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Chapter 1
Introduction.

The science set out in this thesis pertains to the reactive crystallization of chiral
molecules. First, we will introduce the concept of chirality and explain the unique
handles crystallization offers to control the symmetry of molecules. Following these
introductions, this thesis will explore the fascinating processes that occur when the
crystallization of chiral—i.e. asymmetric—molecules is combined with chemical
reactions. As it turns out, such reactive chiral crystallization can convert an initially
racemic solid-state—i.e. containing both molecular mirror-images—into an
enantiopure end-state. This work aims to elucidate further the inner workings of
such reactive chiral crystallizations and exploit these fundamental insights to
expand its scope and applications.

Individually, chirality and crystallization increasingly feature in chemistry and
engineering and both are central to a few of the pressing technological and societal
challenges of this century.'” Chirality is central to discussions on the origin of life
and of critical importance to the effectiveness and safety of pharmaceuticals. Indeed,
over the past decades, advances in chirality control have claimed numerous Nobel
prizes.* ™ Yet wider in scope, crystallization and crystal growth are key to separation
and purification processes, geology and geochemistry, semiconductor
manufacturing, chips and electronics, batteries and solar cells, next-generation
materials."*™"

Perhaps not so notorious is the long history that the fields of crystallization and
chirality dually share. After Biot discovered the optical activity of organic
compounds in 1815, Pasteur deduced its molecular basis in chirality in 1848 by
observing the distinct morphologies of the crystals of tartaric acid sodium
ammonium salts.”” Here began a fascinating and fruitful experimental journey,
sealing the intricate connection between crystallization and chirality. Crystallization
has been essential in the study and resolution of chiral molecules ever since. What is
more elegant than an intrinsically stereoselective natural process that only
incorporates molecules of a particular three-dimensional orientation? Combined,
chiral crystallization indeed makes for a highly dynamic and multi-facetted field, at
the interface where solids and liquids meet and physics and chemistry join forces.

This thesis will build on this intricate connection between crystallization and
chirality and will feature crystallization as a tool to separate and convert molecular
mirror-images. Before we embark on this journey, this chapter will shortly introduce
chirality, while a substantial background on crystallization will be presented in the
next.
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Note that this introduction and the following two chapters aim to discuss many terms and
technical concepts in varying degrees of detail. Because the reader might be familiar with
some, but not with others, the text supports both comprehensive study and selective reading.
Sections may be read non-sequentially, in recognition of the diverse backgrounds and prior
knowledge of the intended audience.

Chirality

The year is 1893 and William Thomson, who has just gained the title of Lord Kelvin,
lectures on the ‘Molecular Tactics of a Crystal’.” Addressing the geometry of
molecular arrangements within crystals, he states that any figure of which the
mirror image cannot be brought to coincide with itself, must be called ‘chiral’.
Recalling the Greek word for hand (xeip), this concept of chirality can easily be
understood when rephrased as ‘handedness’. Indeed, our hands are two mirror
images and no matter how you turn or twist them, no rotation or translation will
allow you to superimpose or stack them (Fig. 1.1a).

Molecular chirality

So how does the concept of chirality manifest on the molecular level? The answer to
this question emerged halfway the 19" century. Sometime during 1848, famous
biochemist Louis Pasteur was experimenting with crystals of tartaric acid salts as he
noticed that these crystals exhibited hemihedral facets under the microscope: tiny
flat faces on the edge of the crystal that sometimes oriented to the right, and
sometimes to the left. Pasteur was able to separate these crystal mirror images using
tweezers and showed that both types of crystals showed the opposite interaction
with light: one crystal rotated plane-polarized light in the left direction, the other
crystal turned light right.”” Indeed, Pasteur not only achieved the first documented
chiral resolution, but also linked macroscopic chirality to individual molecular
chirality.”

So how exactly do such individual molecules determine chirality? It was not until
1874 that this pressing question was first answered by Van ‘t Hoff and Le Bel.”
Building on seminal work by Kekulé, the duo founded the field of stereochemistry by
introducing the concept of tetrahedral coordination of carbon atoms and the
possibility to thus achieve asymmetric molecular centres.

To appreciate this view on molecular chirality, we consider Figure 1.1b, which shows
a tetrahedral carbon atom (sp*-hybridized) bearing four different substituents that
exhibits a chirality very similar to our hands. Although often overlooked and
understudied, also phosphorus (P-chiral phophines), sulfur (sulfoxides and
sulfonium salts), and silicon (tetrasubstituted organosilanes) may yield chiral
centres, akin to tetrahedral carbon. Tertiary amines provides a similar possibility for
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Figure 1.1. A view on chirality. (a) The macroscopic image of chirality: mirror images of our hands.
(b) The molecular image of (point) chirality: tetrahedral carbons with four different substituents.
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Figure 1.2. Configurational isomerism. Different three-dimensional structures of the same molecule
can arise, for example through (a) cis-trans isomerism around a double bond or ring or (b) differing
point chirality at chiral centres. Enantiomers are perfect mirror-images, while diastereomers are not.

chirality, but pyramidal inversion of the lone pair generally renders the molecules
kinetically racemic (i.e. they exist in equal amounts of both mirror images).

Terminology in stereochemistry can be confusing and a short summary is
warranted.” Stereochemistry not only pertains to chirality, but encompasses the
broader realm of isomerism: the different ways in which the same atoms can be
organized into different molecules. We discriminate between constitutional isomers
(differing in nature and sequence of bonding) and stereoisomers (differing in three-
dimensional arrangement). Molecules can switch between many possible
configurations through free rotation around each single bond. In contrast, the
rotations of some atoms can be confined, leading to configurational isomers (Fig.
1.2). Double bonds cause one type of restriction, where atoms are locked into planes,
yielding cis-trans isomers (Fig. 1.2a). Tetrahedral carbons, that feature four different
substituents, are also limited in their possible structural interconversions, breaking
symmetry. These configurational isomers must now be narrowed down to
stereoisomers which are not mirror images of each other (i.e. diastereomers) and
those that are (Fig. 1.2b). Importantly, these mirror-images of chiral molecules are
called enantiomers. Labelling enantiomers can proceed according to their natural
interaction with light (+ and -), their correlation to p-(+)-glyceraldehyde according
to Emiel Fischer (b and 1), or by the weight of substituents (R and S). The latter
system, initially proposed by Cahn, Ingold, and Prelog,*® has now emerged as the
standard for simple molecular chirality at a single chiral centre and is also the
standard in this thesis.
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Besides point chirality, as featured in tetrahedral carbons with four unique
substituents, molecules can also exhibit axial and helical chirality.”” Helical chirality
is a very imaginative term: the molecule contains a screw axis, such as the aptly
named class of helicenes. Axial chirality is often induced by different substituents on
either sides of a single bond that are too bulky to allow rotation, locking three-
dimensional configurations in place. The stereoisomers resulting from such
hindered rotation are called atropisomers (biphenyls, binaphthyls, etc.). In some
cases, the configuration of the molecule is not locked due to rotational impediments,
but due to covalent bonds (cf. also twistanes). Special and interesting cases are chiral
mechanically interlocked molecules such as rotaxanes and catenanes.”® Molecular
machines, featured in the Nobel Prize in Chemistry in 2016, build on these kinds of
chirality.”

Beyond the realm of small molecules, one can also find chirality in polymers and
metal complexes. Chiral supramolecular polymers can be formed from both achiral
and chiral building blocks.*® When assembling supramolecular polymers under
regimes close to equilibrium, enthalpic mismatch penalties allow growing pristine
helices that incorporate uniquely one type of enantiomeric building block.** The so-
called majority rule also allows achiral building blocks to assemble into helical
polymers, often due to cooperative effects and the presence of some initial symmetry
breaking in the environment (sergeant and soldiers model).*” Similarly, in the case of
metal complexes, chirality can both be induced straightforwardly by chiral ligands
or, in a more complicated fashion, through point chirality at the metal itself (e.g.
unique substituents in tetrahedral and octahedral complexes or twisted complexes
with bidentate or tridentate ligands).****

Finally, chiral nanostructures make up a special sort of chiral chemistry that is
rapidly gaining attention. Due to their potentially strong interactions with polarized
light, they may have significant applications in biosensing, asymmetric
(photo)catalysis, and optoelectronics.***® These nanostructures can acquire chirality
through intrinsically asymmetric growth (autonomously or under external stimuli),
assembly on chiral surfaces, the use of chiral ligands, or the assembly of achiral units
into twisted superstructures.” For example, cysteine, a chiral amino acid that
strongly binds gold surfaces, owing to its thiol functionality, can be used to induce
twisted spikes and other morphologies during the assembly of gold nanoplatelets.*®
Chiral nanostructures are not only formed from inorganic and metallic cores, but can
also be obtained from assembling organic building blocks, exemplified by the
assembly of helical cysteine chains into nanoribbons and bowties (the chains are
assembled through coordination with Cd* ions).” A final example are chiral
nanocrystals of tellurium, where screw dislocations induce a chiral polyhedral shape,
even in the absence of any chiral ligands or other forms of applied symmetry
breaking.”® As these examples show, there is plenty of opportunity in the chain of
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chirality transfer from molecule to nanostructure and the field is primed to produce
exciting innovations.

