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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 o!ers 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.1–3 Chirality is central to discussions on the origin of life 
and of critical importance to the e!ectiveness and safety of pharmaceuticals. Indeed, 
over the past decades, advances in chirality control have claimed numerous Nobel 
prizes.4–11 Yet wider in scope, crystallization and crystal growth are key to separation 
and puri"cation processes, geology and geochemistry, semiconductor 
manufacturing, chips and electronics, batteries and solar cells, next-generation 
materials.12–19 

Perhaps not so notorious is the long history that the "elds 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.20 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 "eld, 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’.21 Addressing the geometry of 
molecular arrangements within crystals, he states that any "gure of which the 
mirror image cannot be brought to coincide with itself, must be called ‘chiral’. 
Recalling the Greek word for hand (χείρ), 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 19th 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 
&at 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.22 Indeed, Pasteur not only achieved the "rst documented 
chiral resolution, but also linked macroscopic chirality to individual molecular 
chirality.23  

So how exactly do such individual molecules determine chirality? It was not until 
1874 that this pressing question was "rst answered by Van ‘t Ho! and Le Bel.24 
Building on seminal work by Kekulé, the duo founded the "eld 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 (sp3-hybridized) bearing four di!erent 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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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.25 Stereochemistry not only pertains to chirality, but encompasses the 
broader realm of isomerism: the di!erent ways in which the same atoms can be 
organized into di!erent molecules. We discriminate between constitutional isomers 
(di!ering in nature and sequence of bonding) and stereoisomers (di!ering in three-
dimensional arrangement). Molecules can switch between many possible 
con"gurations through free rotation around each single bond. In contrast, the 
rotations of some atoms can be con"ned, leading to con"gurational 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 di!erent 
substituents, are also limited in their possible structural interconversions, breaking 
symmetry. These con"gurational 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 D-(+)-glyceraldehyde according 
to Emiel Fischer (D and L), or by the weight of substituents (R and S). The latter 
system, initially proposed by Cahn, Ingold, and Prelog,26 has now emerged as the 
standard for simple molecular chirality at a single chiral centre and is also the 
standard in this thesis. 

 
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. 

(a) (b)

 
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. 

 

!"# !$#
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Besides point chirality, as featured in tetrahedral carbons with four unique 
substituents, molecules can also exhibit axial and helical chirality.27 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 di!erent substituents on 
either sides of a single bond that are too bulky to allow rotation, locking three-
dimensional con"gurations in place. The stereoisomers resulting from such 
hindered rotation are called atropisomers (biphenyls, binaphthyls, etc.). In some 
cases, the con"guration 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.28  Molecular 
machines, featured in the Nobel Prize in Chemistry in 2016, build on these kinds of 
chirality.29 

Beyond the realm of small molecules, one can also "nd chirality in polymers and 
metal complexes. Chiral supramolecular polymers can be formed from both achiral 
and chiral building blocks.30 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.31 The so-
called majority rule also allows achiral building blocks to assemble into helical 
polymers, often due to cooperative e!ects and the presence of some initial symmetry 
breaking in the environment (sergeant and soldiers model).32 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).33,34 

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 signi"cant applications in biosensing, asymmetric 
(photo)catalysis, and optoelectronics.35,36 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.37 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.38 
Chiral nanostructures are not only formed from inorganic and metallic cores, but can 
also be obtained from assembling organic building blocks, exempli"ed by the 
assembly of helical cysteine chains into nanoribbons and bowties (the chains are 
assembled through coordination with Cd2+ ions).39 A "nal 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.40 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 "eld is primed to produce 
exciting innovations. 

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

!! = 	 [%] − [(][%] + [(] 

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.41–44 Recently, with AI-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.45 

Chirality and life 
Chirality is part and parcel to life.46,47 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 di!erent substituents; Fig. 1.3b).  

 
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.  

(a) (b)
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H OH
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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 α-helices and chiral folded superstructures. In turn, the 
carbohydrates that life’s enzymes construct and consume appear mainly as D-
enantiomers. Ever since the discovery of biological homochirality, both its origin and 
purpose have been the subject of much research.48–50   

Although a full discussion of the particular properties chirality can give to a system 
is beyond the scope of this introduction,  calculations on chiral &uids show that 
chirality, already in its most simple form, can furnish an abundance of nontrivial 
behaviours.51 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).52 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 "elds.53,54 Naaman argues that electron spin plays a critical role in 
chemical reactions and chemical bonding and that the CISS-e!ect can control 
interactions and reaction pathways. Speci"cally, he conjectures that “electron spin 
can act as a chiral bias to enantiospeci"cally facilitate chemical reactions” in 
enzymes and strengthen the allosteric interactions between peptides and substrates, 
and may also “increase the speci"city 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 bene"ts to biochemical processes 
to justify the enormous amount of energy organisms spend in preserving it.55,56 
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.57,58 

Chiral amplification 
Besides the yet enigmatic function of chirality, much focus has been on its genesis: 
the initial breaking of symmetry and the subsequent ampli"cation of an initial 
enantioenrichment.59  

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 "eld, chiral mineral 
surfaces, and bare stochasticity—to name a few.60–66 Recent studies of asteroids, 
however, have sought to question the delivery of an initial enantioenrichment from 
beyond earth.67 Reasonings based on parity violation also seem increasingly 
unlikely.68 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 su(ciently large system thus inherently strives to break 
symmetry in whichever way possible.69 

Once symmetry is broken, the asymmetry needs to be ampli"ed to reach 
homochirality. In the 1950s, Frank postulated that chiral ampli"cation can occur 
when (i) enantiomers can self-replicate and (ii) enantiomers inhibit the replication 
of their counterpart, e.g. through inactivation of racemic dimers.70 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.71 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 "rst-
order autocatalysis together with mutual cross-catalysis is also feasible.72 A number 
of realizations have been proposed to achieve such ampli"cation of chirality: chiral 
poisoning, surface packing, nonlinear e!ects in asymmetric catalysis, chiral 
recognition in self-replicators—all are among viable routes.73–75 Recently, building on 
nonlinear e!ects 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.76,77  

In this thesis, however, the mechanism explored for chiral ampli"cation is 
asymmetric crystallization. Seminal and famous demonstrations of spontaneous 
chiral ampli"cation through crystallization were given by Havinga, Kondepudi, 
McBride and Viedma (Fig. 1.4b).78–81 Sodium chlorate, an achiral salt, crystallizes into 

 
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 ampli"ed. Viedma observed that—
after some time—also a racemic mixture of crystals self-converts into a single 
handedness. The mechanism of this ampli"cation 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 e!ects reminiscent of the mutual inhibition 
described by Frank have been reported.82–84 

This concept of chiral ampli"cation can also be translated from self-sorting crystals 
to supramolecular systems.85–87   

In Eindhoven, Meijer and Palmans studied enantiomeric building blocks that can 
assemble into chiral supramolecular polymers.32,88 They recognized the potential for 
cooperative e!ects in self-assembly and the subsequent ampli"cation 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.89,90 
Such inductive e!ects are rooted in cooperativity, where noncovalent interactions 
such as hydrogen bonding or π–π stacking behave in a non-additive manner:  
neighbouring interactions strongly a!ect new bonding, providing a selection 
mechanism and possibly enabling the long-range ampli"cation of chirality down a 
chain.91 To demonstrate the supramolecular e!ects of cooperativity, they created a 
common solute resource pool through a racemization reaction that continuously 
&ips the chirality of the enantiomeric building blocks.92 They found that signi"cant 
enantiomeric excess emerges under enantiomeric interconversion of the building 
blocks, with the e!ectiveness of chiral ampli"cation determined by the energy 
penalty associated to the mismatch of incorporating a building block of the opposite 
handedness and mediation by a chiral sergeant.92 

In Groningen, Otto introduced self-replicating stacking macrocycles that 
spontaneously arise from achiral aromatic molecules through dynamic disul"de 
bonds.93 Similar to  β-sheet formation, this provides the basis for populations of 
stacks of di!erent structure or chirality. Although multiple con"rmations initially 
arise, continuous cycles of breakage and re-assembly cause the product distribution 
shifts towards the most stable con"rmation—a phenomenon reminiscent of cycles of 
asymmetric crystallization.94 Ultimately, chiral amino-acid precursors can lead to 
enantioselective self-replication through the preferred incorporation of one 
handedness into the stack.95 Crucially, the growth of "bres from racemic building 
blocks was reported to be much slower, providing the potential mechanism for 
relative mutual inhibition theoretically required for ampli"cation. Otto’s self-
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replicators were later adapted to catalyse retro-aldol reactions,96 illustrating the 
starting point for a cascade of metabolic chiral induction.97,98 

These examples of chiral ampli"cation through an interplay of thermodynamic and 
kinetic processes inspire many possible pathways for chiral induction to establish 
full homochirality.82 A key denominator is that chiral structures are known to 
preferentially bond and adsorb other chiral molecules in a stereoselective manner.99–
102 This can, in turn, also induce asymmetric catalysis by a chemically active structure 
or surface.49,103 Inspired by these concepts, Ozturk and co-workers have proposed a 
"ve-step cascade to achieve biological homochirality from a singularly enriched 
molecule: (i) an initial chiral ampli"cation mechanism yields the chiral RNA-
precursor ribose-aminooxazoline predominantly as D-enantiomer; (ii) D-
ribonucleotides are therefrom formed; (iii) the D-ribonucleotides polymerize as D-
tRNA; (iv) D-tRNA asymmetrically catalyses the synthesis of L-peptides; (v) L-peptides 
become L-enzymes that stereoselectively recycle and replicate amino acids; (vi) and 
a true homochiral metabolism is born.104 Hein and Blackmond have made similar 
arguments to transfer chirality from amino acids to carbohydrates via 
transamination and asymmetric formose reactions.105 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 e(cient and versatile building blocks—
analogous to the universal adoption of right-handed screws in engineering.106 A 
similar principle curtailing diversity was also recently demonstrated for the 
previously mentioned macrocyclic self-replicators.107 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.108 
Advances in the "eld of synthesis and biology have already allowed incorporating D-
amino acids into peptides or even making entirely mirror-image proteins.109,110 
Inverted biological structures can feature as surprisingly potent ligands for naturally 
occurring peptides, while enjoying high biological stability.111,112 Such properties can 
provide valuable biochemical mechanisms that can serve as unprecedented 
therapeutic tools.113,114 A number of important antibiotics incorporate D-amino acids 
and may be an e!ective tool in combatting increasing antimicrobial resistance.115 

Several scientists have cautioned against these developments and have even warned 
for mirror-life risking human extinction:116,117 mirror bacteria could broadly evade 
many immune defences of humans, animals, plants, and other organisms. Invasive 
ecological and pathological e!ects 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 
insu(cient as it could quickly adapt.118 It is a misconception, however, that D-amino 
acids do not occur naturally. In fact, they feature ubiquitously—in bacteria, in plants, 
in mammals.119 Some have been linked to pathological processes, like Alzheimer’s, 
and they have been e!ective as biomarkers or to treat disease.120,121 Others have been 
linked to regulatory and signalling functions or structural biology roles.122,123 Marine 
microorganisms have recently been found to exhibit unique enantiomers and chiral 
processes, with distinct metabolic strategies, which has remained relatively 
underexplored so far.124  

Chirality as a challenge 
Chirality also plays a role beyond biology, from spiral galaxies in astronomy,125 to 
spintronics and optoelectronics.126 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.37,127–133 

To some, chirality may be a niche curiosity or an exciting opportunity for 
technological innovation. In the "eld 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 su!ers 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 di!erent biological properties. The (R)-
enantiomer has the desired clinical e!ects, but the (S)-enantiomer proved 
teratogenic and led to birth defects in children.134 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.135 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).136,137 

Increasing access to pure enantiomers of existing chiral compounds would take away 
major di(culties 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 
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enantiomer of drugs currently or previously on the market as racemates.44 
Commercial arguments for using only one of the enantiomers can be increased 
therapeutical e!ectiveness, better bioavailability, or reduced toxicity or side-
e!ects.136 Notably, some single enantiomers may even have totally new therapeutic 
applications and then bene"t 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 
e!ective path to enantiopurity. 

Paths to enantiopurity 
So how do we obtain enantiopure molecules? The physical and chemical properties 
of enantiomers are identical and their di!erence 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 con"guration. 
With the advent of bio-based chemistry, the engineering of this pool is especially 
attractive.139 For instance, yeasts like Yarrowia lipolytica can be engineered to produce 
a wide array of chiral acids and metabolites through fermentation of sun&ower 
oil.140,141 Especially the bioproduction of α-hydroxy acids has been successful, and 
many optically pure stereoisomers of such acids can be obtained from plants or large 
scale microbial factories.142,143 

 
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. 
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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 speci"c stereochemistry, one truly enters the "eld 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 "rst catalytic asymmetric syntheses featured transition metal complexes used 
for hydrogenations bearing chiral ligands.4,144 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.145 Kagan has studied the e!ect of using 
enantiomerically impure catalysts, discovering fascinating non-linear e!ects (e.g. 
product ee exceeding catalyst ee).146 Similar discoveries also feature in this thesis, 
when the e!ects of chiral ampli"cation 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.6 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.147 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.9 Shortly after, MacMillan 
reported on amine-catalysed enantioselective Dies-Alder reactions.10 These two 
reactions were later respectively classi"ed 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.148 

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.149 After optimization and expression, 
immobilization of the enzymes provides an e!ective heterogeneous chiral catalyst 
with good industrial performance.150 Arti"cial intelligence allows engineering and 
adapting enzymes for metabolic engineering with increasing facility, signi"cantly 
shortening the development timeline.151 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.152 

The "eld of asymmetric catalysis contains a special subset of reactions called 
catalytic deracemizations.153 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 di!ers. Recently, much attention has been paid to the use of light as means 
of delivering the activation energy required for catalytic deracemizations.154 

An anticipated special trick to resolve enantiomers is called kinetic resolution (Fig. 
1.6c). This concept is closely related to the "rst class of catalytic deracemizations: In 
a kinetic resolution enantiomers react with di!erent 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).155 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 "rst 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.156,157 
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 "rst 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 di!erent times as isolated fractions.158 Many di!erent chiral stationary 
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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.159 
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 bene"t 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.160 

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.161 
Separation then ultimately occurs through "ltration: 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 e!ective 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.162,163 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.164 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 e!ective are cycles of crystal growth and dissolution under racemizing 
conditions, allowing the full deracemization of slightly enriched (i.e. scalemic) 
mixtures of enantiomers.81 Such cycles can be implemented in many ways, such as 
through grinding or temperature cycling.165,166 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 "rst case 
entails combining a chiral target (X; acid or base) with an enantiomerically pure 
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resolving agent (A; base or acid).167 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 di!erent 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 su(ciently large di!erence in metastable zone (i.e. a kind of e!ective 
kinetic solubility) and thus resolving power.168,169 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 "nd 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).170,171 Both these approaches can again 
be combined with racemization in solution to turn chiral resolution into 
deracemization processes.172–175 

As they have little particular relevance for this thesis, other separation methods, 
such as enantiospeci"c 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.137,178–180 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 "nal 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.181 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 e(ciency of the "nal 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 &uid 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 CO2 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.182 From a practical standpoint, a more elaborate route using the 
chiral pool can be preferred over an e(cient 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).183 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 e!ective racemization and recycling 
step can tip the balance in the favour of classical resolutions. An example is the 
synthesis of duloxetine,184 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®)2AlH2 complex with 90% yield and 85-90% 
enantiomeric excess. However, similar e(ciency at scale could be obtained using 
crystallization (diastereomeric resolution combined with racemization), which was 
chosen for the "nal industrial production of duloxetine.184 

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,158,185,186 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 di!erent parts of an 
organization.187 Due to said poor statistics, it often occurs that the "nal 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 "nal 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 con"ned 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 
"ndings in a broader context: it re&ects 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 
ampli"cation. 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 e!ect 
arising from the interplay between racemization and growth rates. We also show how 
the strength of this e!ect is modulated by the relative amount of crystallized 
material. As in every chapter, we re&ect on how these mechanistic insights can 
inform process design. 

