the DFT program 

Dmol-3 and the semi-empirical program Vamp has also been carried out. ESP-
charges were calculated for a set of 10 small molecules, and compared with 
reference ESP-charges calculated with Gaussian, at the SCF-HF level using the 
basis set 6-31G(d). See paper I for more details of the molecules and methods 
used. 

3.3.2 Crystal structure prediction simulations 
Using the software code Polymorph Predictor from Accelrys, so far the only 

commercial implementation of ab-initio crystal structure prediction theory, 
potential crystal structures have been predicted for 15 of the substances in table 
3.1. For computational reasons, the predictions were restricted with regard to 
space group and number of molecules in the asymmetric unit (Z’). Furthermore, 
the starting molecular conformation was limited to the one(s) occurring in the 
experimental crystal structures of the model compounds, optimized before the 
prediction simulations. Paper II contains more information about the restrictions 
employed in the simulations, and the settings are tabulated in appendix A2. 

Two force fields, Dreiding and Pcff, were used: Dreiding together with the 
Gasteiger method for calculating point charges, and integral charges were used 
for Pcff. The prediction results were analysed statistically, and the predicted 
crystal structures were compared with experimentally published structures by 
means of radial distribution functions. 

3.3.3 Structural similarity of experimental polymorphs 
The Cambridge Structural Database was searched for monomolecular, 

polymorphic systems similar to the substances in table 3.1. For each substance 
where the crystal structure of more than one polymorph was available in the 
CSD, one representative structure was picked for each polymorph, based on 
quality and date of publication. Some substances were excluded because the 
structures were incompletely or erroneously determined, or based on XRPD data, 
or because a closer study revealed that it was not a true case of polymorphism. 
The search produced 26 substances, with a total of 56 crystal structures. These 
are listed in the results section. 

The crystal structures were analysed manually and using various software to 
systematically classify structural features, and the polymorphs of each substance 
were compared for similarity based on conformation and hydrogen bonding, the 
latter by means of graph set analysis and complementary visual analysis. 

                                              
 
1 Coulson, Longuet-Higgins (1947) 
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4. Results 

4.1 Experimental work on m-aminobenzoic acid 
Two polymorphs have been isolated and characterized with ATR-FTIR and 

XRPD as well as with thermal analysis. The distinct spectra of the two 
polymorphs are shown in figure 4.1. The polymorphs will be referred to as form 
I and form II. 
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Figure 4.1. ATR-FTIR and XRPD spectra of the two mABA polymorphs;  
form I (red) and form II (blue). 

 
Form I crystallized upon solvent evaporation of methanol, water and acetone 

solutions, but attempts at growing crystals for single-crystal XRD failed 
repeatedly. The reason for this is hypothesized to be related to the dendritic 
growth of this polymorph, as shown in figure 4.2. 

 

        
Figure 4.2. Microscope images of crystals of form I, growing dendritically (left) and form II, 

growing as rods or needles (right). 
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Form II crystallized upon solvent evaporation of ethyl acetate and acetonitrile 
solutions, in a rod- or needle-like habit. Single-crystal XRD of this phase resulted 
in the crystal structure published in the CSD1 with refcode AMBNZA.  

The melting data of the two polymorphs, based on averaging over multiple 
DSC runs, is given in table 4.1. 

Table 4.1. The melting properties of the two mABA polymorphs as 
determined by DSC, with 95% confidence intervals. 
polymorph no of scans Tm ± 95% C.I. [°C]α ΔHfus(Tm) ± 95% C.I.  [kJ/mol] 
I 6 172.04 ± 0.25 35.51 ± 1.14 
II 9 177.98 ± 0.46 26.74 ± 0.70 
α) extrapolated onset temperature 

 
The specific heat capacity data for the two polymorphs obtained in the interval 

300 K – 400 K was used to fit a linear function on the form: 
 

TkkC 21p +=                     (4.1) 

 
The correlation coefficients of eq. 4.1 are given in table 4.2 for each 

polymorph.  
Table 4.2. The specific heat capacity data. 

polymorph no of scans k1 [J/K,mol] k2 [J/mol] 
I 8 39.60 0.4825 
II 9 41.54 0.5237 

 
Figure 4.3 shows how the heat capacity of the two polymorphs varies with 

temperature in the interval 300 K – 400 K, with the linear model extrapolated 
upwards in temperature to the respective melting points of the two polymorphs, 
as well as downwards to 0 K. N.B. that at low temperatures quantum effects will 
become increasingly important, leading to a deviation from linearity into an S-
shaped curve, intersecting at (0; 0). The exact shape of the CP-curve in this region 
is not known, and thus, the extrapolation will not be valid at low temperatures.  

 

                                              
 
1 Voogd et al. (1980) 
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Figure 4.3. Specific heat capacity vs. temperature for the two mABA polymorphs, form I 

(red) and form II (blue) with the 95% confidence intervals of the experimental data shown as 
thinner lines, linear extrapolations as dashed lines and melting points as coloured circles.  

 
Solubility data was obtained in four solvents (water, acetonitrile, methanol and 

ethyl acetate) for form I, and in two (acetonitrile and ethyl acetate) for form II. In 
water and methanol, crystals of form II transformed rapidly into form I at the 
investigated temperatures, making solubility measurements impossible. In 
acetonitrile and ethyl acetate, form II transformed into form I slightly above 
room temperature, setting an upper limit for the solubility measurements. Data 
for both forms is presented in tables 4.3 and 4.4.  

Table 4.3. Solubility of mABA form I in four solvents, with 95% confidence 
interval. 

solubility ± 95% C.I. (no of samples) [g mABA / kg solvent] temperature [°C] 
H2O MeOH ACN EtOAc 

10 3.50 ±0.16 (4) 38.56 ±0.05 (4) 5.27 ±0.07 (4) 6.71 ±0.21 (4) 
15 4.07 ±0.20 (4) 44.31 ±0.45 (4) 5.92 ±0.08 (4) 7.66 ±0.30 (4) 
20 4.66 ±0.17 (4) 51.73 ±0.38 (4) 7.15 ±0.06 (4) 8.78 ±0.27 (4) 
25 5.40 ±0.15 (4) 60.74 ±0.80 (4) 9.45 ±0.31 (6) 10.50 ±0.35 (8) 
30 6.24 ±0.13 (4) 73.63 ±0.16 (2) 11.31 ±0.07 (4) 13.02 ±0.67 (8) 
35 7.30 ±0.16 (4) 88.05 ±1.46 (8) 15.01 ±0.38 (8) 15.28 ±0.54 (8) 
40 8.58 ±0.08 (4) 100.51 ±0.85 (6) 18.85 ±1.12 (8) 18.42 ±0.35 (8) 
45 10.10 ±0.12 (4) 118.12 ±1.40 (4) 22.64 ±0.67 (8) 21.49 ±0.52 (4) 
50 11.80 ±0.11 (6) 138.55 ±3.15 (4) 27.95 ±0.64 (8) 26.18 ±1.02 (4) 
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Table 4.4. Solubility of mABA form II in two solvents, with 95% confidence 
interval. 

solubility ± 95% C.I. (no of samples) [g mABA / kg solvent] temperature [°C] 
ACN EtOAc 

0 - 19.34 ±0.66 (6) 
5 14.20 ±0.45 (2) 21.10 ±0.10 (12) 
10 16.82 ±0.04 (6) 24.06 ±0.19 (7) 
15 20.26 ±0.18 (6) 26.52 ±0.16 (9) 
20 23.39 ±0.05 (6) 29.61 ±0.11 (6) 
25 27.39 ±0.07 (4) 33.49 ±0.24 (8) 
30 - 36.53 ±0.19 (8) 

 
Using the software Origin 6.1, a non-linear regression model, shown to give an 

adequate description of the dependence of the solubility on temperature1, was 
fitted to the experimentally determined solubility data: 

 

CTBATxln 1
eq ++= −                  (4.2) 

  
where xeq is the mole fraction solubility, T the temperature (in Kelvin), and A, 

B and C regression coefficients. The resulting coefficients are available in 
tabulated form in paper III. In figure 4.4, the solubility data is shown together 
with the corresponding regression models for all four solvents. 
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Figure 4.4. Solubility in four solvents of mABA form I (red) and form II (blue). 