This section on molecular chirality would not be complete without describing the
way this thesis quantifies chirality. The main metric we will use is the enantiomeric
excess (ee), defined as

L _RI-[5]
[R]+ 5]

where [R] and [S] are the concentrations or relative abundancies of each enantiomer
in a system. In short, the ee yields an indication of the extent of enantioenrichment:
0 is racemic, 1 is enantiopure. Multiple approaches can determine the ee of a system.
For organic molecules, chiral chromatography and circular dichroism are used most
often. In theory, however, one could also use NMR, mass spectrometry, and even
infrared spectroscopy.”** Recently, with Al-driven experimentation and self-driven
labs on the rise, increased attention has been given to optical techniques that allow
high-throughput screening for enantiomeric excess.”

(eq.1.1)

Chirality and life

Chirality is part and parcel to life.**”” Our bodies are not only macroscopically
asymmetrical, but their fundamental building blocks also exhibit chirality: the
genetic material that encodes life (i.e. RNA and DNA) shows helical chirality (Fig.
1.3a), and the amino acids and sugars that form the metabolic factories producing
our constituting biomaterials bear one or multiple chiral centres (i.e. carbon atoms
with four different substituents; Fig. 1.3b).

cysteine
(amino acid)

glucose
(sugar)

Figure 1.3. Examples of molecular chirality in biology. (a) DNA and RNA are helical polymers, built from
ribonucleotides which containing a chiral sugar core (graphic from Wikimedia). (b) Fundamental
molecular building blocks like amino acids (monomers of proteins) and sugar molecules contain point
chirality through tetrahedral carbons. Such point chirality is conferred onto larger chiral
superstructures.
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Remarkably, it turns out that life is not just chiral; it is in fact homochiral. Indeed,
the amino acids that make up all proteins are almost exclusively L-enantiomers,
leading to right-handed a-helices and chiral folded superstructures. In turn, the
carbohydrates that life’s enzymes construct and consume appear mainly as p-
enantiomers. Ever since the discovery of biological homochirality, both its origin and
purpose have been the subject of much research.*®°

Although a full discussion of the particular properties chirality can give to a system
is beyond the scope of this introduction, calculations on chiral fluids show that
chirality, already in its most simple form, can furnish an abundance of nontrivial
behaviours.” In biological systems, however, a particularly interesting argument has
been made by Ron Naaman, who has become known for his work on Chiral-Induced
Spin Selectivity (CISS).”” Simply put, through spin-orbit coupling, spin-polarized
electrons scatter asymmetrically from chiral molecules such that chiral molecules
can bring forth polarized currents and interact selectively with polarized magnetic
and electrical fields.>** Naaman argues that electron spin plays a critical role in
chemical reactions and chemical bonding and that the CISS-effect can control
interactions and reaction pathways. Specifically, he conjectures that “electron spin
can act as a chiral bias to enantiospecifically facilitate chemical reactions” in
enzymes and strengthen the allosteric interactions between peptides and substrates,
and may also “increase the specificity and sensitivity of biorecognition elements”,
such as in the replication of genetic material. The key argument underlying this
reasoning is that homochirality must have strong benefits to biochemical processes
to justify the enormous amount of energy organisms spend in preserving it.”>*
Others have made the reverse argument: chiral mismatches cause kinetic stalling
when creating chains of molecules so that a chiral cross-inhibition mechanism
favours homochirality.””**

Chiral amplification

Besides the yet enigmatic function of chirality, much focus has been on its genesis:
the initial breaking of symmetry and the subsequent amplification of an initial
enantioenrichment.”

The origin of homochirality thus starts with the origin of broken symmetry. The
question of breaking symmetry knows many answers and plausible theories:
extraterrestrial sources, circularly polarized light, the magnetic field, chiral mineral
surfaces, and bare stochasticity—to name a few.*** Recent studies of asteroids,
however, have sought to question the delivery of an initial enantioenrichment from
beyond earth.” Reasonings based on parity violation also seem increasingly
unlikely.”® Some authors have actually reversed the question and argued, supported
by mathematical analysis, that the racemic state of a system becomes increasingly
less stable as the number of chiral molecules that are produced from achiral building
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blocks grows, and any sufficiently large system thus inherently strives to break
symmetry in whichever way possible.”

Once symmetry is broken, the asymmetry needs to be amplified to reach
homochirality. In the 1950s, Frank postulated that chiral amplification can occur
when (i) enantiomers can self-replicate and (ii) enantiomers inhibit the replication
of their counterpart, e.g. through inactivation of racemic dimers.”” Such mutual
inhibition is required, as replication alone does not increase an initial enrichment
but merely consolidates it (Fig. 1.4a). Also, without mutual inhibition, the broken
symmetry could possibly be shattered through a spontaneous enrichment towards
the other mirror-image and thus is statistically unstable.”” It is this latter aspect of
mutual inhibition that is often missing from seemingly autocatalytic systems. Ribo
and co-workers challenge the mutual-inhibition requirement, by arguing that first-
order autocatalysis together with mutual cross-catalysis is also feasible.”” A number
of realizations have been proposed to achieve such amplification of chirality: chiral
poisoning, surface packing, nonlinear effects in asymmetric catalysis, chiral
recognition in self-replicators—all are among viable routes.”” Recently, building on
nonlinear effects observed in synthesis and catalysis, Feringa and co-workers have
even proposed the self-enantioresolving properties of amino acid derivatives
through diastereomeric homo- and heterochiral association in solution.””’

In this thesis, however, the mechanism explored for chiral amplification is
asymmetric crystallization. Seminal and famous demonstrations of spontaneous
chiral amplification through crystallization were given by Havinga, Kondepudi,
McBride and Viedma (Fig. 1.4b).”** Sodium chlorate, an achiral salt, crystallizes into

(@) Ay ————® A .
Z 2n 100% A

(AB)J' autocatalysis
inactive

—_—
(b)

d__ 1R ~ele]
A

achiral salt

7R
v v

Figure 1.4. Asymmetric amplification (a) as postulated through the mechanism of Frank, by means of
autocatalysis and mutual inhibition, and (b) as demonstrated for the stochastic deracemization of achiral
salts that crystallize into enantiopure crystals under grinding (glass beads) and secondary nucleation.
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two populations of chiral crystals of opposite handedness. Spontaneous
crystallization of such solutions can yield only a single handedness in the crystals,
provided they are stirred vigorously. The rationale is an initial stochastic breaking of
symmetry, e.g. through nucleation, which then is amplified. Viedma observed that—
after some time—also a racemic mixture of crystals self-converts into a single
handedness. The mechanism of this amplification remains poorly understood, is a
matter investigated in this very thesis, and a number of theories will be introduced
in chapter 3. Part of the answer lies in the stereoselective nature of these crystals—
they only incorporate their own—and effects reminiscent of the mutual inhibition
described by Frank have been reported.®**

This concept of chiral amplification can also be translated from self-sorting crystals
to supramolecular systems.*®

In Eindhoven, Meijer and Palmans studied enantiomeric building blocks that can
assemble into chiral supramolecular polymers.*** They recognized the potential for
cooperative effects in self-assembly and the subsequent amplification of chirality.
Indeed, even small amounts of chiral building blocks or other chiral stimuli can
induce handedness in supramolecular aggregates of otherwise predominantly
achiral components, possibly evoking a self-selection and transfer mechanism.**
Such inductive effects are rooted in cooperativity, where noncovalent interactions
such as hydrogen bonding or m-m stacking behave in a non-additive manner:
neighbouring interactions strongly affect new bonding, providing a selection
mechanism and possibly enabling the long-range amplification of chirality down a
chain.”* To demonstrate the supramolecular effects of cooperativity, they created a
common solute resource pool through a racemization reaction that continuously
flips the chirality of the enantiomeric building blocks.”* They found that significant
enantiomeric excess emerges under enantiomeric interconversion of the building
blocks, with the effectiveness of chiral amplification determined by the energy
penalty associated to the mismatch of incorporating a building block of the opposite
handedness and mediation by a chiral sergeant.”

In Groningen, Otto introduced self-replicating stacking macrocycles that
spontaneously arise from achiral aromatic molecules through dynamic disulfide
bonds.” Similar to P-sheet formation, this provides the basis for populations of
stacks of different structure or chirality. Although multiple confirmations initially
arise, continuous cycles of breakage and re-assembly cause the product distribution
shifts towards the most stable confirmation—a phenomenon reminiscent of cycles of
asymmetric crystallization.” Ultimately, chiral amino-acid precursors can lead to
enantioselective self-replication through the preferred incorporation of one
handedness into the stack.” Crucially, the growth of fibres from racemic building
blocks was reported to be much slower, providing the potential mechanism for
relative mutual inhibition theoretically required for amplification. Otto’s self-
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replicators were later adapted to catalyse retro-aldol reactions,” illustrating the
starting point for a cascade of metabolic chiral induction.”**

These examples of chiral amplification through an interplay of thermodynamic and
kinetic processes inspire many possible pathways for chiral induction to establish
full homochirality.® A key denominator is that chiral structures are known to
preferentially bond and adsorb other chiral molecules in a stereoselective manner.””
12 This can, in turn, also induce asymmetric catalysis by a chemically active structure
or surface.*'”® Inspired by these concepts, Ozturk and co-workers have proposed a
five-step cascade to achieve biological homochirality from a singularly enriched
molecule: (i) an initial chiral amplification mechanism yields the chiral RNA-
precursor ribose-aminooxazoline predominantly as Dp-enantiomer; (ii) D-
ribonucleotides are therefrom formed; (iii) the p-ribonucleotides polymerize as p-
tRNA; (iv) -tRNA asymmetrically catalyses the synthesis of L-peptides; (v) L-peptides
become 1-enzymes that stereoselectively recycle and replicate amino acids; (vi) and
a true homochiral metabolism is born.'” Hein and Blackmond have made similar
arguments to transfer Cchirality from amino acids to carbohydrates via
transamination and asymmetric formose reactions.'” Ultimately, the propagation of
homochirality from one system to the next is self-consistent: a universal adoption of
single handedness makes for a much more efficient and versatile building blocks—
analogous to the universal adoption of right-handed screws in engineering.'”® A
similar principle curtailing diversity was also recently demonstrated for the
previously mentioned macrocyclic self-replicators.'” Perhaps homochirality is an
inevitable norm rather than a striking enigma after all.