After having demonstrated striking non-linear chiral ampli"cation during crystal 
growth in Chapter 4, we proceed to examine the e!ects of crystal size and number 
on such asymmetric ampli"cation phenomena in Chapter 5. Indeed, we hypothesize 
that ampli"cation 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 
ampli"cation. Finally, we will also exploit an understanding of crystal growth 
mechanisms to modulate the e!ect 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 ampli"cation under racemizing conditions. We use a mass balance to expose 
crystal dynamics and demonstrate that liquid-phase racemization during growth 
enhances chiral ampli"cation, while racemization during dissolution is 
counterproductive as the major enantiomer molecules are e!ectively 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 ampli"cation outweighs dissolution-induced 
erosion. From these experiments, we conclude that it is the fundamental di!erence 
between the mechanisms of crystal growth and dissolution that enables a ratchet 
e!ect that drives chiral ampli"cation. We re&ect 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 o! during growth 
and dissolution respectively. This chapter identi"es the key practical challenges 
ahead in the "eld. 

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 di!erences (ΔGΦ) between racemic 
and enantiopure crystal phases for libraries of target molecules (phenylglycine, 
praziquantel) with di!erent chemical modi"cations. We show that these libraries 
reveal wide but similar continuous distributions of ΔGΦ, wherein similar chemical 
modi"cations group together. We realize that such a grouping would allow a directed 
evolution strategy to quickly discover racemic crystals with a low ΔGΦ, 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%), 
signi"cantly improving our odds of applying chiral crystallization for practically 
obtaining the single enantiomer of choice. 
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Chapter 2 
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 ‘κρύσταλλος’, often taken to 
mean ‘ice’ speci*cally, but is perhaps much more iconic and descriptive of the hard 
material with shiny appearance that characterizes many crystals. One of the *rst 
mentions is found in Homer’s Odyssey, entrusted to the forefathers of paper in the 
8th century B.C., where—nearing the end of the fourteenth book—the hero Odysseus 
recounts.* 

… αὐτὰρ ὕπερθε χιὼν γένετ᾽ ἠΰτε πάχνη, 
ψυχρή, καὶ σακέεσσι περιτρέφετο κρύσταλλος. 
“… but then from above snow came like rime, 
cold, and around our shields grew ice.”  [Hom. Od. 14.476-477] 

The Solid State 
Crystals are solids, but not all solids are crystals. A hallmark of the solid state is the 
positional con*nement of its constituent particles.1 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 *xes 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.2,3 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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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.4,5 It is 
suAcient to say that these semi-solids macroscopically perhaps behave like solids 
under certain conditions, but microscopically would be best described as slow-
Bowing 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 solidi*cation process proceeds very rapidly, 
the particles do not have suAcient time to *nd an optimal and structured 
arrangement and prematurely ‘freeze in place’ (Fig. 2.1).6  

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.7 Another unique property is the possibility for 
plastic deformation through transitions between jammed and Bowing behaviour, a 
phenomenon currently under scrutiny and reminiscent of macroscopic granular 
media.8 

Glasses are a class of amorphous solids whose study is particularly rife with debate.9,10 
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.11 

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 

 
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. 

high energy low energy
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2 water.12 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.13 The 
study and understanding of these Rupert’s drops has greatly contributed to the 
production of toughened glass and development of appropriate quenching 
methods.12 

Amorphous materials are not only fascinating curiosities, but also gain increased 
traction in industry.14–16  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 eCects and the larger 
abundance of coordinatively dangling atoms on the surface.14,16,17 Moreover, the 
disordered atomic arrangement can aCord a continuous charge transport pathway 
and aid in ion diCusion.15 In optical materials, disorder allows tuning the band-gap 
and enhances electron transition probability, leading to stronger Buorescence,18,19 
while defects and metastable electronic states can improve e.g. SERS sensitivity.15,20 
In the pharmaceutical industry, amorphous drug formulations are of interest for 
they can enhance drug solubility by a factor of 10 to 1600.21 Like many organic 
molecules, pharmaceuticals often have poor aqueous solubility, rendering 
amorphous formulations especially advantageous for bioavailability.22 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 solidi*ed through cooling or precipitation.23 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.24 Grinding (i.e. mechanical attrition) can also lead to amorphous solid-
phases and may even be combined with synthesis into a one-pot procedure,25–28 
although stability can be an issue both during the grinding process, due to thermal 
eCects originating in collisions and friction,29,30 as well as during storage, as ground 
particles are prone to caking and ripening, decreasing shelf-life of the amorphous 
formulation.31 

 
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]. 
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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 
solidi*cation as crystals. It is an active topic of research to develop methods to 
nonetheless achieve this,32 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.33–35  

Having discussed semi-solids, glasses and amorphous solids, we return to crystals, 
the *rst category of solid forms. In fact, they have already been de*ned 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-de*ned 
melting point. Morphologically, crystals are characterized by a particular shape with 
distinct facets and edges.  

The next sections will brieBy 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 

 
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. 
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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 brieBy examine 
the fundamental principles that dictate when and how crystals form and the 
mechanisms by which they grow. The *rst question to consider is that of 
thermodynamic stability: when are crystals energetically favourable to form or 
remain? 

In mechanics, we *nd a particle’s ideal path by minimizing its action (the integral of 
kinetic minus potential energy).36 Similarly, thermodynamics holds that its stable 
state (i.e. equilibrium) is found by minimizing its free energy F, de*ned as  

! = # − % ⋅ ' 

where U is the internal energy of a system, T is its temperature and S is its entropy.37 
This de*nition immediately exposes a balancing act between the internal energy of 
a system and its entropy. This famously enigmatic concept of entropy is formally 
de*ned by Boltzmann as  

' = (! lnΩ 

where Ω is the number of possible microscopic realizations of the systems, often 
called con*gurations or microstates, and kB is Boltzmann’s constant. In short, we can 
either make a system more stable by optimizing its internal energy, or by increasing 
its con*gurational degrees of freedom. Which of the two dominates is de*ned by 
temperature, establishing temperature as the critical parameter for de*ning phase 
transitions. 

Traditionally, crystallization has mainly been considered to result from the packing 
of particles with attractive energetic potentials. Simulations halfway the 20th 
century, however, also showed freezing transitions for hard spheres that bear no 
interaction beyond an exclusion principle (i.e. in*nite repulsion at contact).38,39 For 
such hard-sphere systems, crystallization does not occur due to attractive forces but, 
counterintuitively, due to entropy maximization.40,41 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 Buid. 
Experimental studies on colloidal suspensions have con*rmed 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 

(eq. 2.1) 

(eq. 2.2) 
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and crystallize into highly ordered phases.42,43 Such entropic packing mechanisms 
can even result in nematic chiral phases.44 

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 
diCerent states. The diCerence between states is most conveniently given by the 
Gibbs free energy diCerence (ΔG) and its corresponding chemical potential 
diCerence (Δμ): 

Δ- = Δ. − %Δ' 

Δ/ = 01Δ-12 3
",$

 

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

. = # + 5 ⋅ 6 

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.  

(i) 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 diCer between a solvent 
with or without a crystal present, so that these can be ignored when 
considering the diCerence 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 in*nite bulk crystal (with negligible 
surface-to-volume ratio). 

(eq. 2.3) 

(eq. 2.5) 

(eq. 2.4) 
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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 (μL) 

/% = /%∗ + 7% ln 8 
with R the gas constant, c the solute concentration (amount dissolved building 
block), and μL* the base chemical potential of the liquid without any building blocks 
dissolved. 

At equilibrium Δμ = 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 

 /' = /%∗ + 7% ln 8∗  
and the thermodynamic driving force for crystallization (Δμ) is 

 Δ/ = 7% ln (
(∗ 

wherein the fraction c/c* is known as the supersaturation σ. Whenever σ > 1, crystal 
growth is thermodynamically favourable. Whenever σ < 1, crystal dissolution is 
thermodynamically favourable. The supersaturation σ 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 (γ), the chemical potential is given by 

 / = /)*+, + -.
-/ 9 

 
Figure 2.4. A building 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). 

dissolved building block

solvent

building block on the
crystal-solvent interface

building block inside
the bulk crystal

(eq. 2.6) 

(eq. 2.7) 

(eq. 2.8) 

(eq. 2.9) 
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When one considers the crystal surface as locally curved like a sphere with radius r 
and de*nes the spherical volume as Nv (i.e. a building block has volume v), we *nd 

 / = /)*+, + 01
2 9 

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 eCect. 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 Buctuations 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 de*ne 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 identi*ed 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 (Δμ = ΔG = 0), the concentration is that of the crystal 
solubility (c = c*). When c > c*, σ > 1 and the system is supersaturated. There is a 
driving force for crystallization. When no crystals exist, however, a nucleus must *rst 
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 < c*, σ < 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 

: = ∏ {=}3"4 = 8∗  
because the activity ({i}) of a solid is 1. Invoking the Van ‘t HoC-equation, we can 
relate the equilibrium solubility to the enthalpy (ΔH) and entropy (ΔS) of 
crystallization as  

(eq. 2.10) 

(eq. 2.11) 
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Δ- = −7% ln: = Δ. − %Δ' 

and construct the archetypical description of temperature dependent solubility as 

c∗ = expC5'6 −
57
6"D  

We note that this description is typically used when ΔH and ΔS are temperature-
independent and solution behaviour is ideal. When ΔH and ΔS are temperature-
dependent, however, engineers prefer to *t data to the empirical Apelblat-equation, 
for which a theoretical underpinning was provided jointly by Apelblat and Cuevas-
Valenzuela:45,46 

ln 8∗ = E + F ⋅ % + G ⋅ ln %  

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 

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

Δ-∗ = 89:
; ⋅ C 1

6" +<=D
0
⋅ 9; 

which corresponds to a critical nucleus size (r*) of  

H∗ = 01>
6" +<= 

From Arrhenius, we then straightforwardly de*ne the nucleation rate J (through the 
critical rate-limiting step) as:  

I = (( exp C− 5?∗
6" D  

with kc 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 

 
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 (ΔG*) 
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 (γHET) is generally lower. 
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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:47  

J(L) = 1 − exp(−I6L) 
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.48 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.49 When volumes become suAciently 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 diCerent nucleation behaviour is observed than at medium or large 
volumes, and translating nucleation rates across experimental conditions is non-
trivial. In fact, in some microBuidic droplets with nanolitre volume, metastable 
zones grow enormous, as both the probability of stochastically collecting suAcient 
solute molecules to reach the critical size and the number of viable nucleation sites 
become severely limited.50–52 Similar arguments regarding concentration 
Buctuations and homogenization also aCect observed nucleation rates across 
experimental set-ups and systems. In properly homogenized systems crystal growth 
is no longer diCusion limited, so that a nucleus can grow more easily, thereby 
increasing its stability and shortening its time to detection. The de*nition of the 
metastable zone thus depends on reactor geometry, volume, and homogenization. 

Second, the above analysis shows that the metastable zone is de*ned by the 
observation method and time (or rather: patience). If one only observes for several 
minutes, one will determine a very diCerent 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 diCraction or Raman will change 
the sizes at which nuclei will *rst be detected. Again, the methodology here aCects 
the determination of the metastable zone.53 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 

(eq. 2.18) 
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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 aAnity between the substrate 
and the nucleating phase. Speci*c 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 
speci*c crystal orientations or polymorphs.54  

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.53,55–57 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.58,59 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.60,61 Increasing supersaturation even further, nucleation can occur 
through spinodal decomposition as the energy barrier for nucleation is comparable 
with the thermal energy (kBT).62,63 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 Buctuation of the solute concentration produces a 
dense, metastable liquid droplet, within which a subsequent structural ordering 
event gives rise to the crystalline nucleus.64,65 

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.66 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.67,68 Indeed, *nes on the surface of seed crystals can be dislodged 
and act as nuclei, small parts of crystals can shear oC or crystals can be broken into 
multiple segments. Evidently, such eCects are especially prevalent for fragile crystal 
morphologies, like needles or thin plates. Importantly, these various mechanisms of 
secondary nucleation can all lead to very diCerent types of nuclei and result in wide 
dispersity in shape, polymorph and sizes through anomalous growth modes.69 
Secondary nucleation is often considered a very eAcient way to speed up 
crystallization, as it is inherently autocatalytic.70 

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 eCect can be captured 
to correct equilibrium solubility for bulk crystals (c*∞) as follows 

8∗ = 8@∗ exp C >6" ⋅
01
2 D  

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.71,72 

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 de*nes whether the crystals are ‘growing’ 
or ‘dissolving’ macroscopically.73  

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).74,75 
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 identi*es 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 

(eq. 2.19) 
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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 *lling in 
each layer before starting the next (Fig. 2.7b). This sequential process creates Bat 
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.76 

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 Bow in 
1951.78 Unsatis*ed 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 diCusion kinetics and equations for the Bow of adatoms towards 
steps could be derived. These diCusion equations were coupled to the exchange 
between the surface layer (adsorbed state) and the surrounding (gas vapour). The 

 
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]. 
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result was the seminal analytic continuous model of step Bow dynamics describing 
crystal growth. 