 
                                              
 
1 Nordström, Rasmuson (2009) 
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Primary nucleation experiments were carried out in four solvents, at two 
saturation temperatures (with respect to form I), 45°C and 55°C. Two runs, each 
with a batch of 30 test tubes, giving 60 nucleation experiments for each set of 
conditions (300 nucleation experiments in total) were conducted in order to yield 
statistically valid results. The ethyl acetate solution saturated at 45°C did not 
nucleate at all during cooling down to 0°C, and for the solution with Tsat = 55°C, 
a reaction product nucleated during cooling. The results of the primary 
nucleation experiments are summarized in table 4.5. 

Table 4.5. The conditions of the nucleation experiments, the fraction of 
samples nucleating as form I, form II or both forms concomitantly, and the 
average metastable zone width and supersaturation ratio at visible onset of 
nucleation, with respect to the saturation of form I and, where solubility data is 
available, form II. 

polymorph fraction [%] solvent Tsat [°C] 
I II both 

MZW [°C] avg Sform I avg Sform II 

H2O 45 100 0 0 38.1 3.29 - 
H2O 55 100 0 0 34.7 2.86 - 
MeOH 45 100 0 0 39.9 2.01 - 
ACN 45 10 83 7 21.6 5.38 1.58 
EtOAc 45 - - - >48 >4.86 >1.25 

 
In figure 4.5 the distribution of the observed nucleations with supersaturation 

ratio with respect to the two polymorphs are shown for each set of experimental 
conditions. As the solubility of form II is not known for water and methanol, it 
has been estimated by assuming that the ratio of solubilities at a given 
temperature is independent of solvent, i.e. that the activity coefficients’ 
dependence on concentration can be neglected; a common but rough 
approximation, used here only to show a general trend. In paper III, this 
approximation is investigated, and shown to be adequate for this purpose, for the 
polymorphs of mABA. As illustrated by figure 4.5, the large majority of 
experiments resulting in form I nucleated below or just at saturation of form II, 
while most of the experiments that nucleated when form II was supersaturated 
yielded form II.  
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Figure 4.5. The observed nucleation events plotted against the supersaturation ratio with 

respect to form I (a) and form II (b). 

4.2 Molecular mechanics calculations on experimental crystal 
structures 

Ten different combinations of force fields and techniques for calculating point 
charges, henceforth methods, have been evaluated in this work. These are listed in 
table 4.6. As shown in this table, the methods have been subdivided based on the 
treatment of the crystal structure and the reference free, gas-phase molecule in 
the calculation of lattice energies. 

The evaluated methods are presented in table 4.6. 
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Table 4.6. The investigated molecular mechanics methods. 
charges optimization 

method no force field 
level of theory mol confα crystalβ moleculeγ 

1 a Dreiding ESP (DFT, PW91) exptl exptl QM 
1 b Dreiding ESP (DFT, PW91) exptl MM QM 
1 c Dreiding ESP (DFT, PW91) exptl MM MM 
2 a Dreiding ESP (DFT, PW91) opt exptl QM 
2 b Dreiding ESP (DFT, PW91) opt MM QM 
2 c Dreiding ESP (DFT, PW91) opt MM MM 
3 a Dreiding ESP (Vamp, MNDO) opt exptl QM 
3 b Dreiding ESP (Vamp, MNDO) opt MM QM 
3 c Dreiding ESP (Vamp, MNDO) opt MM MM 
4 a Dreiding Coulson (Vamp, MNDO) opt exptl QM 
4 b Dreiding Coulson (Vamp, MNDO) opt MM QM 
4 c Dreiding Coulson (Vamp, MNDO) opt MM MM 
5 a Dreiding QEq MM exptl QM 
5 b Dreiding QEq MM MM QM 
5 c Dreiding QEq MM MM MM 
6 a Dreiding Gasteiger NA exptl QM 
6 b Dreiding Gasteiger NA MM QM 
6 c Dreiding Gasteiger NA MM MM 
7 a Pcff integral NA exptl QM 
7 b Pcff integral NA MM QM 
7 c Pcff integral NA MM MM 
8 a Pcff ESP (DFT, PW91) opt exptl QM 
8 b Pcff ESP (DFT, PW91) opt MM QM 
8 c Pcff ESP (DFT, PW91) opt MM MM 
9 a Compass integral NA exptl QM 
9 b Compass integral NA MM QM 
9 c Compass integral NA MM MM 
10 a Compass ESP (DFT, PW91) opt exptl QM 
10 b Compass ESP (DFT, PW91) opt MM QM 
10 c Compass ESP (DFT, PW91) opt MM MM 
α) the molecular conformation used in the calculation of point charges: the conformation(s) occurring 

in the experimental crystal structure (exptl), the quantum-mechanically optimized (opt) or the molecular 
mechanics-optimized (MM) one 

β) whether the experimental crystal structure was used as-is or relaxed with the MM method in 
question 

γ) whether the reference gas-phase molecule was optimized with the MM method in question or with 
quantum mechanics (see paper I for details) 

 
The calculated lattice energies have been compared with experimentally 

determined enthalpies of sublimation available in the open literature, taken from 
the work of Chickos and Acree (2002), with a correction for the difference in 
temperature by means of eq. 2.14. The root mean square of the relative errors in 
this value calculated for eight experimental crystal structures are shown in figure 
4.6. 
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Figure 4.6. Root mean squared relative errors in calculated lattice energy compared to 

experimental enthalpy of sublimation for the MM methods listed in table 4.6. 
 
The ability of the methods to correctly rank the experimental structures in 

order of lattice energy has been evaluated, by comparing 21 structure pairs and 
counting the fraction of pairs ranked in the correct order, according to zero 
Kelvin lattice energies based on temperature-corrected experimental enthalpies of 
sublimation. The results are shown in figure 4.7.    
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Figure 4.7. The success of the methods listed in table 4.6, measured as the fraction of 

structure pairs correctly ranked in order of lattice energy. 
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Changes to the experimental structure upon structural relaxation have been 
quantified with four different methods: the RMS of changes in (i) the reduced, 
Niggli unit cell1 parameters a,b,c, as well as (ii) the cell volume2, (iii) the RMS of 
the difference in the positions of non-hydrogen atoms in a spherical 15-molecule 
shell after a least-squares optimized structure overlay3, carried out using the 
software Mercury CSD, and (iv) the average absolute changes in the lengths of all 
prominent hydrogen bonds, identified by visual analysis of the structures. The 
results are shown in figure 4.8.  
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Figure 4.8. Four different measures of structural change upon crystal structure relaxation 

with the methods listed in table 4.6.   
 