Turning the tables

Regardless of its origins, homochirality also prompts another interesting question:
can the opposing handedness be an unexpected advantage for biological survival?
Indeed, mirror-life would enjoy immunity from many proteins and toxins that
cannot metabolize their mirrored-sugars or bind their mirrored-receptors.'”
Advances in the field of synthesis and biology have already allowed incorporating p-
amino acids into peptides or even making entirely mirror-image proteins.'*""
Inverted biological structures can feature as surprisingly potent ligands for naturally
occurring peptides, while enjoying high biological stability.'""'** Such properties can
provide valuable biochemical mechanisms that can serve as unprecedented
therapeutic tools.""* A number of important antibiotics incorporate p-amino acids
and may be an effective tool in combatting increasing antimicrobial resistance.'”

Several scientists have cautioned against these developments and have even warned
for mirror-life risking human extinction:"*""” mirror bacteria could broadly evade
many immune defences of humans, animals, plants, and other organisms. Invasive
ecological and pathological effects like those can pose serious risks, as the mere
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counter-argument that mirror-life faces a disadvantage when acquiring nutrients is
insufficient as it could quickly adapt.® It is a misconception, however, that p-amino
acids do not occur naturally. In fact, they feature ubiquitously—in bacteria, in plants,
in mammals."® Some have been linked to pathological processes, like Alzheimer’s,
and they have been effective as biomarkers or to treat disease.’”*'*' Others have been
linked to regulatory and signalling functions or structural biology roles.'”'** Marine
microorganisms have recently been found to exhibit unique enantiomers and chiral
processes, with distinct metabolic strategies, which has remained relatively
underexplored so far.'*

Chirality as a challenge

Chirality also plays a role beyond biology, from spiral galaxies in astronomy,'” to
spintronics and optoelectronics."”® Having established the universality of chirality
and its interactions with light in particular, it follows naturally that mankind has also
embarked upon a quest to capitalize on chirality: nanosphere lithography for
asymmetric plasmonic metasurfaces, patterning with chiral nanoparticles, and
applications featuring chiral photonic structures and waveguides—to name a few—
are well underway.””*#-'**

To some, chirality may be a niche curiosity or an exciting opportunity for
technological innovation. In the field of agrochemicals and drug development,
however, chirality is of vital importance and a key challenge. Whereas biological
homochirality yields biochemical receptors with high degree of selectivity, regular
chemical synthesis suffers from a lower degree of stereochemical control. What this
means was painfully illustrated in the late 1950s: the chiral drug thalidomide was
prescribed as sleeping drug and cure for morning sickness. Unfortunately, it was
marketed as racemate, a one-to-one mixture of its two enantiomers, and it turned
out that both enantiomers had very different biological properties. The (R)-
enantiomer has the desired clinical effects, but the (S)-enantiomer proved
teratogenic and led to birth defects in children.”* Sadly, in the case of thalidomide
and as with many other drugs, both enantiomers racemize—i.e. interconvert—in the
body naturally, so that administering merely its (R)-enantiomer would be to no
avail—showing a fundamental impediment for drug development.”** Nonetheless,
the case of thalidomide marks the relevance of considering the chirality of bioactive
molecules. Ever since, the challenge of asymmetric synthesis has been on the
forefront of drug development as the majority of approved pharmaceuticals today is
chiral and almost all are supplied as a single enantiomer (Fig. 1.5).”*%"

Increasing access to pure enantiomers of existing chiral compounds would take away
major difficulties in the development of new pharmaceuticals and agrochemicals.
Moreover, an advent of straightforward paths to enantiopurity would allow for
repurposing existing drugs, so-called ‘chiral switches’: remarketing a single

10
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Figure 1.5. Chirality of FDA-approved drugs in the period 1991-2020, as summarized and binned by
Pinetre (2024) [138]. For statistics, diastereomeric mixtures have been classified as racemates.

enantiomer of drugs currently or previously on the market as racemates.”
Commercial arguments for using only one of the enantiomers can be increased
therapeutical effectiveness, better bioavailability, or reduced toxicity or side-
effects.”® Notably, some single enantiomers may even have totally new therapeutic
applications and then benefit from renewed market exclusivity under both European
and US legislation. The case of such ‘chiral switches’ not merely serves to stress the
challenge of chirality but especially the opportunities that loom at the end of an
effective path to enantiopurity.

Paths to enantiopurity

So how do we obtain enantiopure molecules? The physical and chemical properties
of enantiomers are identical and their difference is only revealed if they interact with
a chiral environment itself. Reactions therefore naturally produce racemic mixtures
and many conventional separation methods cannot discriminate between the
mirror-images of chiral molecules. In short, one can either start with a chiral
building block, use chiral reagents or catalysts, or perform separation of racemic
mixtures through complex chromatographical techniques, or through chiral
crystallization (Fig. 1.6a).

The most straightforward method to integrate a chiral centre in a molecule is to start
from the chiral pool. This chiral pool collectively entails all commercially or
potentially readily available chiral molecules already in the desired configuration.
With the advent of bio-based chemistry, the engineering of this pool is especially
attractive.” For instance, yeasts like Yarrowia lipolytica can be engineered to produce
a wide array of chiral acids and metabolites through fermentation of sunflower
oil."**"! Especially the bioproduction of a-hydroxy acids has been successful, and
many optically pure stereoisomers of such acids can be obtained from plants or large
scale microbial factories."**'*

11
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Figure 1.6. Paths to enantiopurity. (a) Summarized and classified into asymmetric transformations,
that yield a single enantiomer (~100% yield), and separations, that allow obtaining both enantiomer
from a racemic or enriched mixture (~50% yield). A visual explanation is further given of (b) the
asymmetric synthesis of enantiopure products from achiral reactants or racemic mixtures, (c) kinetic
and dynamic kinetic resolutions of racemates, (d) chiral chromatography, and (e) preferential
crystallization and crystallization-induced deracemization.
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If the starting reactants are achiral and the enantiomeric reaction product needs to
be of a specific stereochemistry, one truly enters the field of asymmetric synthesis.
In asymmetric synthesis, chirality is induced through a chiral catalyst or a chiral
auxiliary (Fig. 1.6b). Some of the most famous examples of asymmetric catalysis have
been provided by Nobel Prize winners Knowles, Noyori and Sharpless (2001), and List
and MacMillan (2021).

The first catalytic asymmetric syntheses featured transition metal complexes used
for hydrogenations bearing chiral ligands.**** First, the prochiral reactant
unpreferentially binds the catalyst. Then, as with hands in a handshake, one of the
two enantiomeric products has a more favourable diastereomeric transition state
and therefore is preferentially formed." Kagan has studied the effect of using
enantiomerically impure catalysts, discovering fascinating non-linear effects (e.g.
product ee exceeding catalyst ee)."*® Similar discoveries also feature in this thesis,
when the effects of chiral amplification through crystal growth with
enantiomerically impure seeds are detailed (esp. Chapter 4). Besides the work by
Knowles and Noyori, the Sharpless epoxidation is the other seminal instance of
asymmetric catalysis, an innovation immediately relevant for industrial scale
processes.’ In contrast with hydrogenation, Sharpless’ process allows for the
stereoselective addition of an oxygen to a double bond, forming a reactive epoxide.

The second major innovation in asymmetric synthesis was the use of organic
molecules at catalysts. It turns out that not just chiral transition metal catalyst
complexes are suitable to perform asymmetric synthesis, but chiral organic
molecules can also directly catalyse reactions stereoselectively."” List is famous for
his use of L- or D-proline, as an amino acid taken from the chiral pool, to
stereoselectively catalyse intermolecular aldol reactions.’ Shortly after, MacMillan
reported on amine-catalysed enantioselective Dies-Alder reactions.’® These two
reactions were later respectively classified as enamine and iminium organocatalysis.
The impacts of these work was heightened by their mechanistic discussions and the
more generic concept of substrate activation presented. Later work by MacMillan
merged the initial ideas from organocatalysis with photoredox catalysis, giving
access to novel intermediates sustainably.**®

Taking inspiration from nature, the use of biocatalysis for asymmetric synthesis has
also seen a steady rise. These enzymes are often isolated from engineered
thermophilic microbes and optimized for desired conversions and stability in
suitable industrial reaction conditions."’ After optimization and expression,
immobilization of the enzymes provides an effective heterogeneous chiral catalyst
with good industrial performance.” Artificial intelligence allows engineering and
adapting enzymes for metabolic engineering with increasing facility, significantly
shortening the development timeline.” Commonly cited pitfalls in asymmetric
biocatalysis are large-scale enzyme production, enzymatic stability, and the frequent
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need for cofactors—although work-arounds and solutions on the industrial scale
have been established.'