Interested in the free diCusion of adatoms on crystal surfaces, Ehrlich and Schwöbel 
then experimentally studied the direction from which adsorbed atoms approach the 
kink-sites of a step.79,80 It turns out that an additional energy barrier exists that 
inhibits mobile adatoms from descending to lower terraces, because the descent 
temporarily lowers the bonding energy. As a result, adatoms are more likely to attach 
to ascending steps, a phenomenon coined the ES-eCect. The asymmetric nature of 
the ES-eCect leads to a preferential accumulation of material at ascending steps, 
causing them to advance more rapidly than their trailing neighbours.81 Over time, 
this diCerence in step velocities gives rise to step bunching, where steps cluster 
together, producing uneven surface morphologies with wide terraces and closely 
spaced step regions.82 The ES-eCect has been observed for many crystals, amongst 
which Cu, Si, and W.83,84 

In the semiconductor industry, where many materials are produced through 
epitaxial growth of thin consecutive crystalline layers, molecular beam epitaxy and 
related techniques yield conditions of crystal growth very well described by the BCF-
model and ES-eCect.85–87 Recent work in the *eld still puts the BCF-model central to 
our understanding and descriptions of the growth of many semiconductor 
materials.88–94 

Although the BCF-model made leaps in the quantitative description of growth 
through describing the mobility of adatoms on crystal surfaces, the formation of new 
steps was still a bottleneck in crystal growth kinetics. When one considers 2D-
nucleation on a crystal surface as a primary origin of new steps, it remained a 
mystery why experiments showed crystals to grow at very low supersaturation.95 
Indeed, at such low supersaturation the driving force for nucleation is insuAcient, 
as we have previously examined, so crystals would be expected to face a metastable 
dead-zone for growth. The breakthrough in understanding the growth that is 
nonetheless observed at low supersaturation was made by Frank.96 Experimentally, 
he observed pyramidal morphologies at the tips of crystals and the BCF-model was 
able to explain these observations by introducing so-called screw-dislocations.78 A 
screw dislocation is a particular kind of defect in a crystal, where the atoms of the 
crystal lattice are misaligned and some atoms are out of position so that a step 
emerges (Fig. 2.8a). Critically, the resulting step never terminates, forming a spiral 
(Fig. 2.8b). The existence of such screw dislocations thus removes the need for 
successive nucleation for the emergence of new steps and allows for continuous layer 
growth at low supersaturations (Fig. 2.8c). 

At elevated supersaturations, however, heterogeneous nucleation does become a 
feasible pathway towards the formation of new steps.98–100 In a growth mode coined 
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‘birth-and-spread’, adatoms form a 2D nucleus on the crystal surface (i.e. birth), 
creating an island that serves as a round step for further growth (i.e. spread).101,102 
Increasing supersaturation even further means increasing the nucleation rate. 
Consequently, these nucleation events become so common, that the formation of 
these islands is the dominant driver for growth.103 This regime of nucleation-driven 
growth is called ‘polynuclear’ growth and is often evident from microscopy as well 
as more detailed growth-rate analysis.104 

Finally, the supersaturation may be such that the critical nucleus size is on the order 
of the crystal unit cell. In these conditions, there is no longer an eCective energy 
barrier for attachment to the crystal surface. Adatoms can thus freely adsorb to the 
crystal surface and only the kinetics of successful collisions between solute 
molecules and crystal surface are limiting. In this regime, the growth rate can thus 
be expressed as a direct combination of the crystallization driving force and mass 
transport. Wilson and Frenkel thus give the growth rate (R) for rough growth as 

7 = (A ⋅ C ((∗ − 1D  

with kg the intrinsic rate of incorporation of the system.73  

Ultimately, it is the crystallization driving force that determines the crystallization 
mechanism. But how are the diCerent regimes connected? Tilbury and Doherty 
presented an elaborate quantitative description in 2017, where they connected all 
previously described growth regimes to form a continuous perspective (Fig. 2.9a).105 
In conclusion, as supersaturation increases, the progression in mechanisms would 
move from spiral growth, to 2D birth-and-spread, to 2D polynuclear, to rough growth, 
to mass-transport-limited growth. Engineers therefore often describe the crystal 
growth rate (G) through the empirical power law 

 
Figure 2.8. Spiral growth is enabled by a screw dislocation (panel a) which allows a form of layer-by-
layer growth on a continuously evolving spiral step (panel b; schematics adapted from ref. [95]). Phase 
field simulation of spiral growth (panel c, reproduced from ref. [97]). 

(a)

(b)

(c)

(eq. 2.20) 
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- = (A ⋅ C ((∗ − 1D
A

  

where *tting the exponent g (usually a value between 1 and 2) is aimed to capture 
the changing growth dynamics.106 Note that c* should ideally consider size-
dependence of solubility as well. Some authors explicitly multiply G by c, to indicate 
the rate depends on the frequency of collisions between crystal surface and solute. 
The total amount of available surface area of the crystals should also be considered. 

By now, it may be evident that the kinetics of crystal growth are a combination of 
mass transport, the number of attachment opportunities aCorded by collisions and 
the crystal growth mechanism, and the kinetics of attachment, given by the 

 
Figure 2.9. Supersaturation and solvent can affect both the crystal growth mechanism as well as the 
crystal habit: (a) Overview by Tilbury and Doherty of the transitions between crystal growth 
mechanisms as function of supersaturation;105 (b) Predicted and experimental effect of 
supersaturation and solvent on the habit of naphthalene from refs. [77,105,110,111]. 

(a)

(b)

(eq. 2.21) 
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crystallization driving force. Besides the crystallization driving force, we have now 
established how the supersaturation also dictates the growth rate mechanism. It is 
important to note, though, that a crystal has multiple facets and that each facet has 
distinct interfacial energies and thus features distinct growth mechanisms and 
kinetics.77 The interfacial energy of a facet is shaped, amongst other things, by its 
unique interactions with the solvent.107,108 After realizing that the fastest-growing 
facets of a crystal generally disappear, we can appreciate that choosing diCerent 
solvents and supersaturations will aCect crystal habit and morphology by stabilizing 
diCerent surfaces and favouring diCerent growth mechanisms (Fig. 2.9b). This result 
is not only key in understanding the shapes that crystals naturally take, but also 
engineering crystals to take the forms we want109—an important problem in 
industrial crystallization, as will be discussed in a later section. 

Notably, seemingly random but signi*cant growth rate Buctuations are routinely 
observed for crystals in crystallizers, leading to a phenomenon called ‘growth rate 
dispersion’.112 This stochastic variation in crystal growth rates is often ascribed to 
diCering internal lattice perfections between crystals and surface eCects induced by 
the crystal’s growth history.113–115 Unfortunately, the phenomenon remains enigmatic 
yet today. This observation, however, does prompts us to discuss defects in crystals 
and an important phenomenon called polymorphism. 

Defects and Polymorphism 
Crystals inevitably exhibit defects (i.e. molecular imperfections) and can also be 
formed through diCerent internal arrangements of the crystallizing molecules in the 
crystal unit cells. This arrangement of the same building block into diCerent crystals 
structures is called polymorphism (vide Fig. 2.1). Both defects and polymorphism 
impact crystal stability, nucleation kinetics, growth mechanisms, crystal habit and 
other properties. 

Defects in crystals are often categorized per their dimensionality and can be 
summarized as point defects (0D), line defects (1D), planar or surface defects (2D), 
and lastly macroscopic or bulk defects (3D).116 Point defects concern a mutation only 
in a unit cell: a normally occupied site can be unoccupied (termed vacancy), occupied 
by the wrong species (anti-site or substitute), or an otherwise unoccupied site can be 
occupied (termed interstitial). Line defects, also termed dislocations, originate from 
a local misalignment of the crystal lattice (a so-called slip or glide). At a dislocation, 
the lattice is shifted by a unit, which enables speci*c growth modes, such as the 
discussed spiral growth mode. Planar defects comprise larger scale grain or 
antiphase boundaries (sifts of the lattice arrangement or crystallographic direction) 
and similar phenomena, where actual lines are visible, marking the diCering crystal 
domains. Bulk defects comprise gaps, pores, cavities, and inclusion of foreign matter 
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within the crystal. All defects cause stress and strain in the crystal and generally 
lower its thermodynamic stability.117,118 

Besides variation within a single crystal, a single molecule or crystallizing species 
can also show a wide variety of polymorphs. For example, biominerals of CaCO3 have 
been widely studied for orthopaedic, drug delivery and biomedical applications and 
have been found to exist in three distinct anhydrous polymorphs: vaterite 
(hexagonal), aragonite (orthorhombic) and calcite (rhombohedral).119 A few of the 
shapes these polymorphs can take are shown in Figure 2.10a. In nature, these forms 
often originate by transformation of the amorphous form.120 All polymorphs can 
have very diCerent properties and solubilities (Fig. 2.10b) and tend to form at 
diCerent temperatures (Fig. 2.10c). For instance, Hadjitto*s et al. monitored CaCO3 
polymorphism via XRPD during crystallization (Fig. 2.10d), revealing a sequential 
transformation: vaterite emerged initially, then gradually dissolved as aragonite 
precipitated, with calcite ultimately appearing when the system reached the CaCO3 
solubility limit.121 

The latter observation is an example of the Ostwald-Lussac rule of phases:123 Which 
polymorph appears during crystallization is not solely dictated by thermodynamic 
stability; kinetic factors play an equally vital role. According to the Ostwald-Lussac 
rule, a system does not necessarily crystallize directly into the most stable 

 
Figure 2.10. Polymorphs and the rule of Ostwald-Lussac as illustrated by the case of CaCO3. The different 
polymorphs of have very different crystal structures and morphological appearance (panel a, reproduced 
from ref. [119]) and also differ in their thermodynamic stability, as evidenced from solubility curves (panel 
b, reproduced from [120]) and enantiotropy (panel c, reproduced from [122]). During crystallization of 
CaCO3, the polymorphs may appear in sequence, nucleating as the lesser stable aragonite and vaterite 
and then transforming to the most stable form calcite (panel d, reproduced from [121]). 

vaterite
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polymorph. Rather, it typically passes through one or more metastable (kinetically 
accessible but thermodynamically disadvantaged) forms before eventually 
converting to the most stable phase.124,125 This sequential emergence is not universal, 
but often reBects the fact that energy barriers for nucleation are often lower for less 
stable forms, allowing them to typically appear *rst.126 The initial formation of such 
less-stable phases can be explained by slightly lower interfacial free energies, which 
translate into lower nucleation energy barriers.127 Experimental observations have 
primarily focused on colloid and protein systems, which exhibit relatively slow 
crystallization kinetics and comparatively large particle dimensions. Recently, 
however, in situ high-resolution electron microscopy for metal phosphates and 
single-shot XFEL diCraction studies of Xe nanoparticles have both revealed the 
Ostwald-Lussac rule operating at the atomic scale.128,129 Outside crystallization, a 
similar mechanism has also been shown responsible for structural transitions and 
morphology of dipeptide supramolecular polymers and quantum dots.130,131 

Polymorphism is practically important for crystalline products; it directly impacts 
product performance, shelf life, intellectual property protection, and 
manufacturing.132–134 When selecting and screening for polymorphism, exploiting the 
Ostwald-Lussac rule is one possible approach.135,136 Other approaches for polymorph 
screening and selection that directly target crystal interfacial energies and 
nucleation-growth mechanisms are based on additives,137–142 solvent selection,143–145 
templating,146–148 and—naturally—seeding.149,150 Alternatively, one can attempt to 
induce the formation of metastable structures through impeding crystallization: 
sublimation, melt quenching, attrition through grinding, freeze drying and spray 
drying, and crystallization in con*nement can all limit the kinetic pathways to the 
stable form and induce the formation of metastable polymorphs.132–134,151,152  

Often, the various polymorphs of organic molecules are close in energy (usually less 
than a few kJ/mol) and one in three compounds in the CSD is known to have one or 
more polymorphs.153 Interesting in the context of this thesis, is to note that chiral 
molecules are usually less prone to polymorphism than their achiral counterparts.153 
From a kinetic perspective, it is worthwhile to note that some metastable 
polymorphs in fact grow much faster than their stable counterparts, providing 
unexpected pathways to their further growth and domination after seeding or 
spontaneous formation.154,155 This observation may have far-reaching implications 
for reactive crystallizations, as will be discussed in several outlook sections of thesis 
(esp. Chapter 8). 

Not only producing the right polymorph is important, knowledge of the entire 
polymorph landscape is essential. The case of ritonavir illustrates the critical 
importance of polymorphism in pharmaceutical development: Abbott Laboratories 
faced a market crisis in 1998 when an unexpected, less soluble polymorph (Form II) 
emerged in their HIV-drug Norvir, causing product failures as the more stable form 
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of the drug with lower solubility precipitated out of solution, contaminating 
manufacturing facilities so severely that entire facilities had to be shut down and 
decontaminated. This ultimately required both reformulation and new bulk drug 
production processes to address the crisis.156,157 McCrone famously said that every 
compound has diCerent polymorphic forms, and that, in general, the number of 
forms known for that compound is proportional to the time and money spent 
researching it,134,158 a position strongly defended by Dunitz and Bernstein.159,160 

Today, advanced computational methods aid research and development by providing 
a prediction of the possible crystal structures of a crystallizing species—a technique 
coined Crystal Structure Prediction (CSP).161 In CSP, one first generates many possible 
ordered crystal structures of a given species (~103–106) and then estimates their lattice 
energy in vacuum and at 0 K (thus ignoring solute or solvent interactions, flexibility, 
and vibrations). The result are so-called crystal energy landscapes, that show the 
stability and density of the top candidates (Fig. 2.11). Typically, these results are 
compared with experimental results from screening and extra effort is geared 
towards trying to isolate the most stable polymorphs.162,163 A difficulty in using CSP, is 
deciding when to give up if the predicted stable polymorph is never found. Indeed, 
our current ab initio modelling of crystallization kinetics, nucleation mechanisms, and 
the influence of experimental conditions insufficient to determine whether a given 
structure is genuinely kinetically inaccessible or simply has not been realized due to 
subtle experimental or environmental factors.164 The next step in CSP will be to also 
predict which polymorphs will form under which conditions and incorporate 
elements such as solvent-interactions, impurities, and surface templating. 