Energetically speaking, half the methods result in energy errors of 100% or 

more. The methods Dreiding/Gasteiger (method no 6) and Pcff/integral 
(method no 7) are better than the others, both in calculating absolute lattice 
energies and in the ranking of known structures based on lattice energy. 
Structurally, relaxations result in cell parameter changes of a few percent, which is 
acceptable4, and in H-bond lengths and atom positions differing by fractions of 
Ångströms. Pcff/integral is again the best method in all four comparisons of 
structural changes (figure 4.8). 

As regards the pre-treatment of crystalline and molecular structures before 
energy calculations, it is obvious from the results presented here that a given 
molecular mechanics method will only give reasonable values for structures 

                                              
 
1 Zuo et al. (1995) 
2 Day et al. (2004) 
3 Chisholm, Motherwell (2005) 
4 Day et al. (2004) 
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optimized with that method, corresponding to minima on the energy 
hypersurface in question.  

4.3 Crystal structure prediction simulations 
The results of the prediction simulations are summarized in table 4.7. Two MM 

methods were used, Dreiding/Gasteiger and Pcff/integral. For 15 different 
substances, simulations were run with one molecule in the asymmetric unit. For 
these substances, the experimental structures with Z’=1 belonged to only four 
space groups; numbers 14, 15, 33 and 61 in the International Tables1, and thus, in 
order to obtain results that could be compared at minimum computational cost, 
the Z’=1-simulations were confined to these four space groups. In addition, four 
substances were simulated with Z’=2. These simulations were similarly restricted 
to the experimentally represented space groups, no:s 14 and 32.  

Table 4.7. The polymorph prediction simulations, the corresponding 
experimental structures used, the structure output and the results of the structure 
comparison between the experimental and predicted structures. 

Dreiding/Gasteiger Pcff/integral 
experimental structure 

predicted exptl match predicted exptl match 
substance CSD refcode space group total T-10 pos ΔEα total T-10 pos ΔEα 

Z’=1 
benzoic acid BENZAC11 14 P21/c 2343 510 21 1.93 2006 367 1 0.00 
o-hydroxybenzoic acid SALIAC12 14 P21/a 2406 284 19 3.03 2094 225 5 1.46 

BIDLOP 14 P21/b 1964 248 45 5.26 1924 173 85 8.89 m-hydroxybenzoic acid 
BIDLOP01 33 Pna21 “ “ 18 4.08 “ “ 47 6.98 

p-hydroxybenzoic acid JOZZIH 14 P21/c 2089 129 1 0.00 1714 129 6 3.09 
AMBACO03 61 Pbca 2173 262 37 4.14 2934 274 82 6.64 o-aminobenzoic acid 
AMBACO08 14 P21/c “ “ 291 9.99 “ “ 9 2.87 

m-aminobenzoic acid - - - 2193 49 - - 2683 304 - - 
p-aminobenzoic acid AMBNAC04 14 P21/n 2795 87 60 10.06 2463 354 122 8.02 
benzamide BZAMID05 14 P21/c 2469 218 2 0.19 2295 115 3 0.74 
o-hydroxybenzamide SALMID01 15 I2/a 2553 266 418 12.66 2710 433 723 14.19 
m-hydroxybenzamide HXBNZM 14 P21/c 2153 369 39 4.25 2351 270 5 0.86 
p-hydroxybenzamide β 14 P21/c 2579 146 2 0.20 2830 304 70 9.34 
o-hydroxybenzaldehyde - - - 1694 183 - - 1520 304 - - 
m-hydroxybenzaldehyde XAYCIJ 33 Pna21 1377 108 2 0.16 1479 222 14 3.93 
p-hydroxybenzaldehyde PHBALD10 14 P21/c 1565 119 10 2.75 1803 174 10 2.63 

RESORA03 33 Pna21 2187 44 11 4.74 2024 209 14 2.96 resorcinol 
RESORA02 33 Pna21 “ “ 5 4.10 “ “ 5 0.63 

Z’=2 
p-hydroxybenzoic acid γ 14 P21/n 13887 723 no match 8933 201 no match 
m-aminobenzoic acid AMBNZA 14 P21/c 15218 77 5 6.09 12350 634 1 0.00 
p-aminobenzoic acid AMBNAC01 14 P21/n 11855 293 no match 14200 1685 no match 
benzamide BZAMID06 32 Pba2 9295 728 134 6.11 11333 529 857 12.22 

α) the lattice energy difference between the experimental structure match and the global minimum 
predicted structure 

β) structure exp determined, and later found to be identical to (recently published) structure VIDMAX 

γ) structure presented in Kariuki et al. (2000), and data file obtained by private communication 

                                              
 
1 Hahn (2005) 
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In appendix A3, a statistical evaluation of the crystal structures of similar 
substituted aromatics available in the CSD is presented. According to this, these 
sets of space groups represent 68% and 50%, respectively, of the structures of 
similar compounds. 

Table 4.7 also lists the results of each simulation in terms of the number of 
predicted structures and the position of the experimental structure, if a match 
was successfully located among the predicted structures. All structures with a 
lattice energy within 10% of that of the predicted global minimum were identified 
and included in a subset designated T-10. 

All the simulations resulted in large numbers of predicted structures, with both 
force fields, as shown in figure 4.9. Those simulations that were carried out with 
an asymmetric unit of two molecules resulted in approximately six times as many 
structures as the simulations with Z’=1, despite being run in only two space 
groups. Figure 4.9 shows the total number of predicted structures, and the 
structures within a reasonable window of lattice energy (T-10) for both force 
fields.  
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Figure 4.9. Comparison of the average number of predicted structures over all substances in 

total (wide, striped bars) and within 10% in lattice energy (narrow bars) for Z’=1 and Z’=2, 
with the methods Dreiding/Gasteiger (red) and Pcff/integral (blue). 

 
Figure 4.10 shows that the number of T-10 structures is fairly well linearly 

correlated to the total number of predicted structures, for all simulations with 
Z’=1. For Pcff/integral, the structures within 10% of lattice energy of the global 
minimum account for about 10% of the total predicted structures, whereas the 
number is 11% for Dreiding/Gasteiger. 

The relationship between the number of predicted structures and their 
calculated lattice energy is not linear, however. As shown in figure 4.11, the 
distribution is normal, with a peak in the number of structures at a relative excess 
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lattice energy of approximately 20% compared to the global minimum, for both 
force fields.  
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Figure 4.10. The number of predicted structures (Z’=1) within the top 10% energy subset 

correlated to the total number of predicted structures, for Dreiding/Gasteiger (red) and 
Pcff/integral (blue). Each dot represents one substance.   
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Figure 4.11. The average fraction of predicted structures (Z’=1) with different lattice energy 
excess compared to the global minimum, for Dreiding/Gasteiger (red) and Pcff/integral (blue), 

averaged over all substances. The corresponding normal curves are shown as solid lines. 
 
Figure 4.12 shows the difference in the number of predicted structures for the 

different isomers of disubstituted benzene derivates. There is only a weak 
correlation, for both force fields, with the meta-forms resulting in slightly fewer 
predicted structures. 
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Figure 4.12. The relative fraction of the total number of structures predicted for an isomeric 

set of substances (Z’=1) for each isomer (ortho, meta and para), averaged over four isomeric sets 
(12 substances), with Dreiding/Gasteiger (red bars) and Pcff/integral (blue bars). 