The field of asymmetric catalysis contains a special subset of reactions called
catalytic deracemizations.””® These reactions form a fall-back strategy: a racemic
mixture can be chemically deracemized post-synthesis. This type of catalytic
deracemization strategy is conceptually closely related to kinetic resolutions, which
will be discussed shortly. In catalytic deracemizations, there are two general
strategies: (i) only of the two enantiomers reacts and its stereochemistry is inverted,
or (ii) both enantiomers are turned into a prochiral intermediate that is subsequently
converted to single enantiomer of choice. Harnessing existing asymmetric
transformations, the exact place in the process where a chiral catalyst or auxiliary is
required differs. Recently, much attention has been paid to the use of light as means
of delivering the activation energy required for catalytic deracemizations."

An anticipated special trick to resolve enantiomers is called kinetic resolution (Fig.
1.6c). This concept is closely related to the first class of catalytic deracemizations: In
a kinetic resolution enantiomers react with different reaction rates, yielding
enantioenrichment in the less reactive enantiomer. One could argue that kinetic
resolution is a kind of separation based on asymmetric reaction rates, often those of
enzymatic catalysts. Kinetic resolution not seldomly requires a subsequent
separation step in which reacted enantiomers are separated from the unreacted
enantiomers.

More conceptually related to this thesis is the dynamic kinetic resolution (DKR). In
this variation, a second reaction is introduced that allows racemization of the
enantiomers (i.e. fast interconversion).””® The concept here is very much distinct
from that of a classic kinetic resolution: the product is now of interest, rather than
the enantiomer that lags kinetically behind. Indeed, in DKR, an enantiomeric excess
of the slowly reacting enantiomer builds up, which in turns means that this minor
enantiomer is first converted to the more reactive major enantiomer and
subsequently also to the product. Viewed in this way, a DKR perfectly combines
catalytic deracemization and asymmetric synthesis. Unsurprisingly therefore, DKR
has been successful in the enantiopure synthesis of many classes of compounds.*****’
The idea of coupling racemization in solution with other kinetic processes will
feature heavily in this thesis.

Having discussed methods reliant on asymmetric chemical reactions, which aim to
synthetically obtain only the desired enantiomer, we turn to the first major
technique to separate enantiomeric mixtures: chiral chromatography (Fig. 1.6d).
Chiral chromatography typically relies on chiral stationary phases that bind one the
two enantiomers more strongly. The two enantiomers consequently elute from the
column at different times as isolated fractions.”*® Many different chiral stationary

14



Introduction

phases exist and the method has seen wide application, especially at the laboratory
scale. The use of chiral mobile phases is also possible, creating a chiral column
environment whilst permitting the use of established achiral stationary phases."”
Besides a chiral mobile or stationary phase, one can also use derivatization: chiral
derivatizing reagents can yield diastereomers that may be separated conventionally.
Due to the high amount of solvent used and the high cost associated with
development and procurement of the stationary phase, chiral liquid
chromatography is not a very economical or green approach. A benefit of chiral
chromatography is that, besides chiral resolution, the chromatography step may
simultaneously also get rid of other impurities left over from synthesis. At
production scale, simulated moving bed chromatography has been a breakthrough
in scaling and productivity.'®

The second major class of techniques to separate enantiomers is chiral
crystallization (Fig. 1.6e). In principle, crystallization from solution can be used to
separate species that behave independently in their crystallization behaviour.'*!
Separation then ultimately occurs through filtration: one component is crystallized
as a solid, while the other remains dissolved in solution. For chiral molecules,
however, this oftentimes poses a problem: in 90-95% of cases racemic compounds
crystallize as racemic crystals, i.e. solids containing both enantiomers in a 1:1 ratio.
Therefore, crystallization is only effective in the special cases when the enantiomers
crystallize into separate enantiopure crystals (5-10%) or when they can be brought
to do so. In such cases, one enantiomer can for instance be isolated by seeded
crystallization and the mother liquor evaporated to recover a mixture enriched in
the other.'***® This approach is called ‘preferential crystallization’ or ‘resolution by
entrainment’.

Besides classical direct crystallization, preferential crystallization can also be
combined with solution-phase racemization. If so, one can (partially) deracemize
rather than just separate a racemic mixture.'* Similar to the case of dynamic kinetic
resolution, the enantiomer seeds grow at the expense of the other enantiomer, since
the crystallization driving forces are coupled through the racemization reaction.
Especially effective are cycles of crystal growth and dissolution under racemizing
conditions, allowing the full deracemization of slightly enriched (i.e. scalemic)
mixtures of enantiomers.* Such cycles can be implemented in many ways, such as
through grinding or temperature cycling.'*** These processes are at the core of this
thesis and chapter 3 will introduce chiral crystallization in detail.

As stated before, only few chiral compounds crystallize naturally in a fashion
permitting separation or deracemization through crystallization. Two major
approaches to further broaden the scope of using crystallization are: (i) the
formation of diastereomeric salts, and (ii) the use of co-crystallization. The first case
entails combining a chiral target (X; acid or base) with an enantiomerically pure

15




Chapter1

resolving agent (A; base or acid)."” The resulting two complexes (R-X:A and S-X:A),
stemming from the ionic counter-interactions, are diastereomeric and can thus be
separated based on different solubilities. In some variants, a racemic solution of the
chiral target is exposed to a library of resolving agents to screen for a combination
that has a sufficiently large difference in metastable zone (i.e. a kind of effective
kinetic solubility) and thus resolving power.'*®'*® This concept is at the core of an
approach called Dutch resolution, which will be explained in Chapter 3. When the
chiral target is not acidic or basic, either covalent derivatizations with chiral
auxiliaries or achiral basic or acidic moieties can be considered, though further
increasing process complexity. In the second case, the goal is to mimic conglomerate
behaviour through co-crystallization. There, one aims to find an achiral molecule
(i.e. A)—called the co-former—that, when combined with a racemic solution of the
chiral molecule of interest (i.e. XR and XS), induces the formation of analogous
conglomerate co-crystals (i.e. A-XR and A-XS)."”*"”* Both these approaches can again
be combined with racemization in solution to turn chiral resolution into
deracemization processes.”*”

As they have little particular relevance for this thesis, other separation methods,
such as enantiospecific liquid-liquid extraction and membrane separation, will not
be discussed in this introduction. Similarly, methods based on host-guest chemistry
and MOFs—notwithstanding their most recent Nobel Prize—are beyond the
Scope.176,177

Taking stock

The diversity in approaches to cope with chiral challenges in synthesis now compels
us to take stock: which of these paths towards enantiopurity are actually chosen in
industry when manufacturing enantiopure molecules? And what are the
bottlenecks? Having reviewed over 150 synthetic steps wherein chiral centres were
introduced in drug molecules brought to market over the last 15 years, a clear picture
emerges.”””"7*'* In approximately half of the cases, the chiral centres were imported
from the chiral pool. Another 30% involved chiral resolution, mainly crystallization
or chromatography. The final 20% comprised asymmetric syntheses, with an equal
propensity to using chiral catalysts or chiral auxiliaries. Interestingly, the survey did
not provide compelling evidence to conclude a clear shift to indicate that one or
more methods are particularly increasing or decreasing in popularity.

Although conceptually ideal, applying asymmetric synthesis at scale and in
commercial processes poses a number of concrete challenges.'®" Most stem from
transferring the problem of enantiopurity from starting material to catalyst or
auxiliary. Chiral ligands and catalysts are not widely available for each
transformation, while an industrial process may easily require many kilograms of
such catalysts or auxiliaries. Besides crude availability, intellectual property rights
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further limit the availability and economics of the most popular and scalable
catalysts and auxiliaries. Ignoring these two key concerns, the implementation of
formulaic asymmetric syntheses often requires detours in the synthetic route. Such
constraints impact the efficiency of the final process and, as a result, its economy.
This analysis explains why asymmetric syntheses form an attractive proposition on
paper, but may often be cumbersome to realize at scale.

Within the realm of chiral resolutions, the use of supercritical fluid chromatography
is surely on the rise. This can be explained through the limited occurrence of racemic
conglomerates (i.e. self-sorting enantiopure crystals), so that resolving agents for
diastereomeric salt formation are often required for resolution via crystallization.
Indeed, chromatography is more expensive in operation but nevertheless more
versatile and easier in development. The growing use of CO, as mobile phase limits
its footprint and solvent use.