 
Figure 2.11. An example a polymorphic energy landscape reproduced from ref. [162], which shows the 
polymorphs of ROY predicted by CSP. The polymorphs that have been successfully experimentally 
isolated are shaded pink or blue. 
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Impurities and Inhibition 
The presence of impurities modulates both nucleation and growth, often leading to 
inhibition eCects or defect incorporation. Impurities are commonly de*ned as any 
foreign (i.e. other) species than the crystallizing species. In principle, the study of 
impurities is mainly undertaken with regard to the quality of the resulting crystals, 
both in shape and in purity. In contrast, inhibitors are a speci*c kind of species that 
in principle bind to the surface of crystals and modulate (often negatively) the rate 
of growth. When the foreign molecule is incorporated into the crystal, it is an 
impurity. When the foreign molecule aCects the growth process (e.g. shape or 
kinetics), it is an impurity and an inhibitor. 

Traditionally, inhibitors were seen as species purposely added to affect crystallization 
dynamics or that were inadvertently present (often as impurities). Recently, however, 
research has shown that inhibitors are not necessarily foreign to a system. For 
instance, isomers that show interconversion (such as tautomers) can give cross-
inhibition, where one of the isomers inhibits the crystallization of the other.165,166 A 
similar situation can also exist for polymorphism or situations where the components 
of a system can crystallize into different (co)crystal structures.167–171 Such self-
poisoning phenomena are oftentimes counterintuitive and therefore overlooked, 
although sometimes key to explain distinctive characteristics of crystal shape and 
growth dynamics.172 Especially further away from equilibrium, self-poisoning of even 
otherwise seemingly normal systems can become an increasingly common 
occurrence—an effect often scaling with the frequency of heterogeneous nucleation.173 

In their must-read paper “Principles of Crystal Nucleation and Growth”, DeYoreo and 
Vekilov have summarized the three main pathways of growth inhibition:174 step-
pinning, incorporation, and kink-blocking—schematically shown in Figure 2.12. 
Although all three are closely related, there are some key diCerences that ought to 
be discussed. 

Step-pinning is the *rst inhibition mechanism, which describes the situation where 
a foreign molecule adsorbs at a step and impedes its advance. The only way for a 
pinned step to continue is either by growing around or over the pinning impurity 
(leading to defect incorporation), or through the formation of a protruding front. 
Both remedies are subject to the energy penalties of heterogeneous nucleation. It 
follows then, that crystal growth of aCected facets is fully halted at low 
crystallization driving force. Only at supersaturations under which the interfacial 
energy penalty associated with the remedy can be overcome, will crystallization 
recommence. At this point, the crystal growth rate will quickly recover to the value 
without step-pinning, akin to the polynuclear and rough growth mechanisms 
discussed before. Notably, the impact of step-pinning is strongly dependent on the 
density of impurities on the step, which normally scale with the impurity 
concentration in solution (cf. Langmuir adsorption isotherm). 
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After an impurity has been incorporated into the crystal structure, the second 
inhibition mechanism occurs. As discussed in the section on defects, the 
incorporation of an impurity leads to local internal stress and decreased 
thermodynamic stability. However, also the entropy of the crystal is locally 
increased. The net result can thus be either an increase or decrease in growth rate, 
although the negative energetic contributions often outweigh the entropic 
advantages. ECectively, due to a shift in chemical potential, the solubility of the 
crystal is shifted linearly with respect to its unaCected equilibrium. 

Besides step-pinning, an impurity can also transiently block a kink-site. In this third 
inhibition mechanism, there is merely a kinetic delay. The net number of kink-sites 
is eCectively reduced, because some sites are unavailable due to the presence of an 
adsorbed impurity. The result is no clear shift in thermodynamic stability or growth 
mechanism, but a kinetic decrease of growth rate. Evidently, the supersaturations at 
which the system transitions from one growth mechanism to the next can be aCected 
by a transient inhibition phenomenon as kink-blocking. The diCerence between 
step-pinning and kink-blocking is deceivingly small and resides only in the residence 
time of the impurity. Note that a transiently blocked step is immaterial, as long as 
the kink-site is not blocked, hence the diCerence in name between the two 
mechanisms. 

 
Figure 2.12. Depiction of crystal growth inhibition by impurities, reproduced from ref. [174]: (a) step-
pinning, in which an adsorbed inhibitor impedes step advance and forces high-energy inclusion or 2D 
nucleation to protrude; (b) incorporation, in which the resulting defects cause strain and lower crystal 
stability, leading to a lower crystallization driving force; (c) kink-blocking, in which the transient 
occupation of kink sites by inhibitors slows the kinetics of incorporating building blocks into the crystal. 

(a) (b) (c)
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Intriguingly, besides forming impediments, impurities can also promote nucleation 
and growth by lowering the interfacial energy penalty for heterogeneous nucleation 
on the crystal surface.175 In such a scenario, the regular crystal growth mechanism 
might be slowed down, but a transition can be made to more rough-growth 
mechanisms and appreciable rates of growth can be conserved. Counterintuitively, 
through such a mechanism, the special case may even arise in which impurities can 
speed up the net growth rate of a crystal. 

Characterizing the growth rate as a function of supersaturation in the presence and 
absence of inhibitors is often a good way to diagnose the inhibition mechanism at 
play. Supplementing such kinetic analysis, the incorporation of impurities will often 
leave microscopically visible marks through etch-pits upon dissolution: the region 
surrounding the incorporated impurity will often exhibit lower chemical potential 
and will thus preferentially dissolve.176–178 As with all discussions on crystallization 
mechanisms, the eCect of inhibition can again by very much facet-dependent. 
Consequently, inhibition of selected facets is one of the tools crystal engineering 
oCers to achieve speci*c crystal shapes and morphologies.179–182 

Having discussed the eCect of inhibitors on growth, we should also brieBy consider 
their eCect on nucleation. An additive can adsorb to one or more facets of a small 
(pre-)nucleation cluster and thereby block or stall its further growth.183 Because of 
size-dependent solubility eCects (eq. 2.19), the nucleus is then prone to redissolve 
and nucleation is eCectively inhibited.  

The reverse, nucleation promotion, can be achieved through templating, essentially 
using inhibitors in a diCerent role where they present a lower barrier for nucleation 
rather than binding to an existing crystal surface.184 A legitimate question is whether 
this is essentially just heterogeneous nucleation and a very particular kind of non-
solid ‘seeding’. In terms of mechanism, the considerations are at least very similar: a 
molecular template can lower the nucleation barrier through minimizing the 
interfacial energy. An argument for retaining the term ‘inhibition’ for such species 
holds when they impact the polymorph that nucleates and grows, as one could then 
argue the natural polymorph is kinetically slower to nucleate and grow and thus 
practically inhibited. For example, the nucleation of (RS)-mandelic acid can be 
inhibited by the addition of e.g. 2-phenylpropionic acid, allowing the preferential 
nucleation of the pure enantiomer.185,186 Similar *ndings were reported for 
proxyphylline, where the nucleation of the stable racemic compound was inhibited 
by the achiral solvent (isobutyl alcohol) and the conglomerate could be obtained 
through seeded growth.187 

Indeed, inhibitors do not only aCect nucleation and growth dynamics, but can also 
direct the crystal forms that are observed in a system. By selectively inhibiting the 
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growth of stable polymorphs, metastable polymorphs of L-glutamic acid and 
paracetamol could be obtained.141,188 

As evident from the examples before, the employ of inhibitors is also of interest in 
the resolution of enantiomers, as such resolution requires the growth of frequently 
relatively unstable enantiopure crystals.139 Addadi, Lahav and Leiserowitz showed for 
example how a racemic solution of the amino acid asparagine crystallized in the 
presence of several other enantiopure amino acids as additives.189 They found that 
the additive binds stereoselectively at the surface and diCerently aCects the growth 
of the D and L crystals. Such eCects can arguably also lead to the cross-inhibition by 
opposing enantiomers.168 This groundwork inspired later work in which growth 
inhibition of a stable racemic compound allowed the crystallization of the 
enantiopure conglomerate form.190,191 These so-called ‘tailor-made’ inhibitors were 
in fact closely related compounds that originated from synthesis (reagents or by-
products) or comprised other entries from structurally-related libraries. 
Nonetheless, the potential of such approaches is clear and inhibition can be an 
important tool to crystallize otherwise thermodynamically disfavoured crystal 
forms. 

A *nal interesting question is the eCect of inhibition on the dissolution of crystals, a 
question which has hardly been studied and presents a relative lacuna in our 
knowledge of crystallization dynamics.192 More generally, in fact, crystal dissolution 
has been given relatively little public study as compared to crystal growth. While the 
production of high-quality single crystals has seen relevance for many applications, 
the interest in making crystals disappear is perhaps often regarded as merely an 
academic curiosity or only relevant for selected mineralogists. This thesis will 
certainly challenge such views (esp. Chapters 6 and 8). One would expect that 
inhibition (and impurities in general) have pronounced eCect also on the dissolution 
of crystals. First, the emergence of etch-pits should be recalled as a clear 
morphological marker of certain kinds of impurities and inhibitions.193,194 Second, the 
dynamics of dissolution can be considered in the presence of inhibitors. Dissolution 
classically occurs through adatom-by-adatom dissociation at step-edges, although 
particle-by-particle detachment is also possible.195,196 Mobile inhibitors can traverse 
the crystal surface, facilitate the nucleation of kink-sites, and thereby speed up 
dissolution.197 Depending on the mechanism of inhibition, the presence of low 
amounts of inhibitor can also induce crystal dissolution even in a supersaturated 
growth environment—possibly with strain-reduction as driving force.198,199 
Dissolution can, however, also be halted by inhibition, as is observed for calcite 
dissolution in the presence of magnesium ions.200 In such cases, step velocities are 
halted (in either direction: dissolution or growth) and step-pinning is considered the 
underlying mechanism of action.201,202 
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The rational design of crystal growth inhibitors is arguably not yet routine, but 
expected to pick up signi*cantly with progress in computational chemistry, enabling 
unprecedented levels of design.203–206 Currently, preventing the crystallization of 
ice,207–209 calcium carbonate (the cause of scaling),210 and calcium oxalate (the primary 
component of kidney stones)199 are among the most actively studied. When our 
fundamental understanding on molecular inhibition mechanisms has become more 
satisfactory and such rational design of crystal growth inhibitors prove routinely 
accessible, this particular side of crystal engineering has the potential for big impact 
on particle engineering and the development of separation processes.211 

Industrial Crystallization Processes 
Besides the enticing appearance and fascinating properties of crystals, 
crystallization is also one of the most versatile and oldest separation techniques in 
the whole of chemical engineering.1 Back around 3500 B.C., breakthroughs in applied 
chemistry were realized in Egypt, Ancient Mesopotamia and Crete.212 Already there 
and then, advanced metallurgy was practiced and high quality copper was puri*ed 
through melt crystallization.213 The controlled evaporative crystallization of salts 
from seawater was already depicted in China in 2700 B.C, and the recrystallization of 
sugar from sugar cane extracts is reported to have been developed in India in 327 
B.C.214 Indeed, crystallization is, and ever since the earliest industrial processes has 
been, an instrumental tool for producing, purifying, and giving one’s desired 
properties to chemical products. 

Today, industrial crystallization is part and parcel to separating, recycling and 
purifying many essential feedstocks and producing high quality salts, 
pharmaceuticals and *ne chemicals.215–221 In the EU alone, over 50 million tonnes per 
annum of sugar and NaCl are produced through crystallization processes. 
Worldwide, many thousands of tonnes of pharmaceuticals and *ne chemicals are 
likewise puri*ed (e.g. ascorbic acid and acetylsalicylic acid). Prominently emerging 
is hydrometallurgical recycling through crystallization, wherein rare earth metals 
are precipitated from leachates and recycled and puri*ed through solution-based 
crystallization processes.222,223 Besides applications in semiconductors and energy 
storage, the increased call for intensi*ed recycling eCorts, biobased feedstocks, and 
green chemistry will only increase the importance of crystallization in the chemical 
industry.224–226 

While laboratory-scale crystallization allows for easy, fast and precise control of 
parameters such as temperature, concentration, and mixing in small, homogeneous 
environments, industrial crystallization must contend with signi*cantly larger 
volumes and complex equipment where maintaining uniform conditions is much 
more challenging.1,227 At the research scale, crystallization is typically used to study 
fundamental principles, optimize conditions, or screen crystal forms. In contrast, 
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industrial crystallization processes require robust and reproducible operation using 
non-ideal feedstocks and with stricter economic, environmental, and safety 
constraints.  

Besides cooling crystallization, anti-solvent crystallization is widely adopted in 
pharmaceutical manufacturing due to its compatibility with ambient operating 
temperatures, its homogeneity, and its ability to deliver high product yields, owing 
to its large accessible phase-space.228–230 In anti-solvent crystallization, the 
compound to be crystallized in normally dissolved in a good solvent, to which a poor 
solvent is added that mixes with the good solvent. The result is a decrease in 
solubility and a driving force for crystallization. Molecularly, the anti-solvent 
initially penetrates the solvation shell, after which a rearrangement occurs, 
ultimately leading to the expulsion of an anti-solvent/solvent pair from the shell as 
repulsive forces dominate—eCectively leading to desolvation.231 Besides anti-
solvents, changing pH to aCect the solubility of species is also a common means of 
crystallization control. 

Lab-scale crystallization processes often occur in batch-mode, while industry often 
prefers continuous processes. For crystallization, many speci*c reactor types have 
been developed to achieve continuous crystallization processes, uniquely designed 
to enable initial seeding and steady-state process output parameters.232–234 Well-
known reactor types for continuous crystallization are mixed suspension mixed 
product removal (MSMPR) crystallizers and tubular or plug Bow crystallizers (PFC): 
laminar-Bow tubular crystallizers (LFTC), coiled Bow inverter (CFI) crystallizers, 
segmented/slug Bow crystallizers, and continuous oscillatory baGed crystallizers 
(COBC).221 A further discussion of these reactor types is beyond the scope of this 
thesis.  

The transition from lab to industrial scale does introduce numerous challenges, 
including mass and heat transport, non-uniform mixing, temperature gradients, 
fouling, nucleation behaviour, and inconsistent crystal size distributions—all of 
which can impact product quality and process eAciency.235 Successfully scaling up 
crystallization thus demands careful consideration of these complexities and 
requires accurate control and online monitoring to ensure consistent product 
quality in form, size, shape, and purity. A number of these aspects are worthwhile to 
address here, as they will also feature—to various degrees—in the work presented in 
this thesis.  