 
The success of the simulations, in terms of managing to locate the experimental 

structure in the packing search, was varied. For the simulations with Z’=1, all 
simulations located the experimental structure, but with Z’=2, only half the 
simulations succeeded with this, for both force fields. If the energy of the relaxed 
experimental structure is required to be within 10% of the predicted global 
minimum, the success rate is 87.5% for Dreiding and 93.8% for Pcff when Z’=1, 
and 50% for Dreiding and 25% for Pcff when Z’=2.  

0

1

2

3

4

1 2 3 4 5
6-1

0
11

-20
21

-30
31

-50

51
-10

0
10

1-

outsi
de T

-10

Position in lattice energy ranking

N
um

be
r o

f e
xp

er
im

en
ta

l m
at

ch
es

 
Figure 4.13. The distribution of the successfully predicted experimental structures (Z’=1), in 
a lattice energy ranking, for the two methods Dreiding/Gasteiger (red bars) and Pcff/integral 

(blue bars). 
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Figure 4.13 shows how the successful predictions are distributed along a 
ranking of lattice energy, for the case Z’=1. It can be seen that quite a few 
simulations resulted in the experimental structure being ranked among the top 
five structures, but also in some cases much further down in the ranking. 

4.4 Structural similarity of experimental polymorphs 
The purpose of the structural comparison of experimental polymorphs is to 

discuss their similarities and differences in kinetic terms, i.e. with respect to the 
probability of solid-solid transformations, or interconversions between their 
corresponding pre-crystalline clusters or nuclei. Several different structural 
properties were taken into account. 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 level, 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. Table 4.8 
lists the substances and the selected polymorphic structures, and the investigated 
properties for each investigated structure, and figure 4.14 graphically summarizes 
the results with respect to conformational differences and the relationship 
between the hydrogen bond networks. A more detailed table is available in paper 
II. 

The conclusion of this study is that the majority of experimentally known 
polymorphs differ from one another significantly. Over 40% of the polymorphic 
pairs of the same substance 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 less than 10°. 
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Table 4.8. Summary of differences in conformation and hydrogen bond 
networks between experimentally found polymorphs. 

no hydrogen bond network 
sub str 

substance name CSD refcode mol confα

graph setβ differenceγ 
1 ACBNZA A A1 
2 

o-acetamidobenzamide 
ACBNZA01 B B

4 

3 ACTOLD02 A A2 
4 

p-methylacetanilide 
ACTOLD05 B A

2 

5 AMBACO07 A+B A
6 AMBACO03 A B

3 

7 

o-aminobenzoic acid 

AMBACO08 A C

4; 4; 4 

8 AMBNAC01 A4 
9 

p-aminobenzoic acid 
AMBNAC04 B

4 

10 BIDLOP A5 
11 

m-hydroxybenzoic acid 
BIDLOP01 B

4 

12 BZAMID05 A A6 
13 

benzamide 
BZAMID06 A+B A

2 

14 CINMAC03 A7 
15 

trans-cinnamic acid 
CINMAC06 A

2 

16 DLMAND02 A8 
17 

RS-mandelic acid 
DLMAND03 A

3 

18 EHOWIH01 A9 
19 

isonicotinamide
EHOWIH02 B

4 

20 HXACAN19 A10 
21 

paracetamol 
HXACAN25 A

3 

22 IHEMIR -11 
23 

isophthalaldehyde 
IHEMIR01 -

1 

24 JOZZIH A12 
25 

p-hydroxybenzoic acid 
– δ B

4 

26 MNPHOL03 A13 
27 

m-nitrophenol
MNPHOL10 A

2 

28 NITPOL02 A14 
29 

p-nitrophenol
NITPOL03 A

2 

30 NTBZAM01 A A15 
31 

p-nitrobenzamide 
NTBZAM11 B B

4 

32 OPOXAZ A16 
33 

3-hydroxy-5-phenylisoxazole 
OPOXAZ01 A

2 

34 PDABZA04 A
35 PDABZA02 A

17 

36 

4-(dimethylamino)-benzoic acid 

PDABZA03 A

2; 1; 2 

37 PHENOL03 A18 
38 

phenol 
PHENOL11 B

4 

39 RESORA03 A19 
40 

resorcinol 
RESORA02 A

3 

41 QQQAXG02 A20 
42 

benzocaine 
QQQAXG01 A

2 

43 SALOXM02 A
44 SALOXM03 B

21 

45 

salicylaldoxime 

SALOXM09 C

4; 4; 4 

46 TALJIZ A22 
47 

4-(2-(dimethylamino)-ethyl)phenol 
TALJIZ01 A

2 

48 TELYAK01 A
49 TELYAK02 A

23 

50 

2-hydroxy-1,4-naphthoquinone 

TELYAK03 A

3; 3; 1 

51 ZEDPIH A + B A24 
52 

cis-cinnamic acid 
ZEDPIH01 B A

2 

53 ZENQDX A25 
54 

(1Z,2E)-1,2-naphthoquinone-dioxime
ZENQDX01 B

4 

55 ZILHOR A A26 
56 

N-phenylmethacrylamide 
ZILHOR02 B A

2 

α) molecular conformation, if more than one unique present (with torsion angle difference >10°), 
designated by a letter 

β) different hydrogen bonding graph set (up to second level), unique for each substance, designated by 
a letter 

γ) the difference in hydrogen bond network between pairs (for trimorphic cases, the three numbers 
signify comparisons between forms 1-2, 2-3 and 3-1, respectively) given as 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 

δ) crystal structure described in Kariuki et al. (2000), and structure data file obtained in private 
communication from the authors 
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Figure 4.14. 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 4.8. 
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5. Discussion 

5.1 Thermodynamics and kinetics: the polymorphs of mABA 

5.1.1 Thermodynamic stability relationship 
Data on the melting of the polymorphs of mABA shows that form II is the 

higher melting form, and thus stable at high temperatures. According to the heat 
of fusion rule-of-thumb1, if this form has a lower heat of fusion than another 
form, the two forms are probably enantiotropes. The heat of fusion of form II is 
only about two thirds of that of form I, so this would strongly suggest 
enantiotropy. This is further confirmed by repeated calorimetric observations of 
a solid-solid transition from form I into form II, occurring at temperatures 
around 160°C, as shown in figure 5.1. The transition is endothermic, which 
indicates enantiotropy according to the heat of transition rule-of-thumb2.  
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Figure 5.1. DSC thermograms showing melting of form I followed by recrystallization into 
form II and subsequent melting of this form (top), and solid-solid transition from form I into 

form II followed by melting of this form (bottom). 
 
The final, thermodynamically rigorous confirmation, however, is provided by a 

comparison of the solubility in the two solvents where the solubility of both 
polymorphs was obtainable, acetonitrile and ethyl acetate. The solubility of form 

                                              
 
1 Burger, Ramberger (1979) 
2 Burger, Ramberger (1979) 
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I is substantially lower in both solvents, proving that this phase is 
thermodynamically stable throughout the investigated temperature interval, and – 
by extrapolation – for a sizeable temperature range above it. Form II melts at a 
higher temperature, however, so a transition point must exist somewhere 
between these regions. The lowest temperature where a solid-solid 
transformation has been detected by DSC is 157.3°C, providing an upper limit 
for the real transition temperature.  

In paper III, a complete thermodynamic analysis of the system based on 
activities calculated from solubilities and DSC data is presented. According to 
this analysis, the transition temperature is 156.1°C. 