Whether to choose an asymmetric process in synthesis or whether to perform a
resolution is ultimately determined by two factors: (i) overall cost-of-goods and (ii)
development risk." From a practical standpoint, a more elaborate route using the
chiral pool can be preferred over an efficient route involving asymmetric synthesis.
Indeed, the high rate of attrition in pharmaceutical development is an important
argument in favour of generic paths that are easy to implement (~90% of developed
drugs do not reach the market).'® Resolutions often imply discarding 50% or more of
the synthesized material and this issue becomes more costly each step the resolution
is delayed. However, the implementation of an effective racemization and recycling
step can tip the balance in the favour of classical resolutions. An example is the
synthesis of duloxetine,'® a dual inhibitor of serotonin and norepinephrine uptake
used to treat depressive and anxiety disorders. The route developed during R&D and
scaled to pilot scale introduces the chiral centre (i.e. the reduction from ketone to
secondary alcohol) using a Li(ent-Chirald®),AlH, complex with 90% yield and 85-90%
enantiomeric excess. However, similar efficiency at scale could be obtained using
crystallization (diastereomeric resolution combined with racemization), which was
chosen for the final industrial production of duloxetine.'*

The preceding analysis shows that, when feasible, crystallization-based processes for
chiral resolution or deracemization are clearly appealing to industry. Although the
poor statistics of conglomerate occurrence and a myriad of other practical problems
are often cited as barriers to widely opt for and implement crystallization processes
for chiral resolution and deracemization,"*®'**'*¢ the reality is that crystallization
process development and the design of the synthesis pathway of a molecule are two
very distinct disciplines that are often executed by different parts of an
organization.'” Due to said poor statistics, it often occurs that the final racemic
product of the synthesis is indeed not a conglomerate. One proposed remedy would
be to integrate crystal form considerations in the choice and design of a synthetic
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pathway—an approach we will also recommend in Chapter 8. Several intermediates
in pathways neglected for other reasons might indeed have been (racemizable)
conglomerates or suitable for Dutch resolution or co-crystal formation, enabling the
application of chiral crystallization to obtain a final enantiopure product.

Unfortunately, as a consequence of its poor statistics and isolated position in R&D,
chiral crystallization often has a niche reputation and is left to specialists, deterring
integration in the standard toolkit of organic chemists and the wider chemistry
curriculum. One goal of this thesis is to lower the threshold to apply chiral
crystallization, expand its scope, and advocate for its use. Within the reach of any
chemist, and not confined to the mystic methods of crystallization-experts, chiral
crystallization will prove to be a powerful and very economical approach that often
allows getting to grips with the challenge of chirality.

Outline of this thesis

This thesis expands our fundamental understanding of crystallization-induced
deracemizations (CIDs) and then proceeds to distil lessons that can guide the
practical development of deracemization processes. The last chapter puts these
findings in a broader context: it reflects on the commonly perceived thermodynamic
boundaries that limit the application of CIDs. Every chapter has been written as to
allow a self-contained reading thereof.

Having introduced the concept of chirality and the general topic of this thesis in
Chapter 1, we provide further theoretical background in the subsequent two
chapters. First, Chapter 2 provides theoretical foundations of crystallization. After
introducing basic thermodynamic concepts, the chapter focuses on dynamic
processes of crystal growth, dissolution, and nucleation, as well as related
phenomena such as polymorphism, defects, impurities, and inhibition. It concludes
with an introduction to reactive crystallization as a topic central to this thesis.
Chapter 3 then proceeds to translate these concepts to the context of chiral
crystallization. We start by considering chiral crystal forms and basic preferential
crystallization. Next, we discuss the idea of racemizing conditions in the liquid phase,
which opens a complex network and enables mass transfer between enantiomeric
solids through the liquid phase. Finally, we will examine deracemization through
cycles of preferential crystal growth and dissolution under such racemizing
conditions and provide a perspective on the main mechanistic questions.

Having provided the theoretical background, we will proceed to the experimental
core of this thesis. So far, studies of crystallization-induced deracemization tend to
only consider full cycles of crystal growth and dissolution. By now, it has been well
established that such cycles indeed allow for enantioenrichment of an initially
scalemic (i.e. enriched) solid phase. The contributions of the individual processes,
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however, has not been studied systematically. Although experimental work is
lacking, crystal growth by itself has commonly been assumed as a source of
enantiomeric erosion and discounted as a potential source of enantiomeric
amplification. Chapter 4 challenges this assumption. In this chapter, we study if, and
how, crystal growth under racemizing conditions by itself can lead to any form of
enantioenrichment. From preferential crystallization, one would perhaps expect—at
best—that any initial enantioenrichment is preserved during growth. We investigate
whether growth under racemizing conditions can drive enantioenrichment.
Counterintuitively, we demonstrate that growth can amplify chirality, an effect
arising from the interplay between racemization and growth rates. We also show how
the strength of this effect is modulated by the relative amount of crystallized
material. As in every chapter, we reflect on how these mechanistic insights can
inform process design.

After having demonstrated striking non-linear chiral amplification during crystal
growth in Chapter 4, we proceed to examine the effects of crystal size and number
on such asymmetric amplification phenomena in Chapter 5. Indeed, we hypothesize
that amplification phenomena hinge on subtle asymmetries in crystal populations
and resulting kinetic drivers. In this chapter, we scrutinize how imbalances in size
and mass between two enantiomeric crystal populations translate to asymmetric
growth rates which, in turn, determine the outcome of asymmetric crystallization.
We will show that a minority population of small crystals can collectively outgrow
and ultimately dominate a majority of larger crystals and the resulting imbalances
in growth rates can yield positive, linear or even negative, non-linear chiral
amplification. Finally, we will also exploit an understanding of crystal growth
mechanisms to modulate the effect of size-disparities on the outcome of asymmetric
crystallizations.

Besides crystal growth, dissolution is the other key component of cycles driving
crystallization-induced deracemization. In Chapter 6, we therefore systematically
investigate the relative induvial contributions of crystal growth and dissolution for
chiral amplification under racemizing conditions. We use a mass balance to expose
crystal dynamics and demonstrate that liquid-phase racemization during growth
enhances chiral amplification, while racemization during dissolution is
counterproductive as the major enantiomer molecules are effectively racemized. We
also reveal that there is a persistent dissymmetry between the growth and
dissolution of the enantiomer populations—regardless of racemization rate. Indeed,
over a full cycle, growth-driven amplification outweighs dissolution-induced
erosion. From these experiments, we conclude that it is the fundamental difference
between the mechanisms of crystal growth and dissolution that enables a ratchet
effect that drives chiral amplification. We reflect on the possible roots of this
mechanistic dissymmetry and harness these insights to present an optimal approach
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to deracemization that switches racemization selectively on and off during growth
and dissolution respectively. This chapter identifies the key practical challenges
ahead in the field.

Chapter 7 applies some of the fundamental lessons learned in this thesis and
describes a wholly new process for crystallization-induced deracemization:
Deracemization through Solvent Cycling. Solvent Cycling achieves cycles of crystal
growth and dissolution by removing solvent, inducing growth, and re-adding
solvent, inducing dissolution. Having established in earlier chapters that the
combination of slow growth and fast dissolution of crystals is ideal for rapid
deracemization, we repurpose a Soxhlet apparatus to realize the slow evaporation
and fast re-addition of solvent autonomously. Moreover, we show that Solvent
Cycling enables deep cycles and achieves deracemization of a clopidogrel precursor
in 3.5 hours—much faster than state-of-the-art methods. As the process mirrors the
natural rain cycle, it may also shed light on the origins of biohomochirality.

So far, this thesis has studied the deracemization of conglomerates—i.e. chiral
molecules that crystallize into separate enantiomerically pure crystals.
Unfortunately, only 5-10% of compounds naturally crystallizes as such a
conglomerate. These thermodynamic statistics are a major bottleneck in the
practical implementation of crystallization-induced deracemizations. In Chapter 8,
we open new previously unconsidered possibilities for isolating enantiopure
molecules by considering nonequilibrium conditions to address this thermodynamic
bottleneck. We systematically analyze the energy differences (AG®) between racemic
and enantiopure crystal phases for libraries of target molecules (phenylglycine,
praziquantel) with different chemical modifications. We show that these libraries
reveal wide but similar continuous distributions of AG®, wherein similar chemical
modifications group together. We realize that such a grouping would allow a directed
evolution strategy to quickly discover racemic crystals with a low AG®, for which the
desired enantiomer might be isolated through nonequilibrium crystallization.
Comparing our results with literature data, we also conjecture that as many as half
of all chiral molecules may kinetically form enantiopure crystals (~50%),
significantly improving our odds of applying chiral crystallization for practically
obtaining the single enantiomer of choice.
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Chapter2
Crystals and Crystal Dynamics.

We start by introducing the key player in this thesis and addressing crystals and their
dynamics. As opposed to the rather abstract concept of molecular chirality, crystals
and crystallization are not foreign to us. Indeed, table salt is formed when seawater
evaporates, quartz and other minerals abound in nature and furnish jewellery and
electronics, and honey slowly transitions from a delicious liquid to a grainy mess
through crystal nucleation, growth and the ripening of sugar crystals.

The word ‘crystal’ is derived from the Ancient Greek ‘kpvotaAAog’, often taken to
mean ‘ice’ specifically, but is perhaps much more iconic and descriptive of the hard
material with shiny appearance that characterizes many crystals. One of the first
mentions is found in Homer’s Odyssey, entrusted to the forefathers of paper in the
8" century B.C., where—nearing the end of the fourteenth book—the hero Odysseus
recounts.”

... aUTAp UmepOe x1wv yéver Riite mayvn,

Puxpr], Kol CAKEESTL TEPITPEPETO KPUOTAAAOG.

“... but then from above snow came like rime,

cold, and around our shields grew ice.” [Hom. 0d. 14.476-477]

The Solid State

Crystals are solids, but not all solids are crystals. A hallmark of the solid state is the
positional confinement of its constituent particles.! Contrary to gases or liquids,
wherein atoms, molecules or ions have the freedom to move around, the solid
imposes strict boundaries on their mobility and essentially fixes them in space. It is
an important result from statistical physics that particles have an intrinsic
disposition to kinetic motion, the degree of which scales with temperature.”* As a
consequence, increasing the supply of (thermal) energy will ultimately allow
particles to break free of their solid-state arrangement and transition to one of the
other states of matter. The reverse is also true: the solid state is classically of lower
energy and therefore energetically more stable (Fig. 2.1).