With respect to size, a small crystal size distribution can lead to *ne powders that 
easily cake (i.e. form lumps which may trap mother liquor or water from humid air) 
and can clog *lters. With respect to shape, needle-like crystals are hard to *lter and 
shape aCects the Bow properties of the *nal powder, which in turn is important for 
processing the product. Considering these two parameters already shows a clear link 



Chapter 2 

60 

2 

between crystallization fundamentals and industrial concerns.217,236 The *nal size 
distribution is very much an outcome of the interplay between nucleation (primary 
and secondary), attrition, homogenization, and growth.237 Often, real-time 
monitoring of concentration of the crystallizing species is employed to obtain 
control of the supersaturation as a generic handle for a number of these 
crystallization parameters. Focused beam reBectance can also be used to monitor the 
number of crystals, although some studies have also successfully tracked 
crystallization through simple turbidity measurements.238–241 In the preceding 
sections of this introduction, the shape of crystals has already been related to 
crystallization conditions (solvent and supersaturation) and the presence of 
impurities and inhibitors.  

Beyond a one-step crystallization experiment, primarily aimed at puri*cation and 
isolation of a product, successive (re)crystallizations may be required to transform 
the crystals into a population with a desired size and shape. One method, particularly 
interesting in the context of this thesis, is that of temperature cycling.242 During 
temperature cycling, a suspension of crystals is consecutively heated and cooled, 
which consecutively increases and decreases solubility, thereby inducing cycles of 
crystal dissolution and growth (Fig. 2.13a).243 In a way, such a procedure can be seen 
as an enhanced ripening process, as *nes have a lower solubility and thus dissolve 
early and disappear (Fig. 2.13b).244,245 Temperature cycling therefore results a 
narrower crystal size distribution but a larger average crystal size.  

Temperature cycles can lead to particularly interesting results in terms of crystal 
shape. Below a thermodynamic roughening transition, the equilibrium shape of 
crystals is principally determined by the so-called WulC-construction, which 
minimizes the interfacial energy.248 In actual growth processes, however, interfacial 
kinetic processes can naturally lead to deviations from this classical WulC-shape.249 
In contrast to the equilibrium crystal shape, face-speci*c rates of growth and 
dissolution drive the evolution of shape during temperature cycling (Fig. 2.13c).247 
Indeed, whenever a facet’s rates of growth and dissolution are unequal, temperature 
cycling drives the shape of a crystal away from its equilibrium. If a face dissolves 
faster than it grows, it recedes; if a face grows faster than it dissolves, it expands. In 
essence, the process thus depends on the hysteretic nature of combining growth and 
dissolution.247 The appearance of virtual faces is also a hallmark of temperature 
cycling, whereby edges and vertices bifurcate into new planes that enable unusual 
morphological pathways.250 Although the results of shape due to temperature cycling 
are hard to predict and quite detailed knowledge of crystal growth and dissolution 
behaviour is required, 2D population balance modelling has been eCectively 
applied.251–253  
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Naturally, all complexities involved with regular seeded cooling crystallization are 
equally extant during the growth segment of a temperature cycle and require 
eCective control. Solvent choice, heating-cooling rates, and the depth of 
temperature swings are the critical parameters in temperature cycling.250,254 
Practically, three distinct variants of implementing temperature cycling exist: 
splitting growth and dissolution processes between two reactors (pumping 
cycling),244,255,256 successively heating and cooling one reactor (temporal 
cycling),254,257,258 and constant temperature gradients within one reactor (spatial 
cycling).259,260 During the development of such processes, accurate monitoring is 
essential to ensure eCective crystal shape and size engineering.243,261,262 

 
Figure 2.13. Temperature cycling uses consecutive heating and cooling to elicit solubility swings 
resulting in cycles of crystal growth and dissolution that can affect the average size and shape of the 
crystals (panel a). Examples are shown of experimental crystal size evolution (panel b, reproduced from 
ref. [246]) and crystal shape evolution (panel c, reproduced from ref. [247]). 

(b)

(c)

(a)
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The seeding of crystallization processes naturally is another a crucial aspect that 
should not be overlooked.263,264 For one, it eliminates dependence on primary 
nucleation and gives much greater control over the amount of crystallizing 
particles.265 Control over the crystallization mechanism and the extent of secondary 
nucleation are the challenges that then remain. Seeding also allows speeding up the 
productivity by enhancing crystallization rates. The preparation of seeds, however, 
is often ignored.266 Important aspects seeds are their size and stability, their 
propensity to growth rate dispersion, and crystal surface roughness (which relates 
to secondary nucleation rates). Unfortunately, not much research has been published 
so far that discusses seed preparation extensively and thoroughly. Controlling seed-
size (and thereby crystal surface area) has received most attention, as it is the most 
straightforward handle to control a product’s *nal crystal size distribution. 

Besides control over size and shape, control over polymorphism can pose serious 
challenges—especially in the pharmaceutical industry. Polymorphism is notorious: 
over 50% of the molecules in Roche and Lilly’s library that were screened for 
polymorphism readily showed polymorphism, and more than 75% of molecules could 
be crystallized in at least one diCerent polymorph when this was seriously 
attempted.153 We should note here that the solvent is not only a critical factor in the 
crystallization dynamics, but can actually also be incorporated into the crystal 
structure.267 If so, one speaks of solvates. In the case of included water, a solvate is 
termed a hydrate. Often solvates are particularly unwanted crystal forms due to their 
instability.268 In contrast, co-crystals—where an ancillary co-former is present in the 
crystal structure—have recently gained substantial attention as a route toward 
adjustable and improved solid-state properties of pharmaceutical compounds.269,270 
Solvates and co-crystals are not strictly polymorphs of a crystallizing compound, 
because both composition and arrangement of the crystal structure diCer. 
Regardless, solvates and co-crystals are always part of discussions on controlling 
crystal form. 

Classically, temperature and supersaturation are considered the primary control 
factors for polymorphism.151 Temperature aCects relative polymorph stability and 
thermodynamics dictates which polymorph is preferred at which absolute 
temperature—diCerent crystal forms appearing as function temperature is called 
enantiotropy.271 Because diCerent polymorphs have diCerent thermodynamic 
stability, supersaturation dictates whether each will grow or dissolve and is also 
critical in each phase’s nucleation kinetics. The nucleation bottleneck can sometimes 
be overcome by seeding a system with the desired polymorph.132 To aid the stability 
of the desired polymorph and suppress the nucleation of undesired forms, solvent 
choice is another essential factor.272,273 This relates back to the interactions between 
the solvent and the crystal on the interface, where the molecular interactions 
between a solvent and any possible facet diCers. In addition, diCerences in 
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conformational distributions in solution can give rise to diCerent nucleation 
behaviour.274 As discussed previously, additives can also be very eCective in 
controlling the nucleation and growth of crystal forms. 

Besides thermodynamic stability, the compatibility of metastable zones of the 
various possible crystal forms should be carefully considered. The biggest enemy of 
metastable polymorphs is the solution-mediated polymorph transformation, during 
which solvent molecules essentially facilitate recrystallization of the stable form.154 
Such a procedure can also be employed advantageously to convert solvates to 
anhydrous forms or to convert polymorphs in systems where relative stability is a 
strong function of solvent choice. 

Another technique for polymorph control that has recently picked up attention is 
mechanical grinding, for which the input of mechanical energy through collisions of 
hard spheres shapes unique nonequilibrium conditions that may drive the 
appearance of otherwise hard-to-grow polymorphs.275,276 Unfortunately, the details 
of mechanochemistry are not well understood, but size-dependent stability, 
interfacial solvation eCects, increased nucleation events, enhanced accessibility of 
growth sites and surface roughening might all play a role.277–279 Strikingly, some 
polymorphic transformations only appear after long induction times—from hours to 
days—an unparalleled levering of kinetic over thermodynamic stability.280 The 
likelihood of co-crystal formation has especially been increased through 
mechanochemical means.281,282 It remains to be seen how this innovation will be 
integrated into more conventional crystallization process pipelines. 

Anti-solvent crystallization is of special interest for polymorph control, for it yields 
access to a broad range of possible supersaturations, nucleation conditions and 
thermodynamic phase-regimes.283 Indeed, ternary phase diagrams increase the 
number of viable pathways under which a certain polymorph is stable without 
nucleating unwanted polymorphs.228 Solvent addition potentially suCers less from 
inhomogeneities stemming from delayed transport phenomena on large scales than 
conventional reactor temperature controls. The speci*c choice of solvents can also 
lower the detachment kinetics of adatoms, in turn lowering solvent-mediated 
polymorph transformations which are antagonistic for polymorph control.284 By 
now, diverse strategies have been developed for high-throughput screening and the 
development of ternary phase diagrams to guide polymorph control.285 

A recently emerging research trend is crystallization in con*nement. Nanoscale 
pores oCer a powerful platform for screening and controlling polymorphism by 
stabilizing metastable forms, suppressing undesired crystallization, and enabling the 
discovery of new polymorphs that are inaccessible through bulk methods.286,287 While 
this strategy shows strong potential for industrial polymorph control, it currently 
remains primarily at the research stage due to challenges with scalability and crystal 
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recovery. Notably, however, pores and con*nements naturally occur within many 
components used in crystallization, so that consideration and knowledge of 
crystallization in con*nement is desirable. 

ReBecting on the complexity of modern industrial crystallization, Ter Horst 
emphasizes that we can only really advance the design and development of robust 
crystallization processes that meet industrial demands by studying and 
understanding the molecular underpinnings of crystallization.288 This foundational 
knowledge becomes even more critical when crystallization is coupled to chemical 
reactions — a strategy that greatly complexi*es the crystallization process but also 
widely expands its scope and potential for chemical synthesis. In the following 
section, we will explore the unique challenges and opportunities presented by 
reactive crystallization, the focus this thesis. 

Reactive Crystallization 
Reactive crystallization is a complex process, where the kinetics and 
thermodynamics of crystallization are combined with chemical reactions involving 
the crystallizing species.289 In reactive crystallization, supersaturation is commonly 
not seen to be principally generated through cooling (or other means of lowering net 
solubility), but through the in-situ formation of the crystallizing species as a product 
of a chemical reaction. Product formation increases concentration and thereby can 
result in supersaturation (Fig. 2.14a). Compared to conventional (i.e. non-reactive) 
crystallization, reactive crystallization has the intrinsic potential to pull on a 
chemical equilibrium by removing a species from the solution, gas or melt (cf. 
Chatelier’s principle) to increase the yield of a reaction. Reactive crystallization can 
also be a useful strategy to isolate or protect otherwise transient intermediates that 
form part of a larger reaction network. Although reactive crystallization may sound 
very similar to conventional crystallization, it often serves diCerent goals, elicits 
other considerations, and presents us with new handles and control mechanisms. By 
now, a wide array of reactive crystallization strategies has already been implemented 
as continuous processes on an industrial scale, which generally show much improved 
yield compared to stand-alone chemical procedures.290,291,289 

In essence, reactive crystallization stems from the concept of coupled equilibria. A 
chemical equilibrium involves a reversible back-and-forth reaction, e.g. A ⇌ B. At 
equilibrium, the forward and reverse rates are equal (but non-zero). This means that 
that the net reaction rate at equilibrium is zero and the concentrations of the 
reactants ([A] and [B]) are constant. We can de*ne an equilibrium constant K for the 
equilibrium reaction A ⇌ B as  

: = [!]
[.] (eq. 2.22) 
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Note that the position of this equilibrium is very much dependent on temperature, 
following Van ‘t HoC’s equation, and also on other conditions aCecting the chemical 
reaction rates (such as solvent). 

An interesting case of equilibrium reactions coupled to crystallization involves the 
presence of seed crystals of all crystallizing species, as was studied by Kuhn and 
Dimroth (Fig. 2.14b).292,293 They showed that the solubility equilibria for all species 
should also be considered (e.g. [A]* and [B]*), coupling the equilibrium of the 

reaction with those of crystallization. They demonstrated how, when K . [A]* > [B]*, 
the coupled equilibria drive the conversion of solid A into solid B. One especially 
common misconception about reactive crystallization is that the desired product 
should be less soluble than the reactant(s). The analysis above shows, however, that 
it is not solubility by itself that matters, but the product of solubility with the 
reaction equilibrium. Besides, from a practical perspective, the relative solubilities 
of reactants and products can be tuned in many ways, such as by the choice of 
solvent, or by adding co-formers to yield co-crystals to lower the solubility of the 
product.  

In developing a reactive crystallization process, there is always more than one 
species that must be considered.294 One must take stock of the solubility of all species 

 
Figure 2.14. Two main modes of reactive crystallization processes for a reaction from A to B for which 
the reaction equilibrium limits the yield of B, which has a much lower solubility than A: (a) 
Homogeneous starting conditions (solution of A), from which spontaneously formed B nucleates and 
crystallization drives the equilibrium towards a high yield in solid B; (b) Heterogeneous starting 
conditions (e.g. slurry of equal amounts of A and B), for which the coupled equilibria of dissolution, 
reaction and crystallization effectively convert the solid A into solid B. 