5.1.2 Nucleation: thermodynamics versus kinetics 
By varying the solvent and other crystallization conditions, and by performing 

multiple, identical cooling crystallizations for each set of conditions, it has been 
shown that it is possible to obtain a degree of control over the crystallizing 
polymorph of this substance, in spite of the fact that form I is thermodynamically 
much more stable throughout the temperature interval where solubility data has 
been obtained. As shown in figure 4.5, for acetonitrile the nucleation of form I is 
hindered to such an extent that form II, which in this solvent has a much more 
narrow metastable zone, is able to nucleate first in 83% of the cases. Compared 
to acetonitrile, the metastable zone of form I is significantly smaller in solutions 
with water or methanol, however. In methanol, this, in combination with the 
relative solubilities of the two polymorphs, causes form I to nucleate while the 
solution is still undersaturated with respect to form II, leading to an outcome of 
100% form I. The case is similar in water, but in this solvent the nucleation of 
form I appears to be somewhat more hindered, leading to the need for higher 
supersaturation. Consequently, form I nucleates when the solution is close to 
saturation, or even 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. 

Nucleation is a complex, stochastic phenomenon, depending on many factors 
which are difficult or impossible to control. Hence, the properties of the so-
called 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, this can lead to cases where the polymorphic outcome of a 
crystallization is uncertain, as shown in the case of mABA in acetonitrile solution. 

The exact mechanisms of nucleation have not been satisfactorily explained for 
molecular crystals, but possibly it proceeds via some kind of pre-crystalline 
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clusters, with varying degree of order1. There is a tendency in the literature to 
oversimplify the relationship between thermodynamics and kinetics in 
crystallization. Ostwald’s often-quoted rule of stages2 states that the metastable 
form will generally nucleate ahead of more stable forms. On the other hand, 
there is also the opposite belief that the outcome of a polymorphic crystallization 
will be under total thermodynamic control when the crystallization is conducted 
sufficiently above or below the transition point3. The substance m-aminobenzoic 
acid is a good example of the fact that the polymorph that will nucleate is the 
result of a combination of factors, and that by investigating the most important 
of these it is possible to establish a degree of control over the polymorphic 
outcome of a crystallization process. 

Moreover, the case of mABA shows that for polymorph prediction, it can be 
dangerous to put too much emphasis on lattice energy. It also raises an important 
question: if the number of potential polymorphs is even close to those suggested 
by prediction simulations, and if differences in nucleation kinetics can be 
important enough to prevent a stable polymorph to nucleate despite a 
supersaturation ratio of over 5, how come no other polymorph is able to nucleate 
until form II does? As given by the thermodynamic analysis in paper III, the 
enthalpy difference between the two polymorphs is about 7 kJ/mol at room 
temperature. Looking at the results from the polymorph prediction simulations 
on this and similar systems, there is certainly reason to expect several other 
potential crystal structures to be available in such a wide energy window.  

5.2 Aspects of computational modelling of crystal structures 

5.2.1 The potential energy hypersurface 
The potential energy hypersurface for the ordered, solid state of even a simple 

organic molecule is huge, multidimensional and studded with many local 
minima4. Completely characterizing such a complex function would be a very 
computationally demanding task. The region immediately around a local 
minimum could be sampled with Monte Carlo methods or molecular dynamics, 
however. 

One way to get some idea of the appearance of the energy function around 
local minima is to consider the energy difference of a known experimental 
structure before and after a structural optimization: the relaxation energy. Figure 
5.2 shows the average relaxation energy, over the crystal structures of seven 
model substances, as given by the 10 MM methods listed in table 4.6.  

The average relaxation energy for each method is of the same order of 
magnitude as the total lattice energy, although there are isolated cases where it is 

                                              
 
1 Gavezzotti (2007) ; Sorensen et al. (2003) 
2 Ostwald (1897) 
3 Threlfall (2000) 
4 Karfunkel, Gdanitz (1992) 
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significantly lower (see paper I). Structurally, however, 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. In other words, a small geometric 
perturbation from an energy minimum tends to equal a large increase in potential 
energy. This is, as far as these results are valid with respect to substances and 
force fields, an indication that minima in potential energy corresponding to 
experimental crystal structures are generally very steep. 
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Figure 5.2. Average relaxation energies (black bars) over the experimental crystal structures 

of seven substituted aromatic substances for ten molecular mechanics methods, with the total 
range for each method shown in grey. 

 
There is some difference between different force fields, with less variation in 

relaxation energy seen for Dreiding than for Pcff and Compass. On average, 
however, there is no perspicuous difference. With a given force field, however, 
there is little variation between different charge assignment methods. This could 
reflect the fact that the main part of the relaxation energy is intramolecular in 
origin. In order to verify this, the bonded (valence) part of the relaxation energies 
were calculated with method number 6 (Dreiding/Gasteiger). On average, the 
bonded contribution amounted to 64% of the total relaxation energy, with 
variations between substances ranging from 36% to 80%. 

One particular caveat here concerns the experimental determination of 
hydrogen atom positions. As 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 determination1. As a 
result, if this is not compensated for, some structures could give too high lattice 
energies due to an overestimation of the intramolecular repulsion between e.g. 

                                              
 
1 Gavezzotti (2007) 
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carbon and hydrogen atoms. In such cases, this may be corrected by redefining 
the covalent bond lengths involving hydrogen atoms to standard values. After 
setting all hydrogen bonds to reference values1, i.e. 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 figure 5.2 
were recalculated with method number 6 (Dreiding/Gasteiger). It was found 
that, on average, the magnitude of the relaxation energy was only reduced by 
about 15 kJ/mol, some 10%. The corresponding average increase in the covalent 
bond lengths involving hydrogen atoms was 7.3%. Hence, and as there were only 
small variations between the different structures, it may be concluded that this 
problem, although not negligible, did not have a major impact on the energy 
calculations performed in this work. 

Another possible reason for the large values of relaxation energies is related to 
the change in density of a crystal structure with temperature (thermal expansion). 
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, in 
turn influencing the relaxation energy. In order to verify the potential impact of 
this factor on the relaxation energies calculated in this work, the relative change 
in cell volume on relaxation was calculated for the crystal structures listed in table 
4.8, using the two relevant MM methods. 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. As there is no corresponding difference between the 
relaxation energies calculated with these force fields, it appears as if this factor 
does not have a major impact on the magnitude of calculated relaxation energies 
for structures of the kind of molecules concerned in this work. 

It is necessary for a force field, in order to be useful, to have the ability to 
calculate approximately correct values of absolute energies. This ability can be 
verified by comparison with experimentally observable enthalpy values, e.g. 
ΔHsub. The better a force field is at reproducing energies, the better it should be 
at ranking those energies correctly – an absolutely vital requirement for 
prediction of crystal structures. In this work, lattice energies have been compared 
to experimental enthalpies of sublimation. The experimental uncertainty in 
reported ΔHsub values is on the order of a few kJ/mol – Paper I contains a simple 
statistical survey of the variations in reported enthalpies of sublimation. The 
enthalpy change on extrapolating down to 0 K is of the same magnitude. Thus, if 
a force field is able to calculate lattice energies corresponding to within a few 
kJ/mol, or about 5-10%, of temperature-corrected enthalpies of sublimation, it 
can be said to have been successful2. As can be seen in figure 4.6, only two of the 
evaluated methods, Dreiding/Gasteiger and Pcff/integral, manage to calculate 
absolute lattice energies with close to the precision required.  

                                              
 
1 Allen et al. (1987), as implemented in the CCDC-software RPluto. 
2 Price (1997) 
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5.2.2 The importance of electrostatics in crystal structure 
modelling 

There are 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 robustness on the other. ESP-charges 
represent potentially high quality, if a sufficient wave function is used, at the 
expense of poor robustness, leading to a need for a more careful, complex 
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, hence, a more robust force field. 