Although this work is not so much concerned with the internal make-up of crystals,
we should perhaps more generally point out that solids, when classed by their
intrinsic order, come in three main forms:

(1) crystalline structures,

(2) glasses and amorphous solids, and
(3) semi-solids, such as gels, waxes, butter, and many plastics.

* Unless stated otherwise, all translations are my own.
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Figure 2.1. Classical view of the states of matter: gas phase, liquid phase, and solid phase. The solid phase generally
has a lower energy and can be realized as a liquid kinetically frozen in place (amorphous solid) or as a highly ordered
phase ((poly)crystalline solid). A crystalline solid can feature defects, impurities, polymorphism, and grain
boundaries, examples of which are indicated by the black lines and grey-shaded circle.

The third category, that of semi-solids, is expertly introduced in textbooks on soft
condensed matter physics but unfortunately beyond the scope of this thesis.*” It is
sufficient to say that these semi-solids macroscopically perhaps behave like solids
under certain conditions, but microscopically would be best described as slow-
flowing liquids. Their extreme viscosity or viscoelasticity can be deceiving.

The second category is that of amorphous solids, which are solids that have typically
formed in much haste. Indeed, when a solidification process proceeds very rapidly,
the particles do not have sufficient time to find an optimal and structured
arrangement and prematurely ‘freeze in place’ (Fig. 2.1).°

Amorphous solids are isotropic: they have the same properties in all directions. In
contrast, crystals are inherently anisotropic. Jammed but without long-range order,
amorphous solids have properties both reminiscent of the solid and liquid states and
show long-range stress correlations.” Another unique property is the possibility for
plastic deformation through transitions between jammed and flowing behaviour, a
phenomenon currently under scrutiny and reminiscent of macroscopic granular
media.’

Glasses are a class of amorphous solids whose study is particularly rife with debate.”*

They form in nature under conditions where thermal shocks quickly cool down
molten materials, such as lava exiting a volcano forming Obsidian. There is much
evidence that, before the discovery of metals, these natural vitreous materials played
an important role to early humans, as decorative objects, mirrors, and weapons."

An instructive example of the counterintuitive but exciting properties of non-
equilibrium materials such as glasses is that of the Rupert’s drop (Fig. 2.2). Possibly
brought to light by Dutch engineer Cornelis Drebbel, but more probably already
known since Roman times, Rupert’s drops are little glass bubbles with liquid
inclusions prepared through thermal quenching by dripping molten glass into cold
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Figure 2.2. Isochromatic fringes indicating stress in a glass called Prince Rupert's drop, visually
apparent through an effect coined ‘photoelasticity’, reproduced from ref. [13].

water."”” Such thermal quenching greatly favours kinetics over thermodynamics and
leads to highly amorphous solid droplets. Such drops are incredibly strong glasses
because their surface is under high compressive stress. To break the drop, a crack
must penetrate the interior tension zone, but doing so requires overcoming the
immense compressive forces on the surface, making the drop extremely tough.” The
study and understanding of these Rupert’s drops has greatly contributed to the
production of toughened glass and development of appropriate quenching
methods."”

Amorphous materials are not only fascinating curiosities, but also gain increased
traction in industry."*"® Amorphous nanomaterials, for example, may outperform
their crystalline counterparts in catalysis and as electrode materials due to their
increased number of active side, owing to surface-to-volume effects and the larger
abundance of coordinatively dangling atoms on the surface."*'*"” Moreover, the
disordered atomic arrangement can afford a continuous charge transport pathway
and aid in ion diffusion.” In optical materials, disorder allows tuning the band-gap
and enhances electron transition probability, leading to stronger fluorescence,"®"
while defects and metastable electronic states can improve e.g. SERS sensitivity.
In the pharmaceutical industry, amorphous drug formulations are of interest for
they can enhance drug solubility by a factor of 10 to 1600.** Like many organic
molecules, pharmaceuticals often have poor aqueous solubility, rendering
amorphous formulations especially advantageous for bioavailability.”* One typical
method for the preparation of amorphous dispersions from otherwise crystalline
ingredients, is the use of polymer carriers: a mixture of the active pharmaceutical
ingredient (API) and a carrier (e.g. PVP(A), PEG or HP(M)C) is melted or dissolved and
then solidified through cooling or precipitation.”® Alternatively, quench-
crystallization can be directly performed on the API without a carrier present.
Particularly attractive are the use of freeze-drying, spray-drying and anti-solvent
crystallization, due to their fast precipitation kinetics and degree of process
control.”* Grinding (i.e. mechanical attrition) can also lead to amorphous solid-
phases and may even be combined with synthesis into a one-pot procedure,”?*
although stability can be an issue both during the grinding process, due to thermal
effects originating in collisions and friction,”*° as well as during storage, as ground
particles are prone to caking and ripening, decreasing shelf-life of the amorphous
formulation.*

15,20
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Figure 2.3. X-ray diffraction image of the double helix structure of the DNA molecule. The image was
made in 1952 by Raymond Gosling and Rosalind Franklin (ref. [33]). X-ray diffraction is often used to
elucidate the molecular structure of crystals.

Obviously, there is a wide and continuous range in ‘crystallinity’ and ‘ordering’
among the host of materials we daily come across, and the distinction between
disorder and order sometimes borders the philosophical. This transition, however, is
of great interest. Although both a blessing and a curse, the high number of degrees
of freedom in polymer chains, proteins, and other large macromolecules, combined
with their relatively weak intermolecular interactions, often prevent their natural
solidification as crystals. It is an active topic of research to develop methods to
nonetheless achieve this,*” the relevance of which is perhaps illustrated by the
elucidation of the DNA double-helix model through X-ray crystallography in the
1950s (Fig. 2.3) and the many other subsequent Nobel Prizes awarded for the glimpse
that crystallizing biomolecules can give us into the structure of biology.****

Having discussed semi-solids, glasses and amorphous solids, we return to crystals,
the first category of solid forms. In fact, they have already been defined by exclusion:
crystals are ordered solid structures with proper packing of its constituent particles
to populate a low energy state that is both thermodynamically and kinetically stable
(Fig. 2.1). Often crystals exhibit a sharp solid-liquid transition with well-defined
melting point. Morphologically, crystals are characterized by a particular shape with
distinct facets and edges.

The next sections will briefly explore the internal arrangements of crystals, the rules
governing their stability, and the dynamics of crystal growth and dissolution. Finally,
we will discuss the practical use of crystallization in industrial processes and
conclude with introducing reactive crystallization—a topic central to this thesis.

Crystal Stability and Crystallization Driving Force
Crystallization is the process by which ordered solids emerge from disordered phases
such as gasses, liquids (melts) or solutions. At its core, crystallization is governed by
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a subtle interplay between thermodynamic stability and kinetic accessibility. A
crystal is only thermodynamically favoured to form under suitable energetic
conditions, yet its emergence and subsequent growth are also governed by kinetics:
its constituent molecules or ions physically need to arrange themselves into the
crystal lattice. This process does not occur instantaneously, but unfolds through
distinct stages—most notably nucleation and growth—each governed by a
combination of driving forces and rate-determining barriers. We will briefly examine
the fundamental principles that dictate when and how crystals form and the
mechanisms by which they grow. The first question to consider is that of
thermodynamic stability: when are crystals energetically favourable to form or
remain?

In mechanics, we find a particle’s ideal path by minimizing its action (the integral of
kinetic minus potential energy).** Similarly, thermodynamics holds that its stable
state (i.e. equilibrium) is found by minimizing its free energy F, defined as

F=U-T-S (eq.2.1)

where U is the internal energy of a system, T is its temperature and S is its entropy.”’
This definition immediately exposes a balancing act between the internal energy of
a system and its entropy. This famously enigmatic concept of entropy is formally
defined by Boltzmann as

S=kzInQ (eq. 2.2)

where Q is the number of possible microscopic realizations of the systems, often
called configurations or microstates, and k; is Boltzmann’s constant. In short, we can
either make a system more stable by optimizing its internal energy, or by increasing
its configurational degrees of freedom. Which of the two dominates is defined by
temperature, establishing temperature as the critical parameter for defining phase
transitions.

Traditionally, crystallization has mainly been considered to result from the packing
of particles with attractive energetic potentials. Simulations halfway the 20
century, however, also showed freezing transitions for hard spheres that bear no
interaction beyond an exclusion principle (i.e. infinite repulsion at contact).”®** For
such hard-sphere systems, crystallization does not occur due to attractive forces but,
counterintuitively, due to entropy maximization."** While densely packed, the
ordered crystal arrangement actually provides particles more free volume to move
within their local environments. The crystal thus exhibits a higher number of
possible microstates (and thus higher entropy) than the disordered dense fluid.
Experimental studies on colloidal suspensions have confirmed that crystallization
indeed also has entropic drivers, rather than only those based on interaction
energies and it has been established that even repulsive particles can therefore pack
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and crystallize into highly ordered phases.**** Such entropic packing mechanisms
can even result in nematic chiral phases.*

Now, to now understand the general driving force for crystallization and assess
crystal stability through crystallization driving force, we need to consider a crystal
in its surroundings. Indeed, the question which is more stable, a crystallized or non-
crystallized state, can only be answered through comparing the free energies of these
different states. The difference between states is most conveniently given by the
Gibbs free energy difference (AG) and its corresponding chemical potential
difference (Ap):

AG = AH —TAS (eq. 2.3)

Ay = (6AG>
=N p (eq.2.4)

where H is enthalpy and N is number. In the Gibbs free energy difference, total
internal energy (U) is thus replaced by enthalpy (H) to add contributions of pressure
and volume (pV):

H=U+p-V (eq.2.5)

Because this thesis mainly considers crystal growth and dissolution in solution, we
consider a simple crystal in a solution of its building blocks (Fig. 2.4). First, let us take
stock of the main interactions: (i) interactions between building blocks, (ii)
interactions between solvent molecules, and (iii) interactions between building
blocks and solvent molecules.