(a) homogeneous

(b) heterogeneous / slurry

A B

B

A B

A B
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and the rates and equilibria of the chemical reactions between those species. 
Naturally, conditions are selected whereby the desired compound experiences a 
driving force to crystallize, but reactants and byproducts remain in solution or and 
can dissolve (from a solid feed). Note that such a heterogeneous approach is at odds 
with what is habitual in many (organic) syntheses, where the critical components 
are oftentimes fully dissolved and the product is isolated later. Often, it may be 
bene*cial to design a custom solvent mixture that balances the desired solubilities 
of the various species and allows for eAcient chemical conversions. An additional 
complexity might be faced when the reagent concentrations also aCect each other’s 
solubility or when they act as an inhibitor to crystallization.295–299  

Well-known applications of reactive crystallization stem from instantaneous ionic 
reactions in hydrometallurgy and CO2-sequestration. With recent research mainly 
being concentrated in Asia, reactive crystallization processes have been successfully 
developed to extract and recycle metals from Li, Ni, Al, to Ba and Sc.300–304 Much 
attention has also been given to the precipitation of CO2 as carbonate salt by bubbling 
the gas through a solution of lithium, calcium, or magnesium chloride or 
hydroxide.305 Building on these seminal ionic applications, reactive crystallization 
has also been expanded to the more complicated realm of non-instantaneous 
covalent reactions. Initially, acid-base chemistry, condensations, and substitutions 
(e.g. acid chlorides and anhydrides) presented a fruitful starting point because of the 
stark solubility eCects of protonation and deprotonation on organic substrates and 
reactive crystallization was mainly applied to increase reaction yield and 
conveniently isolate products.306–309 Later, fermentations and biocatalytic processes 
were reworked into reactive crystallizations, allowing the mitigation of poor 
selectivity, inconvenient equilibrium constants, and intrinsically limited yield (due 
to biocatalyst stability) through in-situ product removal.310 Following these 
developments, strides were made in using immobilized enzymes and catalysts for 
reactive crystallization and even electrochemically-induced reactive crystallization 
was successfully attempted.311–313  

An inherent challenge in reactive crystallization is compatibility between reaction 
and crystallization conditions. Sometimes, it may be necessary to separate the 
reaction and crystallization conditions in space or time. This can be performed 
sequentially, in which a reactor is *rst exposed to reaction conditions, and then the 
conditions are altered to favour crystallization (e.g. addition of an anti-solvent, 
change of pH, change of temperature—post-removal of any unstable catalyst). In 
such a scenario, however, key bene*ts of reactive crystallization may be lost. 
Therefore, a cyclic approach could be preferred, such that a process is split between 
multiple reactors and pumped from one to the next or back-and-forth. Tubular 
reactors with a gradient in conditions can achieve spatial separation of 
crystallization and reaction conditions, akin to multi-step processes in Bow-
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chemistry.314–316 Although hardly explored, one can envision oscillations between 
reaction-geared and crystallization-geared conditions of the reactor-line in both of 
these scenarios, through which a continuous reactive crystallization process is 
ultimately obtained. 

Besides chemical compatibility, also a need for catalysis to drive the reaction may 
cause problems. A heterogeneous catalyst can serve as a platform for heterogeneous 
nucleation and be blocked by crystallization. Speci*cally, the highly active catalyst 
pores are ideal con*nements for crystallization. In terms of separation, 
immobilization of catalysts may be preferred to more easily discriminate between 
crystallized product and catalyst—especially in the context of (semi-)continuous 
processes. When the chemical reaction is too fast for the crystallization process to 
consume the product, large supersaturations can ensue and control over the 
crystallization process will diminish. Crystallization as a productivity limit is 
undesirable, and can sometimes be mitigated by milling to maximize the available 
surface area and enhance autocatalytic secondary nucleation.317,318 

Reactive crystallization can also be applied for the deracemization of interconverting 
diastereomers, a process known as crystallization-induced diastereomer 
transformation.319 In this chiral variant of reactive crystallization, the more soluble 
diastereomer is converted into the less soluble diastereomer. Strikingly, reactive 
crystallization even works when the solubilities of two crystallizing species are equal 
and their reaction equilibrium constant is unity. This is the case of racemizing 
enantiomers and will be the basis for our discussion of deracemization through 
reactive crystallization presented in the next chapter.320–323 
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Chapter 3 
Chiral Crystallization. 
Now that both the concepts of chirality and the fundamentals of crystallization have 
been introduced, we can examine how crystallization and chirality come together in 
the separation of enantiomers and diastereomers. Thereafter, we will explore how 
coupling chiral crystallization to chemical reactions can lead to enantioconvergent 
processes that rely on the intricate interplay of kinetics and the intrinsic 
enantioselectivity of crystals. 

Before starting this chapter, we wish to point the reader to a few general resources 
in this !eld. The go-to guide is the seminal work by Jacques, Collet & Wilen.1 Besides 
that handbook, a few recent reviews provide a good background and discuss notable 
advances in the !eld.2–4 

Packing problems 
The topic of chiral crystallization can be understood to ask two di"erent questions: 
(i) how do chiral molecules crystallize, and (ii) how do chiral crystals form? Both 
questions are not at all the same. Indeed, chiral molecules can form both achiral and 
chiral crystals, while chiral crystals can also be formed both from achiral and chiral 
molecules. Only the !rst question, that of crystallizing chiral molecules, may seem 
relevant in the context of this thesis. However, many historic and fundamental 
experiments in chiral ampli!cation have actually featured achiral molecules that 
crystallize in chiral space groups. Hence, before diving into the crystallization of 
chiral molecules, brie#y re#ecting on the formation of chiral structures provides 
some very useful background knowledge. 

The question why molecules such as N2, NH3, NaClO3, and benzophenone crystallize 
as chiral crystals is a puzzling one.5,6 Brock and Dunitz stressed the enigma, by 
clarifying that “inversion centres are especially favourable for crystal packing, 
because they diminish like-like interactions and are uniquely compatible with 
translation”.7 Indeed, inversion centres mediate strong molecular interactions and 
generally allow for very close packing.8 So why would achiral molecules then pack 
into chiral unit cells that lack inversion symmetry (i.e. non-centrosymmetric unit 
cells)? Pidcock summarized a rationale depending on the rigidity of the molecule.9 
First, rigid molecules that contain inversion symmetry are seldomly found to 
crystallize in chiral space groups. Conformationally #exible molecules, however, can 
have steric barriers for interconversion between con!rmations, rendering them 
e"ectively asymmetric. These molecules thus behave like enantiomers for 
crystallization purposes and may resolve spontaneously. For Pidcock, the question 
remained, though, why #exible molecules that are not sterically hindered would 
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then sometimes still prefer to pack “via screw axes rather than inversion centres and 
glide planes”. An important factor to be considered in such cases proves to be 
intermolecular: strong, directional intermolecular forces can substitute for intrinsic 
or steric in#exibility by e"ectively locking molecules into a one-handed 
arrangement at the supramolecular level. Key examples of such forces are hydrogen 
bonding, halogen bonding, and π-interactions.10,11 Indeed, one can imagine that 
helical or end-to-end columnar motifs can yield homochiral chains in the crystal 
lattice.12 This also frequently occurs for molecules that can adopt propeller-like 
conformations, owing to C₂ or C₃ symmetry axes.13 Finally, multimers of achiral 
molecules can also sometimes yield asymmetric supramolecular assemblies within a 
crystal unit-cell, much like chiral molecules themselves are built-up from achiral 
subunits.14,15 

Very similar arguments can also be made for explaining the general emergence of 
chiral structures from achiral particles:16,17 Directional interactions can suppress 
inversion-symmetric arrangements, local asymmetries (sergeants) can direct overall 
helicity (of the soldiers), and collective packing can propagate chirality into longe-
range order. Stacking faults or imperfections in achiral building block assemblies can 
quickly lead to chiral induction.18 Screw-dislocation-driven growth mechanisms are 
another frequent source of chirality, also at the nanoparticle level.19–22 

Having discussed the crystallization of achiral building blocks into chiral structures, 
we now turn to the crystallization of chiral molecules. In principle, a pure 
enantiomer only crystallizes into a chiral space group, as its symmetry cannot be 
inverted. For a racemic mixture of enantiomers, it is also possible to obtain a racemic 
conglomerate, where enantiomers self-sort into enantiomerically pure crystals (Fig. 
3.1a, about 5-10% of the time). In such a case, an enantiomer molecule only !ts the 
glove of its corresponding crystal, providing a very strong source of separation and 
enantioselectivity. It is also possible, and actually much more frequent (about 90-95% 
of the time), that the two enantiomers combine into a centrosymmetric unit cell (Fig. 
3.1b) and both enantiomers pack into one racemic crystal (called a racemic 
compound; Fig. 3.1c).23 Besides these two most common forms of chiral 
crystallization of enantiomers, it is also possible to obtain a solid solution or false 
conglomerate behaviour—both occur an estimated less than 1% of the time and will 
not be discussed further here.24–26 

Before we continue, we should discuss how one practically discriminates between 
conglomerate crystals and racemic crystals.27 The !rst option is to compare the XRPD 
patterns or solid-state NMR spectra of crystals from the racemate and the pure 
enantiomer. If the patterns or spectra are the same, this is a strong indication for a 
conglomerate. In that case, a successful resolution through crystallization or the 
isolation of an enantiopure single crystal constitute the ultimate proof. If the 
patterns or spectra are di"erent, one generally has racemic crystals, although as an 
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option would remain conglomerate polymorphism. It may be prudent to allow full 
(seeded) equilibration of crystal structures. One should also consider crystallization 
from di"erent solvents and avoid the presence of solvates. This is to avoid, as it 
happens occasionally, any mischaracterization due to polymorphism or metastable 
phases. For full characterization of the solid-phase, single-crystal X-ray di"raction 
is required. Recently, state-of-the-art electron di"raction has likewise provided tools 
for conglomerate identi!cation.28 For quick screening, second harmonic generation 
can provide a !rst indication of non-centrosymmetric crystal unit cells.29 Note, 
however, that racemic molecules occasionally also crystallize in chiral space groups. 

Besides direct characterization of the solid-state arrangement, the thermodynamic 
stability of the crystal phases (through DSC) and their solubilities should be 
characterized. In the case of a conglomerate, a set energy-di"erence between a 
racemic mixture of crystals and enantiopure crystals exists purely originating from 
the entropy of mixing (resulting in a ~25 oC lower in melting point). DSC cycles can 
also provide indications of polymorphism, impurities and solvates. Solubility of the 
two crystal phases is another important characteristic. The solubilities of 
conglomerate crystals are independent, ideally giving a double solubility of the 
racemate compared to the pure enantiomer (for non-dissociating compounds). For a 
(stable) racemic compound, however, the stabilities of the enantiomerically pure 
crystal and the racemic crystal are not the same, causing di"erent solubilities of a 

 
Figure 3.1. A mixture of two enantiomers can crystallize into enantiopure crystals, called conglomerates, 
which only stereoselectively incorporate its own handedness (panel a, 5-10% of cases) or crystallize 
together into racemic unit cells (panel b) to form racemic crystals (panel c, 90-95% of cases). 
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pure enantiomer and the racemate. The phase diagram of scalemic mixtures (i.e. 0 < 
ee < 1) in the case of racemic compounds is therefore given by combining the 
equations of Schröder-Van Laar and Prigogine-Defay, and features a speci!c non-
zero eutectic composition in ee.1,30,31 Blackmond and colleagues have provided an easy 
equation for linking the solubility ratio (α) to the eutectic composition (eeeu):32 

!!!" =
1 − %

#
4

1 + %
#
4

 

If the results from the solubility behaviour and/or DSC do not match the other 
characteristics, there may be non-ideal solution behaviour of the compound, as the 
equation is derived from ideal solution behaviour. 

Conglomerate crystallization is remarkable, as it can be a very powerful tool for 
chiral separation and even an e"ective asset in asymmetric synthesis.33–35 In chapter 
1 we noted the central conundrum of chiral chemistry: the inherent di(culty in 
separating enantiomers due to their physical and chemical identical properties. 
Indeed, only in another chiral environment can enantiomers be discriminated. 
Conglomerate crystals provide such an enantioselective environment and uniquely 
do so themselves without requiring any outside source. This also brings us to the 
question of their unfortunate statistics: why do conglomerates form only in such a 
small percentage of cases? Understanding this impediment can inform crystal 
engineering to command this so-desired conglomerate behaviour at will. 

Wallach—ahead of his time—explained the statistics by prospectively citing 
Kitaigorodskii’s previously stated packing principle: inversion centres maximize 
close packing e(ciency and therefore are preferred.36 That argument appears 
generally strong, but exceptions are known where screw axes and helical packing 
achieve comparable densities and not all conglomerate structures are indeed less 
dense than their racemic counterparts.37 The rule of thumb though holds: Racemic 
crystals are in principle preferred, owing to the generally more e(cient packing of 
centrosymmetric space groups. Exemptions to the rule often recall the same 
principles as those described for achiral molecules crystallizing in chiral space 
groups: strong homochiral motifs induced by intermolecular interactions and 
propeller-like molecules predisposed to chiral packing.38 Noteworthy 
counterexamples are carboxylic acids and amines that can easily form energetically 
favourable achiral dimers  through H-bonding.23 The rationale above explains why 
the chance of conglomerate formation is not homogeneous: Related structures and 
families of compounds can show distorted statistics, depending on the nature of their 
similarities.39,40 This is an important realization for chemists that try to engineer 
conglomerates through covalent modi!cations, as is done to achieve a resolvable 

(eq. 3.1) 
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intermediate.41–47 Crystal structure prediction is increasingly able to predict possible 
conglomerate formation and can aid rational design.48 

The crucial balance between intermolecular interactions and packing phenomena is 
especially evident on surfaces, providing insight into two-dimensional 
crystallization.49,50 Computational 2D-studies have also shown that pre-nucleation 
clusters and supramolecular assemblies are good indications of !nal crystallization 
behaviour.51 Moreover, they have con!rmed that strongly heterogeneous 
interactions across molecules favour the spontaneous resolution of racemic mixtures 
into conglomerates.52 Insights from computed energy landscapes have further shown 
that, in case of conglomerate formation, the energy di"erence between the 
conglomerate and the next-best racemic crystal is often actually very close.53 These 
!ndings have raised the question whether kinetics may tip the balance in 
conglomerate formation, rather than crystal lattice energies alone—a question still 
open and in dire need of study.54 Giving some clues, con!nements should be studied 
as they may increase the likelihood of conglomerate formation through kinetic and 
2D-templating pathways.55–57 

An important exception with regard to the standard statistics of conglomerate 
formation are salts: Ionic crystals show much higher conglomerate rates (up to 2 or 
3 times that of molecular crystals).38 The strong electrostatic constraints may quickly 
trump packing e(ciency considerations. This concept has been the inspiration of 
several crystal engineering endeavours, where enantiomers were either transformed 
into salts by introducing a counter-ion or co-crystallized with salts to induce 
conglomerate behaviour.29,40,58–62 

Having explained the rationale behind the work on salt co-crystals to induce 
conglomerate behaviour, we can easily explain why other co-crystallization 
strategies have also seen increased interest (Fig. 3.2).63–66 These strategies take full 
advantage of the possibilities of combinatorial chemistry without the need for 
covalent derivatization of the target. The only complications introduced are the 
supply of coformer and its separation and recycling after chiral resolution has been 
completed. Besides achiral coformers, the use of chiral coformers to force a 
diastereomeric-like resolution in the solid phase can also be e"ective, but does have 
the general disadvantage of requiring a chiral auxiliary.67 In some cases, although 
very niche and perhaps more of a curiosity, two racemic compounds can be their 
respective coformer, allowing for their simultaneous resolution in the solid phase.68 
Finding the right coformer is the big challenge in co-crystallization and often 
requires more elaborate screening than covalent derivatization, increasing 
development time and cost. Fortunately, co-crystals prediction has seen much 
interest and they can be predicted increasingly well—although chiral crystal 
structure prediction (CSP) is notoriously di(cult.69–73  
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An alternative approach to chiral resolution that employs chiral crystallization is 
close in spirit to combinatorial co-crystallization with chiral coformers—albeit a 
much older strategy—but does not rely on conglomerate behaviour is that of 
diastereomeric salt formation.74,75 In this approach of diastereomeric salt formation, 
a chiral resolving agent (X, in principle a base or acid) is added to a racemate (RS, 
acidic or basic respectively). The two enantiomeric ions can complex together to 
precipitate as a diastereomeric salt (R:X and S:X). As said in chapter 1, diastereomers 
do have di"erent chemical and physical properties and thus in principle di"erent 
crystal stabilities and solubilities. The diastereomers can then be separated by 
crystallization and the resolving agent recycled. Although sounding deceptively 
simple, a random choice of resolving agent can lead to no solid salt formation at all 
or the formation of salts with only minor solubility di"erences.  

