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Summary

This thesis is the result of four years of research into modeling of crystal growth of organic materials. New methods were developed to study crystal growth, because older methods, which are widely used, do not give satisfactory results for complex systems. The methods were developed with general applicability, speed and relevance to industry in mind. They therefore do not focus on a single problem, or a small subset of problems, but try to be as general as possible, while still offering new and fundamental insights in the problems of interest.

In this thesis the focus is on modeling of three important aspects: nucleation,

the role of steps during growth, and the final morphology of crystals. The first subject, nucleation, is very important in polymorphism. As different polymorphs may form during crystallization, and usually only one is desired,

the nucleation phase is critical for the formation of the desired polymorph. The

research on nucleation, reported on in this thesis in Chapters 4 and 5,  consists of the development of a new method where the probability that a small cluster grows out to a macroscopic crystal is simulated using Monte Carlo crystal growth simulations. These simulations, based on a random Monte Carlo process, allow for the determination of the cluster growth probability, both as a function of initial cluster size and as a function of driving force. Using such simulations, nucleation rates for different polymorphs can be calculated, thus giving insight in the nucleation behavior of all polymorphs simulated. Ultimately this will lead to an a priori product quality prediction, when the results of the simulations are combined with process simulations to obtain particle size distributions and product polymorphic fractions.

When a crystal is growing, the relative growth rate as a function of crystal

orientation determines the final shape. The growth rates can be obtained

from Monte Carlo crystal growth simulations, where crystal growth is simulated both as a function of crystal orientation and as a function of driving force for crystallization. These simulations then allow for a prediction of the final crystal shape, or morphology, as a function of driving force. These simulations, however, can take quite a long time and, more importantly, do not offer a fundamental understanding of the crystal growth processes taking place. A fundamental understanding of crystal growth, based in the first instance on 2D nucleation, is offered by the newly developed automated routine called Steplift, which calculates the lowest energy 2D nucleus for all connected net orientations from thecrystal graph. During the development of this automated routine, the need to clearly define the way that step energies should be calculated in a general case led to the development of a new method for the calculation of step energies. The results of this new method, and the application of the Steplift routine to a number of organic materials are described in Chapters 2 and 3. The role of steps during crystal growth, as is fleshed out further in Chapter 1, further adds to the importance of looking in detail at step structures during crystal growth.
From the Steplift routine crystal growth rates can be computed, as a function of crystal orientation as well as driving force, leading to the prediction of crystal morphology, which is the third subject of this thesis. Using the newly

developed Steplift routine as well as the already existing Monte Carlo growth

simulation methods, the prediction of crystal morphology is studied for a number of different ‘real-world’ systems in Chapters 7, 8, 9 and 10.

Thus, in Chapter 7, the two very different crystal habits of a yellow dye used in the photographic industry is studied using Monte Carlo simulations. The next chapter deals with Venlafaxine, an anti-depressant pharmaceutical, which has three different polymorphs. In a comparison of established and new morphology prediction methods, it is found that the BFDH and attachment

energy model do not suffice for the correct prediction of the crystal morphology. Monte Carlo simulations are used, with either 2D-nucleation or spiral growth mechanism, to correctly model the morphologies observed experimentally. The last two chapters, 9 and 10 deal with another pharmaceutical, Ondansetron. The crystal structure of this molecule was unknown, and in Chapter 9, using different experimental methods, it was found that the crystal structure is a solid solution of enantiomers. The extreme needle-like morphology of Ondansetron is modeled using step energy calculations and Monte Carlo simulations, which clearly show that the needle-like morphology can be explained from the fact that a family of faces in the same crystallographic zone has a substantially higher 2D-nucleation barrier, compared to faces outside of that zone. This, in turn, explains the experimentally observed needle-like morphology from the large difference in growth rates for the faces in the zone, and those outside the zone.

The remaining chapter, Chapter 6, puts forward a new theoretical approach

to the rational design of habit modifiers. This approach is again based on the

Monte Carlo crystal growth simulations, now expanded with routines to monitor the creation and annihilation of growth sites on the growing crystal surface. Using the statistics thus obtained from the growth process, a method is proposed to quantify the importance of growth site configurations to the growth process. These contribution values of all possible growth site configurations, which are different for each orientation simulated, allow for the identification of a subset of configurations that have both a high and a selective contribution to the growth of a single face. When these configurations can be identified, they can be used as the starting point of a process of rational design of tailor-made additives, able to modify the crystal morphology in the desired way.