() Interactions between building blocks mainly occur within the crystal.
Considering ideal solution thermodynamics, we normally assume no
interactions between building blocks in the solution.

(ii) Interactions between solvent molecules do not differ between a solvent
with or without a crystal present, so that these can be ignored when
considering the difference in free energy between a crystallized and
fully dissolved system.

(iii) Interactions between building blocks and solvent molecules occur in
terms of solvation (shell of solvent around a dissolved building block)
and on the interface of the crystal (outer layer of building blocks). The
latter group of interactions leads to the interfacial energy, an energy
penalty paid by the crystal for its total surface area. The former group
of non-ideal interactions is of key importance in determining the
equilibrium solubility for an infinite bulk crystal (with negligible
surface-to-volume ratio).
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Figure 2.4. Abuilding block (e.g. a crystallizing molecule, depicted as spheres) can experience different
interactions when crystallizing in a solvent (blue): with the solution (as dissolved building block,
purple), with other building blocks (inside of the bulk crystal, black), or both (as adatom on the crystal-
solvent interface, yellow).

The difference between a crystallized state and fully dissolved state is most easily
described from the liquid-phase perspective by the ideal solution model (i.e. akin to an
ideal gas) based on the entropy of mixing. This yields the liquid chemical potential (u,)

Y, = Ui +RTInc (eq.2.6)
with R the gas constant, ¢ the solute concentration (amount dissolved building
block), and p,* the base chemical potential of the liquid without any building blocks
dissolved.

At equilibrium Ap = 0: the crystal must have a chemical potential equal to that of the
liquid phase. Equilibrium occurs at a concentration at which there is no driving force
for any building blocks to detach or attach to the crystal. This is the concentration of
a saturated solution, and is more commonly known as the solubility (c*). The
chemical potential of the solid therefore is

Us = i + RT Inc* (eq.2.7)
and the thermodynamic driving force for crystallization (Ap) is
Ap=RTIn= (eq. 2.8)

wherein the fraction c/c* is known as the supersaturation o. Whenever ¢ > 1, crystal
growth is thermodynamically favourable. Whenever ¢ < 1, crystal dissolution is
thermodynamically favourable. The supersaturation o is thus the key driving force
for crystallization.

The contribution of interfacial energy, i.e. the building block-solvent interactions on
the crystal surface, has not yet been considered. If one accounts for an energy
penalty for each unit of interfacial surface area (A), through the interfacial energy or
surface tension (y), the chemical potential is given by

04
B = Pouik 557 (eq. 2.9)
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When one considers the crystal surface as locally curved like a sphere with radius r
and defines the spherical volume as Nv (i.e. a building block has volume v), we find

2
U= Upyik + Tv}’ (eq. 2.10)

This relation implies that the chemical potential of the crystal decreases with
increasing curvature (1/r), making the crystal phase less stable at smaller size.
Indeed, it turns out that crystal stability is dependent on its shape and size, a
phenomenon coined the Gibbs-Thomson effect. Smaller crystals are
thermodynamically less stable than larger crystals, and there is a thermodynamic
driving force to increase crystal size and minimize its surface-to-volume ratio. This
ultimately leads to Ostwald ripening, wherein larger crystals grow at the expense of
smaller crystals. In the end, enhanced by thermal fluctuations induced by opening
and closing the freezer, thermodynamics dictates that any smooth ice cream will
inevitably turn crunchy.

Phase Transitions and Nucleation

Having considered the main components that define crystal stability and the driving
force for crystallization, we can proceed to discuss the actual birth of a crystallite
from a clear supersaturated liquid.

So far, we have identified temperature and concentration (through supersaturation)
to be the key parameters in determining phase transition behaviour of matter
between crystalline and liquid (solution) phases. Let us thus establish the regions
that exist in the two-dimensional space of solute concentration and temperature
(Fig. 2.5). At equilibrium (Au = AG = 0), the concentration is that of the crystal
solubility (c = c*). When ¢ > ¢*, 6 > 1 and the system is supersaturated. There is a
driving force for crystallization. When no crystals exist, however, a nucleus must first
be formed. The supersaturated region can thus be further subdivided in a
supersaturated region that shows spontaneous nucleation, and a supersaturated
region that is metastable because the conditions for the formation of a nucleus (i.e.
the primary formation of a new thermodynamic phase) are not met and
crystallization is impeded. When c < ¢*, 6 < 1 and the system is undersaturated. This
implies a driving force for dissolution of any crystals that may be present.

First, let us consider how the solubility depends on temperature. The equilibrium
constant K for the phase transition between solute and crystal is given directly by
the solubility

K =[[{i}* =" (eq.2.11)
because the activity ({i}) of a solid is 1. Invoking the Van ‘t Hoff-equation, we can

relate the equilibrium solubility to the enthalpy (AH) and entropy (AS) of
crystallization as
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AG = —RTInK = AH — TAS (eq.2.12)
and construct the archetypical description of temperature dependent solubility as
. AS  AH
c* =exp (? — E) (eq. 2.13)

We note that this description is typically used when AH and AS are temperature-
independent and solution behaviour is ideal. When AH and AS are temperature-
dependent, however, engineers prefer to fit data to the empirical Apelblat-equation,
for which a theoretical underpinning was provided jointly by Apelblat and Cuevas-

Valenzuela:***

Inc*=A+B-T+C-InT (eq.2.14)

Second, let us consider the nucleation process for the formation of a primary
crystallite. Classically, the formation of a nucleus entails two important aspects: (i)
the stochastic collisions of solute molecules to form a collection of molecules and (ii)
the critical step in which the collection grows into a crystal and does not redissolve
(Fig. 2.6a). Kinetically, the probability of formation of such a viable nucleus thus is
the product of stochastic collisions and the probability of passing a critical energy
barrier. So what is the origin of this critical energy barrier?

Previously, we derived the size and shape dependence of crystal stability and noted
that a very small crystal is very unstable due to its high surface-to-volume ratio and

-
-
ly =

solubility
curve

c (solute concentration) —»

T (temperature) —

Figure 2.5. 2D phase diagram of solute concentration (c) and temperature (T) showing the
crystallization driving force at different levels of supersaturation (indicated by the grey arrow):
undersaturated solution (dissolution driving force), supersaturated solution in the metastable zone
(crystal growth driving force), heterogeneous nucleation zone (nucleation and growth onto foreign
surfaces), and homogeneous nucleation zone (spontaneous nucleation and growth). The solubility
curve defines the saturation point, at which there is no net driving force for dissolution or growth. In
the absence of seed crystals, no crystal growth will take place in the metastable zone. In the absence
of foreign surfaces, no nucleation and growth will take place in the heterogeneous nucleation zone.
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Figure 2.6. Nucleation: the birth of a crystallite. (a) During nucleation (classical perspective) a few
solute molecules find each other and pack together, slowly expanding the emerging crystallite by
incorporating more solute molecules. (b) Thermodynamic stability of an emerging crystallite is
determined by a trade-off in energy paid for solid-liquid interface and bulk energy gained by removing
molecules from solution and gaining enthalpy. A small crystallite is thermodynamically unstable and
kinetically tends to dissolve. From a critical size (r*), the energy barrier from nucleation is passed (AG*)
and the nucleus becomes more stable by expanding rather than dissolving, until a thermodynamically
stable crystal is achieved (i.e. when r = rg). (c) Heterogeneous nucleation requires a lower energy
penalty than homogeneous nucleation and thus occurs spontaneously at lower supersaturations,
since the energy penalty associated to solid-solid interface (yuer) is generally lower.

the subsequent energy penalty paid for its interfacial tension (Fig. 2.6b). We find a
resulting energy barrier for nucleation (AG*)

2
o tom (v .3
AG" = 3 (RT In a) Y (eg. 2.15)
which corresponds to a critical nucleus size (r*) of
« _ _2vy
" RTIno (eq 2.16)

From Arrhenius, we then straightforwardly define the nucleation rate J (through the
critical rate-limiting step) as:
AG”
J =kcexp (— F) (eq.2.17)
with k. as a parameter representing collision frequency.