A key innovation in this technique, now known as Dutch Resolution, was made by 
Ton de Vries and co-workers, who employed a simultaneous family of resolving 
agents.76 In that approach, a mix of closely related resolving agents (e.g. mix M: 
mandelic acid, p-methylmandelic acid, and p-bromomandelic acid) was added to one 
racemate (e.g. 1-(4-bromophenyl)ethanamine). The result was striking: “rapid 
precipitation of a crystalline diastereomeric salt in good to high enantiomeric purity 
and yield”—in the case of our example 96% ee was achieved after recrystallization. 
Notably, the resulting salts were usually composed of random distributions of the 
resolving agents from the mix and in unpredictable stoichiometries.  

For a further discussion of diastereomeric salt formation and strategies therein, the 
reader is directed to the cited references in this paragraph and the guide by Faigl & 
Fogassy et al.77 

 
Figure 3.2. Co-crystallization for chiral resolution. Using coformers, a racemic mixture that would 
normally crystallize into racemic crystals can now crystallize together with a chiral coformer as (1) 
conglomerate co-crystals, or with a achiral coformer as either (2) conglomerate co-crystals or (3) racemic 
co-crystal or solid-solution. Indeed, a chiral coformer may effectively force enantioselective 
crystallization, breaking the racemic behaviour upon co-crystal formation. Schematic adapted from [65]. 
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Preferential Crystallization 
If one has a chiral compound crystallizing as a conglomerate, i.e. self-sorting into 
enantiopure crystals, one can apply preferential crystallization to separate a racemic 
mixture—a concept !rst demonstrated by Pasteur for left- and right-handed sodium 
ammonium tartrate crystals.78 In a later demonstration, racemic methadone was 
separated into large crystals—each weighing multiple grams—of the opposite 
enantiomers through evaporation from a concentrated solution.79 From a 
fundamental point of view, such preferential crystallization has also gained much 
attention as a route towards biological homochirality as advocated by Blackmond 
and others.80,81 Interestingly, Noorduin and co-workers showed that polarized light 
can be used to preferentially crystallize one of the two enantiomers through photo-
generating a tailor-made additive, serving as a transferable source of symmetry 
breaking.82 

Relying on the manual picking of large crystals using tweezers is not ideal for the 
production of enantiomerically pure products. A more typical preferential 
crystallization process to separate two enantiomers is depicted in Figure 3.3 and 
generally works as follows.1,83 

 
Figure 3.3. Preferential crystallization of a conglomerate. Through the independent solid-state 
behaviour of the two enantiomers, enantiopure crystals can be grown from seeded crystallization of 
conglomerates. Seeding with the S-enantiomer in a cooling crystallization that remains within the 
metastable zone of the R-enantiomer affords grown enantiopure crystals in S. The supersaturated 
solution can then be cooled further to nucleate and grow R. After adding fresh racemate, these 
consecutive steps can be repeated to exploit conglomerate crystallization as a pathway for chiral 
resolution, theoretically affording 50% yield in the desired enantiomer. 
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First, a racemic solution, i.e. containing both enantiomers in equal amounts, is 
exposed to an enantiopure seed crystal of one of the two enantiomers (here: S). Upon 
cooling, the solubility of the solution lowers and a crystallization driving force is 
induced. Because the enantiomers crystallize in separate crystals, they have 
independent solubilities and therefore independent supersaturations. The seeded 
enantiomer keeps growing, thereby continuously reducing its supersaturation to 
zero, while the unseeded enantiomer keeps building up supersaturation. The 
unseeded enantiomer does not automatically nucleate and growth, as long as its 
energy barrier for nucleation is not reached. Therefore, the cooling growth of the 
seeded enantiomer is stopped before nucleation of the other enantiomer is induced. 
Rather than cooling to induce preferential growth, it is of course also possible to use 
evaporation or the introduction of an anti-solvent as a driver for crystallization. 
Important is to stay within the metastable zone and prevent unwanted nucleation. 

After growth of the !rst enantiomer, the solution is !ltered or the grown 
enantiomerically pure solid phase removed otherwise. Now, the solution is perfectly 
saturated in one enantiomer (here: S) and well supersaturated in the other (here: R). 
Therefore, if one now adds an enantiomerically pure seed crystal of that enantiomer, 
one directly starts its preferential growth. No further cooling is required at this 
stage, although it can be implemented for higher absolute yield in the step. After 
removing the grown crystals, one can continue the process by again seeding with the 
!rst enantiomer until the solution is su(ciently depleted of material.* 

The same process can also be executed for conglomerate co-crystals and even to 
some extent for diastereomeric salts, although those have distinct and coupled 
solubilities, complicating the phase diagram. Nevertheless, as long as the 
components of interest are situated in separate crystals, some variant of preferential 
crystallization can be implemented for their separation. 

Rather than executing the rudimentary process described above in small batches, 
Rougeot and Hein have summarized recent developments aiming to implement 
continuous preferential crystallization processes to e(ciently access enantiopure 
crystals.84 Although continuous crystallization processes pose many particular 
engineering challenges,85 three main approaches can be identi!ed. The !rst, most 
basic approach, uses a single crystallizer with seeds of the desired enantiomer, 
through which a supersaturated solution is #own (out#ow removed) and from which 
the pure enantiomer crystals are withdrawn.86 A #uidized bed crystallizer is the most 
natural implementation of this approach.87 The second approach uses two separated 
crystallizers, between which a crystal-free liquid is circulated—one crystallizer for 
each enantiomer.88,89 In each reactor, the liquid gets enriched in the opposite 
enantiomer due to crystallization. Because of liquid-phase circulation, however, 

 
* Note that, in industry, racemate is often added after each crystallization step to achieve identical cycles. 
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these unwanted liquid-phase enrichments are turned into solid-phase enantiopurity 
in the opposing reactor. A derived possibility is changing the second crystallizer to a 
dissolution rather than crystallization tank, using mother liquor from the 
crystallization tank that gets depleted in one enantiomer to enrich the solid phase in 
the dissolution-tank in the other enantiomer.90–92 This second version of the two-
reactor approach has a much higher theoretical productivity. The third approach 
features three reactors: one crystallizer for each enantiomer and a feed tank.93–95 In 
essence this combines the !rst two approaches: a supersaturated racemic solution is 
supplied by the feed tank to two coupled crystallizers that balance each other’s 
supersaturation. 

A problem inevitably encountered in continuous preferential crystallization 
processes is the appearance of crystals of the unwanted enantiomer through 
nucleation and growth. Ter Horst and colleagues propose to combat that issue by 
#ushing the system with an enantiopure solution of the desired enantiomer, 
e"ectively dissolving any undesired crystallites.96 Rather than #ushing periodically, 
they cleverly further propose to monitor the presence of unwanted crystallites 
through online polarimetry. 

Having discussed the regular preferential crystallization of conglomerates, a few 
interesting cases remain. The !rst edge-case is that of so-called ‘lamellar’ or 
‘epitaxial’ conglomerates.97,98 Figure 3.4 shows how a single crystal is built up out of 
alternating layers of left- and right-handed crystals—epitaxy is an Ancient Greek 
term meaning ‘(sequential) ordering on top (of another layer)’. Indeed, although the 
individual crystalline domains are de!nitely enantiopure, the macroscopic crystals 
as a whole are often (near)-racemic. Such a situation makes the use of preferential 
crystallization moot, as macroscopic separation is not easily achieved by 
crystallization. Some solutions have been found, the most e"ective being 
crystallization-induced deracemization by grinding, which will be discussed later in 
this chapter. The only way to spot an epitaxial conglomerate is through special 
experiments (SHG, DSC and XRPD will not provide any clues): the crystals will often 
appear striated, are not enantiopure upon analysis, and will fall apart when exposed 
to enantiopure solution into thin #akes (since the alternating domains keeping the 
crystal together will be dissolved).99 

 
Figure 3.4. Lamellar or epitaxial conglomerates are macroscopically racemic crystals made up of 
enantiopure layers or domains. Such mere local conglomerate behaviour hinders chiral resolution. 
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The likely reason for the formation of epitaxial conglomerates is that the energy 
di"erence between the (!ctitious) racemic crystal structure and the conglomerate 
crystal structure is very small. In such cases, it is energetically easy for one 
enantiomer to nucleate on top of the other one, sharing a ‘racemic’ layer. This 
reasoning points us to another possible complication: cross-inhibition. In that 
scenario, one enantiomer acts as an inhibitor for the nucleation or growth of the 
other one. In a preferential crystallization, such a scenario would be obviously fatal 
as both enantiomers are present in relative abundance. Although this phenomenon 
has, to the best of our knowledge, gained very little to no attention in conglomerate 
literature so far, the clues are clear.74 An arti!cial study on a racemic compound has 
shown that the counter enantiomer will immediately block an enantiopure surface 
and form racemic patches.100 Worryingly, studies have shown a preference for 
racemic compound formation in 2D over 3D, further lowering the threshold for cross-
inhibition of conglomerates.50,101 Indeed, when the racemic crystal structure is 
energetically close, it is far from unreasonable that enantiomers can act as their own 
‘tailor-made’ inhibitors.37,102,103 

Inhibition, however, can also be turned into a strength and used to apply preferential 
crystallization to racemic compounds, i.e. to chiral molecules that do not self-sort 
into enantiomerically pure crystals (Fig. 3.5). One option is that an additive inhibits 
the nucleation or crystal growth of the racemic crystal, but not that of the 
enantiomer.104–108 In that way, it is possible to treat the system as conglomerate, 
because the racemic crystals are e"ectively put out of play. Another approach is 
using an additive to alter the stability of the enantiopure or racemic crystal phase or 
both.109,110 If such an additive creates co-crystals that render an enantiopure co-
crystal relatively more stable than the other possible solid phases, this #ips the 
thermodynamic driving force to allow preferential crystallization as well.    

Besides di"erences in crystal stability, intrinsic di"erences in nucleation and growth 
rates between the enantiopure and racemic crystals may sometimes also be exploited 
to allow for preferential crystallization of racemic compounds. Brandel and co-
workers studied diprophylline and proxyphylline—both racemic compounds—and 
obtained surprising but inspiring results.111–113 Their !rst observations pertained to 

 
Figure 3.5. Additives in chiral crystallization: (a) an additive (illustrated with a yellow star) can inhibit 
the growth or nucleation of the racemic crystal form or (b) alter the relative stabilities of the 
conglomerate and racemic compound in favour of the conglomerate crystal form, for instance through 
co-crystallization. Both approaches may allow (pseudo-)conglomerate behaviour and thus (partial) 
preferential crystallization. 

RS

RS

S

(a)

RS

RS

S

(b)



Chiral Crystallization 

  97 

3 

double polymorphism, i.e. the racemic and enantiopure crystal forms had multiple 
crystal forms. Harnessing the complicated solid-state landscape, that also featured 
solid-solution behaviour, they showed that the conformational variability of the 
crystal unit cells could be an e"ective kinetic inhibitor of racemate crystal growth. 
Later they also showed that careful solvent selection can lower nucleation rates so 
much that a supersaturated solution of the racemate is e"ectively only able to 
address its crystallization driving force by growing the provided enantiopure seeds, 
rather than nucleating and growing racemic crystals. So far, it is unclear whether 
these strategies can be generalized or are only applicable to very speci!c systems, 
but the concepts demonstrated can certainly o"er much inspiration in the resolution 
of racemic compounds through preferential crystallization. 

A !nal noteworthy strategy to apply preferential crystallization to racemic 
compounds involves the shifting of the eutectic.114,115 In Magdeburg, Lorenz and 
colleagues extensively explored how shifts in solvent and temperature or the 
presence of additives can change the relative (kinetic) stability between the racemic 
and enantiopure crystal forms, e"ectively changing the eutectic composition of the 
system. Inspired by two-step processes in azeotropic distillation, this approach 
circumvents thermodynamic limitations by likewise splitting the crystallization 
process into two steps: (i) delivering initial enrichment through a liquid phase of 
high eutectic composition, and (ii) providing a pure enantiomer in the solid phase 
under a lower eutectic composition. This work builds on studies by Fogassy in 
Budapest, who documented how enantiopure solid phases could still be obtained 
from racemic compounds with appropriate eutectics.116 Indeed, careful navigation of 
the phase diagram and eutectic line renders crystallization feasible as a technique to 
obtain pure enantiomers even from the racemates of racemic compounds.117 

Racemization Reactions 
After chiral crystallization has been used for separating enantiomers, one still is left 
with 50% of undesired enantiomer material. One of the disadvantages most often 
propagated for separation methods, as compared to e.g. asymmetric synthesis or the 
use of the chiral pool, is this large amount of ‘waste’. One way to address this problem 
is by introducing a recycling step, implemented through a racemization reaction. 
The racemization reaction interconverts enantiomers—typically in solution—and 
allows for turning any leftover undesired enantiomer back into racemic material. At 
this point, separation can be repeated. After successive steps of separation and 
recycling, one could theoretically obtain almost 100% yield in the desired 
enantiomer (Fig. 3.6). 
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In 2006, Ebbers and co-workers collected a great number of instances in literature 
where organic molecules had been racemized.118 A summary of the main strategies 
to racemize organic molecules is presented in Figure 3.7, inspired by the seminal 
overview by Ebbers et al. We will now discuss these four main classical approaches 
(Fig. 3.7). 