Figure 5.3 shows the relative contributions from different terms to the total 
non-bonded part of the lattice energy for the different evaluated MM methods. It 
can be seen that the electrostatic contribution is significant. The unweighted 
average is 46% (56% if the mainly electrostatic H-bond term is included). 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. A comparison with figure 4.6 reveals that for the methods 
that work best for estimating lattice energy values the electrostatic contribution is 
below 50%, and vice versa.  
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Figure 5.3. Average fractions of the non-bonded part of the lattice energy of different 

contributing terms, for the methods in table 4.6: electrostatic energy (blue), dispersion energy 
(yellow) and for Dreiding, H-bond energy (cyan). 

 
In a study of different electrostatic models1, using various force fields, it is 

reported that the most advanced model, a multipole expansion, did not result in 

                                              
 
1 Brodersen et al. (2003) 
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any improved success, when comparing changes in structural parameters upon 
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 the recommended integral charges for some force fields, which indicates that 
such charges can in fact improve the quality of the electrostatic description. 

However, as shown in figure 5.3, the electrostatic energy can be very sensitive 
to changes in the atomic point charges; it is reported1 that variations as small as 
0.02 e can lead to chemically significant effects. The fact that the electrostatic 
contribution can fluctuate as much as shown in figure 5.3 for a single force field 
simply by changing the method of calculating ESP-charges is worrisome, and 
speaks a lot about how important it is to make sure both of the quality of the 
electrostatic model used, and that the combination of force field and charge 
model is correctly balanced by parameterization. 

ESP-charges in particular are prone to changes with molecular conformation, 
QM model and charge assignment algorithm2. As presented in more detail in 
paper I, by analyzing ESP-charges calculated with two different methods 
compared to a reference method, it has been found 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 SCF-HF ESP-charges, with which some force fields are parameterized. 
As shown in figure 5.4, the linear correlation is poor; there is such scattering in 
the data points that it is not enough to linearly scale the charges by a calculated 
scaling coefficient. Charges calculated with DFT, in contrast, only require a slight 
scaling to be almost equivalent to SCF-HF charges.  

 

      
Figure 5.4. ESP-charges calculated with DFT (left), and a fast, approximative semi-

empirical method on optimized (centre) and experimental (right) molecular geometries, correlated 
to reference ESP-charges calculated with SCF-HF/6-31G(d). Each point charge is indicated 
by a dot and the linear correlation by a solid line with slope C. A dashed line with slope 1 is 

shown for comparison. R is the Pearson regression coefficient. 

5.2.3 Selecting a force field and assigning point charges 
The first thing that has to be done when contemplating any molecular 

mechanics calculation is to select a force field and a method for calculating point 
                                              
 
1 Rullman (1988) 
2 Francl, Chirlian (2000) 
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charges. In addition, one needs to decide exactly what structure(s) to use and how 
to treat them; i.e. if they should be optimized and how, and to what level of 
theory. In this work, the importance of not treating these issues lightly has been 
shown.  

Choosing a force field is first of all a matter of studying the parameterization. Is the 
force field a generic force field? Which molecules – and which phase(s) – were 
used in the parameterization? Which property is the force field primarily designed 
to calculate? Those are important questions that need to be answered when 
considering a force field for a certain simulation. The choice of a method of 
calculating atomic charges is closely linked to the question of force field, and it is 
necessary to look carefully at the parameterization of the force field as well as at 
the requirements of the model system. 

It has been shown in this work that both of the generic force fields Dreiding 
and Pcff can be made to reproduce lattice energies to within the limits of 
experimental uncertainty. However, this is only true if the right set of charges and 
treatment of structures is chosen. For Dreiding, the Gasteiger method was the 
only charge assignment method that resulted in good energies, while the built-in 
charges worked well for Pcff. The reason is found in the parameterization; Pcff 
was parameterized with built-in charges, and Dreiding with Gasteiger charges. 
However, the Dreiding force field uses van der Waals’ parameters that were 
derived using a variety of different electrostatic models1 (mainly ESP-charges), 
which strictly speaking should mean that no charge method will be perfect for 
this force field.   

Regarding the ability of the evaluated force fields to return correct relative 
energies of different structures, it has been found that none of the methods 
succeeded completely in ranking a set of seven experimental structures in the 
correct order, based on enthalpies of sublimation extrapolated down to 0 K, as 
shown in figure 4.7. Most methods score above 50%, however, and the two 
methods that fared best in the calculation of absolute energies – 
Dreiding/Gasteiger and Pcff/integral – managed to successfully rank 90% and 
71%, respectively, of the structure pairs in the right order.  

In order to further explore this property for these two methods, the lattice 
energies of the relaxed experimental structures of polymorphic pairs of seven 
substances have been calculated, and the difference computed. The results, 
summarized in table 5.1, have been evaluated against the thermodynamic stability 
relationship of each polymorphic substance at low temperatures, based on 
reports in the literature. For four substances, there seems to be convincing 
evidence for appointing one phase the stable one at low temperatures. In two 
cases, however, it is not possible, based on literature data, to unequivocally name 
one polymorph as the low-temperature stable one. For paracetamol, there is 
some debate over whether the system is actually enantiotropic or in fact 

                                              
 
1 Most importanly: unscaled HF/STO-3G ESP-charges for oxohydrocarbons (Cox et al. (1981)), 

scaled HF/STO-3G ESP-charges for azahydrocarbons (Williams, Cox (1984)), and integral charges for 
simple hydrocarbons (Williams, Starr (1977)).   
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monotropic1. In either case, the lattice energy difference should be small.  For the 
substance oABA, the consensus in the literature is that the partly zwitterionic 
form I is the stable one, but there seems to be no information available in the 
open literature regarding the relative stabilities of forms II and III. Finally, in the 
case of pHBA, there are strong indications, but no clear evidence presented, that 
the polymorph known as form II is metastable at low temperatures2.  

It can be seen that both methods succeeded in only 40% of the cases, which is 
worse than a totally random result, and thus that they cannot be used to reliably 
rank energetically relevant energy minima, e.g. as obtained by a polymorph 
prediction simulation. It is interesting, however, that the two methods agree 
internally as to the relative stability of the polymorphs of all substances except 
oABA.  

Table 5.1. Comparison between calculations and literature information on the 
stability relationship at low temperatures for polymorphic pairs of eight 
substances, for two MM methods. 

literature data Dreiding/Gasteiger Pcff/integral 

substance stable ref stable ΔEα stable ΔEα 

mHBA I Nordström, Rasmuson (2006) II 1.18 II 1.91 

pABA β Gracin, Rasmuson (2004) α 2.11 α 1.94 

benzamide I Blagden et al. (2005) I -5.93 I -29.34 

resorcinol α Robertson, Ubbelohde (1938) β 0.63 β 2.33 

pHBA I Kariuki et al. (2000) I -4.65 I -13.6 

oABA no consensus II 5.85 III -3.78 

paracetamol no consensus I -5.67 I -0.66 

no of correct predictions 2 (40%) 2 (40%) 
α) the lattice energy difference between the literature low-temperature stable and metastable forms as 

calculated on optimized structures by the respective MM method 
Related to these energetic issues is the ability of a force field to correctly 

describe minima in energy with regard to structural parameters. This can be 
verified by a structural comparison of an experimental and its corresponding 
relaxed crystal structure, where a small change in structural coordinates indicates 
a well-parameterized force field.  