This result stresses the stochastic nature of nucleation. While the partial metastable
nature of the supersaturated region in the phase diagram is now evident (recall Fig.
2.5), it remains unclear at exactly what supersaturation one would draw the line
between ‘metastable’ (i.e. no nucleation) and ‘unstable’ (i.e. primary nucleation
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occurs). Indeed, this question is almost philosophical in nature, because it is a matter
of timescales, nucleation conditions, and the manner of observation. From the
seemingly simple nucleation rate J, we can calculate the cumulative probability of
nucleation during a time-interval t in a volume V by using the Poisson distribution:*”

P(t) = 1—exp(=JVt) (eq. 2.18)
First, the nucleation rate increases with volume and the metastable zone width
(MSZW, shown in Fig. 2.5) accordingly decreases, but at large volumes a plateau is
reached.” When volume initially increases, both the number of nucleation events
(statistics) and the probability of formation of initial collections of building blocks
through collisions increase.*” When volumes become sufficiently large, however, the
stochastic nature of crossing the energy barrier for nucleation disappears according
to the central limit theory and there is no longer a limiting factor in the collision
events for the formation of initial collections through random collisions. At very low
volumes, a very different nucleation behaviour is observed than at medium or large
volumes, and translating nucleation rates across experimental conditions is non-
trivial. In fact, in some microfluidic droplets with nanolitre volume, metastable
zones grow enormous, as both the probability of stochastically collecting sufficient
solute molecules to reach the critical size and the number of viable nucleation sites
become severely limited.** Similar arguments regarding concentration
fluctuations and homogenization also affect observed nucleation rates across
experimental set-ups and systems. In properly homogenized systems crystal growth
is no longer diffusion limited, so that a nucleus can grow more easily, thereby
increasing its stability and shortening its time to detection. The definition of the
metastable zone thus depends on reactor geometry, volume, and homogenization.

Second, the above analysis shows that the metastable zone is defined by the
observation method and time (or rather: patience). If one only observes for several
minutes, one will determine a very different supersaturation at which nuclei are
spontaneously formed, compared to stirring a reactor for multiple days. Also,
whether nuclei are detected by eye or through laser diffraction or Raman will change
the sizes at which nuclei will first be detected. Again, the methodology here affects
the determination of the metastable zone.” In practice, it is important to establish
at least that the metastable zone is truly metastable over the course of an
experiment—if indeed only growth but no nucleation is desired. The metastable zone
should thus be determined as much as possible under the conditions of the actual
crystal growth experiment.

Besides primary homogeneous nucleation, where the nucleus randomly appears
somewhere in a solution, heterogeneous nucleation is also an important source of
nuclei. In that case, an existing surface acts as the seed for nucleation (Fig. 2.6c). This
existing surface can be unrelated to the crystallizing species (e.g. the reactor wall,
dust, or impellor), but can also be another crystal (e.g. a crystal form of the same
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molecule or a crystal of a similar molecule, impurity or salt). The nucleation barrier
for heterogeneous nucleation is often much lower, because the presence of an
existing foreign surface reduces the energetic penalty associated with forming a new
interface between the nucleus and the surrounding phase: the crystal-solvent
interface is partly replaced by a crystal-substrate interface, which typically has a
lower interfacial free energy. As a result, the critical nucleus size decreases and
nucleation occurs more readily, often at lower supersaturations compared to
homogeneous nucleation. The extent of this reduction in interfacial tension typically
depends on the degree of lattice match and chemical affinity between the substrate
and the nucleating phase. Specific foreign surfaces can, akin to heterogeneous
catalysts, also act as pre-absorption substrates, facilitating the bringing together of
a collection of molecules to form an initial nucleus. In fact, closely matching surfaces
can even template the crystallization process, strongly favouring the formation of
specific crystal orientations or polymorphs.*

Because the total surface area of foreign surfaces available for heterogeneous
nucleation in a crystallizer is limited compared to the voluminous space available for
homogeneous nucleation, homogeneous nucleation would be the dominating
nucleation mode at higher supersaturations, while heterogeneous nucleation would
be more prevalent at lower supersaturation. In theory, at least two metastable zones
can therefore be discriminated: a homogeneous and heterogeneous metastable zone.
In practice, though, mainly the homogeneous metastable zone is reported as a
system’s metastable zone.

Next to the classical nucleation primary mechanism described above (coined CNT),
more and more non-classical modes of nucleation are being established.***” With
increasing supersaturation, the energetic barrier for nucleus formation starts to
lower and initial pre-nuclei can form and do occur in high amounts. Through
collisions with other such pre-nuclei, these can coalesce and form full stable nuclei
that continue to grow into mature crystals.’® Although the assembly of
thermodynamically stable prenucleation clusters is perhaps nonclassical, its
underlying theory and the principles for their formation and coalescence are well-
established.®™®' Increasing supersaturation even further, nucleation can occur
through spinodal decomposition as the energy barrier for nucleation is comparable
with the thermal energy (ksT).*>* Intuitively related is a mechanism reported for the
crystallization of certain enzymes (e.g. lysozyme and deoxy-hemoglobin S) based on
a two-step process: an initial fluctuation of the solute concentration produces a
dense, metastable liquid droplet, within which a subsequent structural ordering
event gives rise to the crystalline nucleus.***

Besides these various primary nucleation mechanisms, new nuclei readily appear in
systems that already contain mature crystals. In an approach advocated by Estrin
and Youngquist, a mature crystal was impaled on a rotating rod.*® Many new nuclei
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are formed under such conditions, through a phenomenon labelled secondary
nucleation: new nuclei can be formed by breeding at existing crystals or through
attrition and shear.”*® Indeed, fines on the surface of seed crystals can be dislodged
and act as nuclei, small parts of crystals can shear off or crystals can be broken into
multiple segments. Evidently, such effects are especially prevalent for fragile crystal
morphologies, like needles or thin plates. Importantly, these various mechanisms of
secondary nucleation can all lead to very different types of nuclei and result in wide
dispersity in shape, polymorph and sizes through anomalous growth modes.”
Secondary nucleation is often considered a very efficient way to speed up
crystallization, as it is inherently autocatalytic.”

Crystal-Size Dependence of Solubility
Prompted by the consequences of size-dependence of crystal stability during our
discussion on nucleation, we should also revisit the concept of equilibrium solubility.
Because the stability of small crystals is lower, their equilibrium solubility will be
higher. In fact, this other consequence of the Gibbs-Thomson effect can be captured
to correct equilibrium solubility for bulk crystals (c*.) as follows

c* = ¢l exp (% . 2) (eq.2.19)

r

with r as the crystallite size (conformal spherical radius). In slurries that are
subjected to attrition, which causes breaking down larger crystals into smaller ones,
one therefore routinely observes higher apparent ‘equilibrium’ solubilities.””*

Kinetics and Modes of Crystal Growth

Having established the critical parameters that drive crystal growth and dissolution
(temperature, supersaturation, and crystal size and shape), we can now investigate
these processes more closely and dive into their mechanisms. The rate and pathway
of crystal growth and dissolution—both are highly dynamic processes that proceed
through various microscopic steps—depend on driving force as well as kinetic
barriers. It is important to point out that crystal growth and dissolution virtually
always and continuously occur on a molecular level; it is the net balance of these two
counteracting processes that ultimately defines whether the crystals are ‘growing’
or ‘dissolving’ macroscopically.”

In 1927, Kossel and Stranski separately developed a basic crystal growth model, in
which a cubic growth unit attaches to the surface of an existing crystal (Fig. 2.7a).”*"
In this so-called terrace-step-kink model, the key consideration is the number of
interactions of the growth unit to neighbouring units on the Kossel-crystal surface.
The model identifies kink sites, where the adatom has two neighbouring units, and
holds that these kink sites are the most favourable to incorporate a new growing unit
onto the crystal surface. The reasoning is simple: kink sites provide the strongest net

45




Chapter 2

(a) x Step \
terrace
adatom 4
kink site
Terrace YT Edge Kink
(b) surface surface @-’YE surface ﬂ
energy ﬁ energy energy YK

2b) Diffusion to kink <

1) Terrace
a, adsorption
h

3) Kink incorporation
(rate-limiting)

2a) Diffusion
to kink

2a) Diffusion
to step

2a) Step adsorption <

Figure 2.7. Terrace-step-kink model for crystal growth. (a) The layering of crystals gives rise to terraces and
steps. A building block on the surface of a crystal is called an adatom. Building blocks may have up to four
lateral neighbours. In a kink site the building block has two lateral neighbours, making it the determining
growth site of a crystal where an adatom is incorporated. (b) Depiction of the sequential events in layer-by-
layer growth through the incorporation of adatoms at kink sites, reproduced from ref. [77].

bonding energy. Given incorporation at kink sites as preferred mode of growth, one
can imagine the emergence of so-called steps and terraces: crystal layers develop
laterally as growth units attach preferentially to kink positions, gradually filling in
each layer before starting the next (Fig. 2.7b). This sequential process creates flat
terraces separated by molecular steps. As one layer completes, a new step is created
through nucleation on the crystal surface. In practice, as pointed out by Frenkel, the
inherent roughness of crystals is a potent source of kink sites and facilitates the
emergence of new steps.”

This idea of emerging steps and terraces was the starting point for Burton, Cabrera
and Frank to formulate their BCF-model for crystal growth through step flow in
1951.7 Unsatisfied by the lack of a quantitative description of step-growth dynamics
and puzzled by the exact origin of new steps, the trio set out to improve the
qualitative model by Kossel and Stranski. The key insight that underpins the BCF-
model, is the quantitative description of step dynamics through considering adatoms
on surfaces as mobile. The displacement and mobility of adatoms was conveniently
described through diffusion kinetics and equations for the flow of adatoms towards
steps could be derived. These diffusion equations were coupled to the exchange
between the surface layer (adsorbed state) and the surrounding (gas vapour). The

46