As mentioned in the theory section, there is a wide variety of different 
approaches available for comparing crystal structures. As shown in figure 4.8, 
amongst each other they agree reasonably well in how they rank the different 
evaluated MM methods. The methods with the smallest structural relaxation 
changes are Pcff/integral and Dreiding/PW91 ESP (methods no 7 and 1-2 in 
table 4.6.) Interestingly enough, DFT ESP-charges worked better than Gasteiger 
charges together with Dreiding, and both did much better than the semi-
empirical Vamp ESP-charges. This shows that, despite the parameterization 
issues mentioned on the previous page, in a qualitative sense, good ESP-charges 

                                              
 
1 Perlovich et al. (2007); Espeau et al. (2005); Sacchetti (2001) 
2 Kariuki et al. (2000) 
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provide a better description of the electrostatics than poor ESP-charges and 
simpler charge methods.  

5.3 Real versus experimental polymorphs 
Is has been shown by studying a set of experimentally found structures of 

polymorphic systems that real polymorphs are in general fairly different from one 
another, in structural terms. Occasional cases of polytypism were encountered, 
but the majority of polymorphic pairs of the same substance differ significantly 
with regard to either the type of hydrogen bond network or molecular 
conformation. 

In order to compare this with the structures predicted by computer 
simulations, two substances were selected for closer study; benzoic acid, 
chemically the simplest compound, with only one known, experimentally 
observed crystal structure in spite of its industrial importance, and o-
aminobenzoic acid (oABA), which is chemically more complex and has three 
polymorphs reported in the literature, two of which are non-zwitterionic1. 

Figure 5.5 shows the occurrence of different hydrogen bond motifs of benzoic 
acid plotted in a lattice energy vs. density graph, as predicted with 
Dreiding/Gasteiger. Due to the relative simplicity of this molecule, there are only 
a small number of different hydrogen bond arrangements possible, and it can be 
seen that they form well-defined regions in an energy vs. packing diagram. Each 
type of hydrogen bonding can be varied slightly in density, resulting in small 
changes in lattice energy.  

The corresponding graph obtained using Pcff/integral is shown in figure 5.6. It 
is evident that the distribution of structures featuring different hydrogen bond 
network types in energy/packing space depends little on the force field. 

For benzoic acid, only three kinds of hydrogen bond arrangements turn out to 
be feasible, energy-wise, as all other types result in an energy shift of over 10 
kJ/mol, corresponding approximately to the estimated limit of observed energy 
differences between experimental polymorphs of 10%2. 

A similar visual analysis of the substance oABA yields a more complex graph, 
as is to be expected due to the increased possibility of variation in hydrogen 
bonding enabled by the added presence of an amino group. Figure 5.7 shows the 
different combinations of hydrogen bond motifs, henceforth structure types, 
predicted for this substance, in a lattice energy vs. density plot. The six most 
common structure types, besides the structures without significant hydrogen 
bonding (shown as grey triangles in figure 5.7), account for over half of all the 
structures. The global minimum structure features COOH-dimers and 
NH…NH-chains, and the non-zwitterionic experimental polymorphs (forms I 

                                              
 
1 Ojala, Etter (1992) 
2 Gavezzotti (2007); Gavezzotti, Filippini (1995) 
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and II) feature COOH-dimers and C=O…HN-chains, and only COOH-dimers, 
respectively. 
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Figure 5.5. A lattice energy vs. density plot of benzoic acid structures predicted with 

Dreiding/Gasteiger, coloured according to hydrogen bond motifs: carboxylic acid dimers (yellow), 
carboxylic acid chains (blue), OH-chains (green), OH-dimer (red) and weak or no hydrogen 
bonds (grey). The experimental structure is marked by a black square, and the 10% lattice 

energy border shown with a dotted line. 
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Figure 5.6. A lattice energy vs. density plot of benzoic acid structures predicted with 

Pcff/integral, coloured according to hydrogen bond motifs: carboxylic acid dimers (yellow), 
carboxylic acid chains (blue), OH-chains (green), OH-dimer (red) and weak or no hydrogen 
bonds (grey). The experimental structure is marked by a black square, and the 10% lattice 

energy border shown with a dotted line. 
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Figure 5.7. A lattice energy vs. density plot of oABA structures predicted with 

Dreiding/Gasteiger, coloured according to hydrogen bond motif combinations. The experimental 
structure is marked by a black square, and the 10% lattice energy border shown with a dotted 

line. 
 

 
Figure 5.8. A comparison of two predicted dimer-based crystal structures of benzoic acid, 

shown from two angles. Molecules in the same plane have the same colour. 
 
It is interesting to note that for both substances there are many low-energy 

hydrogen bond motifs or motif combinations predicted, which are not found in 
the experimental structure(s). All the experimental structures feature COOH-
dimers, but based on the prediction simulations, the COOH-spiral motif seems 
to be a potential replacement for both substances. In addition, for oABA there 
are other predicted hydrogen bonding options available within reasonable values 
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of lattice energy. This work has provided no hint of an explanation for the fact 
that no such structures have ever been seen in practice. Based on the results 
presented here, there could quite possibly be at least one more polymorph of 
both benzoic acid and oABA yet to be discovered. The situation can be 
compared to that of mABA, where there is a large gap in energy between the 
stable form I and the metastable form II, both of which can be obtained in 
crystallization, and still no third form with an intermediate energy has been 
observed. 

Several similar features come to light when comparing the predicted structures 
of these two substances. Only a certain number of structure types, unique 
combinations of hydrogen bond arrangements, are available for both substance. 
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. Furthermore, for both substances, 
the structures within a given structure type appear to be very similar in terms of 
molecular packing. An example of two dimer-based benzoic acid structures is 
shown in figure 5.8. Altogether, this is an indication that the potential energy 
hypersurface contains many close-lying minima, in the geometric sense. 

5.4 Explaining the discrepancy in the number of predicted 
contra experimentally observed polymorphs 

There are many factors contributing to the difference in the number of 
predicted structures and experimentally observed polymorphs of a substance. 
One way to look at it is from the experimental point of view: how come so few 
polymorphs are observed in practice? A general sentiment among crystallization 
workers is that the more work that is put into polymorph screening, the more 
polymorphs will be isolated; for many substances, the apparent lack of 
polymorphs may just be a reflection of the lack of searching for them. 

Regarding crystallization from solution, it is well known that kinetics play an 
important part in deciding which polymorph will crystallize, in case more than 
one is thermodynamically accessible. The experimental work on m-aminobenzoic 
acid (paper III) points with clarity to the fact that kinetic solvent effects can be 
responsible for cases where a severely metastable form is routinely obtained in 
crystallizations under certain conditions. 

Looking at the issue from the other side, focusing on the features particular to 
crystal structure prediction, there are a number of explanations that could 
account for 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, such that the structure it 
represents would not survive even normal thermal vibrations in the solid state, it 
would not correspond to a viable crystal structure even were it to be successfully 
created, as it would quickly relax into a more stable, low-lying minimum. Such 
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shallow minima could be identified and removed after prediction by additional 
MD simulations at an appropriate temperature1.  

Describing the appearance of the regions immediately surrounding different 
potential energy wells would be a very complicated undertaking. It has been 
reported that, according to results from molecular dynamics simulations, many 
predicted energy minima seem to be quite stable against thermal vibrations in the 
solid bulk2. In the present work, it can be seen that relaxation energies are 
generally found to be quite large, as shown in figure 5.2. This could be an 
indication that in general, minima in potential energy are fairly steep, and thus, 
that many predicted structures could be relatively stable. 

There are some potential problems introduced by the packing and 
minimization steps of CSP algorithms, and as a result, the force field 
hypersurface might appear to have more minima than it ought to have. There are 
several ways in which artificial minima may arise in a crystal structure prediction 
simulation3. Firstly, the same structure may be predicted in more than one space 
group, for various symmetry-related reasons, and hence, for a thorough and 
complete prediction, a clustering step across all space groups to remove duplicate 
structures should be introduced. Somewhat more worrying is the possibility for a 
minimization that is constrained with regard to e.g. space group symmetry to 
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, e.g. a supercell. 

Having removed duplicates and artefacts from the predicted set of structures, 
one may still be left with a very large set of crystal 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, this set could be significantly reduced. The 
threshold value should be chosen to reflect the reasonable maximum difference 
in free energy between polymorphs, allowing both for enthalpy differences at 
zero Kelvin as well as for the contribution to the free energy caused by entropy 
and kinetic energy effects at room temperature. In the literature, there is very 
little reported in terms of statistics of experimentally determined energy 
differences between polymorphs. As shown in paper III, it is a very difficult and 
demanding task to obtain a reasonably correct estimate of such energy 
differences. Many rules-of-thumb have been suggested in the literature4. Based 
on MM calculations on structures of experimental polymorphs present in the 
CSD, it has been reported5 that the vast majority of polymorphic pairs differ in 
lattice energy by less than 10% of the total lattice energy. This is a limit that has 
been used consistently throughout the present work to define energetically 
relevant potential crystal structures. 

                                              
 
1 Day et al. (2004); Verwer, Leusen (1998) 
2 Price (2008) 
3 Verwer, Leusen (1998) 
4 Price (2004) 
5 Gavezzotti (2007); Gavezzotti, Filippini (1995) 
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In an attempt at verifying that this rule-of-thumb holds for the molecules and 
force fields considered in this work, the difference in lattice energy between all 
polymorphic pairs of the set of 26 polymorphic pairs listed in table 3.2 have been 
calculated, using the methods Dreiding/Gasteiger and Pcff/integral. The results 
are shown in figure 5.9. The fraction of polymorphic pairs differing by less than 
10% in calculated lattice energy is 97% with Dreiding/Gasteiger and 91% with 
Pcff/integral. The average relative lattice energy difference is 3.4% and 3.3%, 
respectively. This roughly corresponds to the same number of kJ/mol, typical 
values of lattice energy being in the range of -100 kJ/mol. Furthermore, virtually 
all the polymorphs differ by less than 5% in density, which is in accordance with 
the close-packing principle of Kitaigorodsky (1973). The results are in strong 
agreement with those of Gavezzotti (2007), and Gavezzotti and Filippini (1995), 
obtained on larger and more chemically heterogeneous sets of substances, with 
respect to both lattice energy and density differences between polymorphs. 
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Figure 5.9. Relative lattice energy difference against relative density difference for the 

experimental polymorphs of table 3.2. Each number represents a pairwise comparison between 
the relaxed crystal structures of experimentally observed polymorphs of the same compound, 
calculated with Dreiding/Gasteiger (red) and Pcff/integral (blue). The numbers refer to the 

substances as listed in table 4.8. 
 
Finally, in order to further reduce the number of potential crystal structures, it 

is necessary to consider kinetics. It has been found in this work that many 
predicted structures are very similar, having hydrogen bond motifs in common, 
and appearing mainly to differ with regard to the spatial packing of hydrogen-
bonded structural units, such as dimers or chains. Such a packing may be 
hypothesized to be mainly controlled by van der Waals interactions. Hence, it can 
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be further hypothesized that there will be many structures predicted by lattice 
energy simulations that are fairly easily interconvertible, either in the solid state or 
at a pre-crystalline cluster stage. 

As already mentioned, molecular dynamics might be a useful tool in clustering 
the most similar of such structures. If two structures are so similar that they 
would not be stable even against thermal vibrations at room temperature, rapid 
transformations would lead to only one, the most stable, being seen in practice. 
However, it is quite possible that the process of nucleation, which is complex and 
little understood, will cause many structures that are somewhat more distantly 
related to be realized as only one during an actual crystallization, because of 
interconversions during the clustering and/or nucleation stages, or by nucleation 
of a new phase in the interfacial region or on the surface of another phase. Our 
fundamental lack of knowledge about the exact mechanisms involved in 
nucleation from solution prevents the study of pre-crystalline aspects of 
polymorphs. 
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6. Conclusions  

      
Two polymorphs of the substance mABA have been isolated experimentally, 

and characterized by IR and XRPD. Form I crystallizes upon solvent evaporation 
of methanol, water and acetone solutions, and form II upon evaporation of ethyl 
acetate and acetonitrile solutions. Based on a comparison of melting data and 
solubilities, the system is shown to be enantiotropic, with form I stable at low 
temperatures and form II at high temperatures. The transition point is located 
around 156°C, as given by thermodynamic analysis, corresponding within a 
degree to transitions observed in DSC. Of a total of 300 primary nucleation 
experiments, all experiments in water and methanol resulted in form I, whereas in 
acetonitrile the majority yielded form II. Apparently, the nucleation of form I is 
kinetically hampered in acetonitrile, leading to a large metastable zone of this 
polymorph. In conjunction with a much more narrow metastable zone of form 
II, and with the solubility relationship of the two polymorphs, this leads to a 
situation where form II can nucleate before form I. The present work points to 
the importance of considering the relationship between thermodynamics and 
kinetics, and its effect on the polymorphic outcome of crystallization. The work 
has also shown that the spread in the metastable zone width of multiple 
experiments at identical conditions can be large, and that this can result in an 
uncertain polymorphic outcome of a crystallization. 

In an evaluation of different combinations of force fields and techniques for 
setting atomic point charges, it has been found that the majority of molecular 
mechanics methods cannot be used to compute absolute or relative lattice 
energies. However, based on calculated absolute and relative lattice energies and 
structural changes upon relaxation, two of the evaluated methods 
(Dreiding/Gasteiger and Pcff/integral) were found to work reasonably well for 
the type of molecules studied in this work. In order for molecular mechanics to 
yield reasonable lattice energies for experimental crystal structures, it is necessary 
for the structures to be energy-minimized. 

By analysing the crystal structures of experimentally known polymorphs, it is 
found that there is generally a significant structural difference between real 
polymorphs: over 40% of the examined polymorphic pairs of the same substance 
pack in completely different hydrogen bond arrangements, while only around 8% 
are very similar in terms of hydrogen bond networks and spatial packing of 
hydrogen-bonded structural units. 

Finally, in a series of crystal structure prediction simulations, it is found that the 
number of structures produced range from hundreds up to many thousands for 
each substance, found by searching in only a limited number of space groups. 
Approximately 10% of the predicted structures are found within a lattice energy 
window of ≤10% compared to the predicted global minimum structure. This 
limit has been verified to encompass the lattice energy difference for the vast 
majority of experimentally found polymorphs studied in this work.  
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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 of a given type only differ with respect to the 
packing of molecules and hydrogen-bonded supramolecular units such as dimers 
and chains, and frequently, based on visual analysis, seem to be very similar, in 
geometric terms. This structural similarity is in contrast to the differences that 
can be observed between real, experimentally known polymorphs. 
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