First, the use of a base can catalyse the racemization of chiral centres through the 
abstraction of a proton, forming an achiral sp2 intermediate. Such an intermediate 
can either be resonance-stabilized through a neighbouring group (e.g. keto, nitrile, 
or nitro moiety) or function as the !rst step in an elimination reaction (through the 
presence of a suitable leaving group). A second approach is the use of acid catalysis. 
This approach typically follows the formation of an achiral carbocation via a moiety 
that is a good leaving group upon protonation, or the formation of a double bond 
(proton rearrangement) through the presence of a heteroatom that can be 
protonated. 

Derived from these basic two approaches are racemization reactions involving Schi"-
bases and tautomerisms. A Schi"-base is a special case of imine and is most typically 
formed by reacting a chiral amine with an aromatic aldehyde (condensation 
reaction). Such a Schi"-base is especially prone to racemization under either basic 
or acidic conditions, due to the strong resonance-stabilization of either a carbanion 
on the chiral centre and the stability of the protonated bridging nitrogen (imine-
enamine tautomerism). The Schi"-base approach is heavily used for racemizing 
amino acids and their derivatives. In fact, the vast majority of naturally occurring 
amino acids is readily racemized in the presence of catalytic amounts of 
salicylaldehyde and acetic acid.119 A similarly e"ective approach to racemization is 
found for the keto-enol tautomerism, when a ketone is directly next to the chiral 

 
Figure 3.6. Through cycles of separation (chiral resolution) and racemization it is theoretically possible 
to achieve a 100% yield in the desired enantiomer. (a) After separation, the distomer (i.e. undesired 
enantiomer) is racemized and used as input for a sequential chiral resolution. (b) If a separation step 
affords the maximum yield of 50%, 8 cycles are required to fully deracemize a racemic mixture. 
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centre. Flanking aryl groups greatly aid activation and increase the acidity of the 
chiral proton, but the proton is also acidic in other variants like amino nitriles. 
Finally, both tautomerism and Schi"-base can be combined to achieve very e(cient 
racemization under mild conditions, as illustrated by the case of 
benzodiazepinone.120 

Having discussed tautomerisms, a related but interesting case is the racemization of 
ring derivatives that proceeds through resonance-stabilized structures that (i) break 

 
Figure 3.7. Overview of the main types of racemization reactions.  
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the rotational con!nements imposed by the ring and (ii) create an achiral sp2-
hybridized intermediate (Fig. 3.8a).121 Quite similar in concept is racemization 
through a retro-Mannich-type intermediate (Fig. 3.8b).122 Likewise, aldol/retro-aldol 
reactions can also constitute racemization.123 Further typical classical reversible 
covalent organic reactions that can be applied in racemization may depend on the 
reversible formation of hemiacetals, hemiaminals, hemithioacetals, cyanohydrins, 
nitroaldols, nitrones, N,O-acetals, or N,S-acetals, and the similar aza-Henry or thia-
Michael reactions.124,125 

The fourth strategy has seen especially much development over the last decades and 
features a redox cycle to induce racemization. Most commonly, a hydrogen is 
abstracted from a chiral centre by forming a double bond with either an adjacent 
heteroatom or other carbon (oxidation/dehydrogenation), resulting in an achiral 
intermediate. Upon reduction or hydrogenation, the chiral centre is restored. When 
the second step is performed without any chiral catalyst, both enantiomers are 
formed in equal amounts, completing the racemization redox cycle. This approach is 
especially common for alcohols at the chiral centre. For many of these cycles, 
transition metal catalysis is used to achieve the redox cycle, employing Pt, Pd, Ru, or 
Rh catalysts.126–128 For benzylic alcohols, however, acidic zeolites can also be e"ective 
racemization catalysts in water.129 The use of two-phase systems is one way of 
combining both steps of the cycle within one pot.130 The racemization of secondary 
alcohols can also be achieved electrocatalytically through iridium-catalysed anodic 
dehydrogenation and rhodium-catalysed cathodic hydrogenation.131 

Besides these kind of redox cycles, more types cycles can be used for racemization. 
In fact, the most famous racemizing cycle is probably the Walden inversion (Fig. 
3.9a).132 In that cycle, two consecutive SN2 reactions with PCl5 and moist Ag2O invert 
the stereochemistry of the alcohol. Likewise, the stereochemistry of a halide can be 

 
Figure 3.8. Examples of racemization reactions by reversible rearrangements involving the opening of 
chiral rings: (a) formation of a ring-opened zwitterionic intermediate in a cyclic ether; (b) formation of 
a ring-opened retro-Mannich-type intermediate. 
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3.9b).133 A strategy derived from this principle was used to racemize an E/Z mixture 
in the presence of acid and bromine.134 Indeed, many more variants of such 
continuous cycles of substitutions or elimination−addition reactions can be a viable 
racemization strategy—reminiscent of the previously mentioned retro-
Mannich/Mannich sequence.123,135,136 

A special case of racemization, that will not be discussed in detail here, is thermal 
racemization or racemization in the melt.137 Such racemization is often prevalent for 
axially chiral structures.  E/Z-Photoisomerization is a well-known similar strategy, 
allowing rotation around double bonds through an excited state. In both cases, 
however, it is important to note that some con!rmations are energetically more 
favourable, often leading to unequal amounts of the stereoisomers being formed 
during isomerisation as the back-and-forth rates are not the same.138,139 

Also worth discussing are the types of reactions featuring in asymmetric catalysis. 
When such reactions make use of catalysts with chiral ligands, it is often possible to 
replace those with achiral ligands. In such cases, the reaction can be repurposed to 
lead to symmetrical results and yield a counterintuitive tool to achieve racemization. 
Two recent examples of this idea, inspired by previous work on asymmetric 
photocatalysis, were given by Knowles, and Yamamoto and Akiyama (Fig. 3.10).140,141 
In these mechanisms, the use of light creates a radical that allows inversion of the 
chirality, either in an SN2-like fashion as we have seen before or by freeing up the 
possibility to rotate around the bond. Although using light as an reaction ingredient, 
note that both these examples were developed for application in the context of 
reactive chiral crystallization. Photocatalysis is not in any way required, though, as 
evidenced by similar results provided through copper catalysis.142 

Three main types of photoinduced dynamic radical processes are central to our 
current toolbox to be used for racemization: radical generation at a chiral centre 
through (i) C-H abstraction (HAT) or (ii) excited-state electron transfer (SET), and (iii) 
diradical formation at a double or triple bond (Fig. 3.11).143 In these processes, a 
photocatalyst or photosensitizer facilitates electron and/or energy transfer of a 

 
Figure 3.9. Racemization through cycles of stereochemical inversions: (a) Walden inversion; (b) 
consecutive SN2-substitution. 
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molecule with another molecule or transfers its own electron to a molecule.144 
Allenes racemize as described previously, through either one of the three 
mechanisms. Indeed, apart from direct excitation of the allenes, it is also possible to 
initiate isomerisation of allenes with suitable templates (e.g. lactam) through energy 
transfer from a photosensitizer, as demonstrated by Bach.145–147 Racemization of a 
chiral centre (tetrahedral carbon with C—H) in principle occurs via routes (ii) and 
(iii), and ultimately works because of a radical or resonant carbanion being formed 
at that centre, which ultimately allows for the re-addition of a hydrogen atom from 
either side.148–152 Note that for chiral catalysis, in contrast, the hydrogen abstraction, 
re-addition or electron transfer is enantiospeci!c, leading to deracemization or 
asymmetric synthesis when using chiral auxiliaries or catalysts. 

In these kinds of reactions suitable for racemization, much work has been done on—
amongst others—urea derivatives, secondary alcohols, α- and β-ketones, and 
amines.153–160 Visible-light-mediated photocatalysis is gaining traction and special 
reactor designs (including #ow chemistry set-ups) are being developed and tested to 
allow cost-e"ective transformations at scale.161 We therefore foresee that many 

 
Figure 3.10. Racemization through achiral photocatalysis, featuring (a) racemizing α-stereogenic 
amines via a combination of hydrogen atom, electron and proton transfer with coupled catalysts, 
reproduced from [140]; and (b) racemizing BINAM derivatives via radical cation species, reproduced 
from [141]. 

(a)

(b)
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nonenzymatic chiral catalytic deracemizations can be adapted and repurposed as 
racemization reactions.162–164 Analogous to inspiration from asymmetric catalytic 
deracemizations, the wide palette of reaction conditions developed for deuteration 
and triation of pharmaceutical compounds might likewise be repurposed.165–168 
Rather than using photons as (only) energy source, the use of electrochemistry is 
also an enticing thought that might broaden substrate scope, although its 
compatibility with crystallization and scaling-up might poses di"erent 
challenges.169–172 

 
Figure 3.11. Main modes of photoinduced dynamic radical processes applied for racemization. 
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Besides these classical chemical approaches, the use of biocatalysis for racemization 
has seen increased interest. Over the past decades, e(cient mutagenesis methods 
have emerged that allow widely tuning conditions and substrate scope of enzymes 
for use in pharmaceutical synthesis.173 Currently, enzymatic racemization is a 
common approach for  racemizing carboxylic acids, especially a-hydroxy carboxylic 
acids, which can be racemized through the use of mandelate and lactate racemases.174 
Next to carboxylic acids, much work has naturally been published on the 
racemization of amino acids and their derivatives through amino acid racemases 
(AARs).175 For other types of hydroxyl carbons, epimerases are particularly well 
known, racemizing speci!c chiral centres of carbohydrate-like backbones.176 Besides 
those well-known biocatalytic racemizations, also several racemases occur in the 
break down of fatty acids, such as methylmalonyl-CoA epimerase.177 More niche 
racemases have been isolated and engineered to racemize activated (e.g. α-hydroxy 
ketones and α-aminonitriles) and unactivated alcohols and amines.178 Addressing a 
major concern, we note that combining enzymatic reactions and crystallization has 
seen great progress in the past decades.179,180 In fact, special enzymatic reactors have 
been developed to combine immobilized enzymes with crystallization to allow 
biocatalysis as source of the racemization reaction in chiral crystallizations.181,182 

Closing this section, we note that racemization reactions are also a key component 
of dynamic kinetic resolutions. Hence, a huge racemization toolbox has already been 
developed and multiple overviews exist in literature.123,183–187 Particularly interesting 
is the fact that various orthogonal approaches have been studied to racemize the 
same chemical chiral centre, considering compatibility with other processes and 
reaction conditions. Referring back to such studies is therefore valuable when 
engineering a process that aims to combine racemization with crystallization 
conditions. In general, the state of a"airs described in this chapter—already in its 
incomplete summary form—satis!es the conclusion that racemization of the chiral 
centre of interest does not need at all be the bottleneck in designing a reactive chiral 
crystallization process. 

Cyclic Preferential Crystallization 
In the previous section on racemization reactions, we have already introduced the 
concept of sequential separation and racemization steps to realize e"ective 
deracemization cycles (refer back to Fig. 3.6). This section will brie#y hone in on this 
idea and showcase some work that has been performed to combine racemization 
reactions and preferential crystallization. This will be the preliminary to discussing 
direct crystallization-induced deracemizations (CIDs)—which is the focus of the !nal 
two sections of this chapter and the core process studied in this thesis. 

Early adoption of the combination of crystallization and racemization featured a 
sequential implementation of preferential crystallization for separation and 
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racemization for recycling of the undesired enantiomer, such as in the industrially 
relevant cases of galantamine and calcium (R)-pantothenate.188–190 A more 
autonomous version of such a cyclic process was featured by Engwerda et al. for the 
deracemization of the Antimalaria Drug Me#oquine, where continuous feedback-
loops between the crystallizer, racemization reactor, and feed tank were introduced 
to a"ect deracemization.191  

Drawing from their work integrating biocatalytic racemization with 
chromatography,192 Lorenz and Seidel-Morgenstern combined separation via 
Fluidized Bed Crystallization and racemization to a"ect the continuous production 
of enantiomers (Fig. 3.12a).193–195 The concept is as follows: a racemic feed is 
continuously dissolved into a feed tank. The feed !rst passes through a crystallizer 
that preferentially crystallizes the undesired enantiomer. Having obtained a feed 
maximally (i.e. within the bounds of the metastable zone) enriched in the desired 

 
Figure 3.12. Combining racemization and preferential crystallization: (a) sequential steps of 
separation and racemization for recycling of the undesired enantiomer in a modern continuous 
implementation (adapted from [194]); (b) preferential crystallization under racemizing conditions 
allows direct partial deracemization; (c) adding the in-situ dissolution of the racemic feed provides a 
constant supply of undesired enantiomer to be converted by preferential crystallization, allowing full 
autonomous direct deracemization through crystallization under racemizing conditions in semi-
continuous fashion (adapted from [84]). 
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enantiomer, the desired enantiomer is then obtained through a second preferential 
crystallization in the following crystallizer. Note that the undesired enantiomer 
crystals that are separated from the racemic feed in the !rst crystallizer are 
reintroduced into the feed tank. Through racemization in an inline racemization 
reactor the undesired enantiomer is then partially converted into the desired 
enantiomer, constituting the e"ective chemical component of the deracemization. 

Rather than using an inline racemization reactor to e"ectively recycle the undesired 
enantiomer, one can also apply racemization directly in tandem with preferential 
crystallization (Fig. 3.12b). In such preferential crystallization under racemizing 
conditions, seed crystals of the desired handedness are used to induce the growth of 
enantiopure crystals from a supersaturated racemizing solution. Because the 
supersaturations of the two enantiomers are coupled through the racemization 
equilibrium, undesired enantiomer molecules are directly converted into the desired 
enantiomer. Deep cooling is possible to attain high yields, since much less 
supersaturation builds up in the undesired enantiomer as compared to the approach 
in Fig 12a and the risk of nucleation is thus low (i.e. as long as appropriate cooling 
rates are maintained). In batch mode, only one crystallizer is required. After the 
enantiopure material is collected, the reactor can be heated and fresh racemic feed 
introduced. Through such cycles of preferential crystallization under racemizing 
conditions semi-continuous deracemization of a racemic feed can be achieved, 
although the process can be relatively slow.  

Hein and Rougeot reviewed such preferential crystallization processes featuring in-
situ racemization.84 An important next innovation to be considered is the 
introduction of a dissolution process in tandem with the preferential crystallization 
(Fig. 3.12c). By continuously dissolving a racemic feed in a !rst reactor, continuously 
crystallizing the desired enantiomer in the second, and circulating the racemizing 
liquid between the reactors, full consumption and deracemization of the feed is 
readily achieved and under within much shorter times. Simultaneous dissolution and 
growth can be achieved through grinding in the !rst reactor (i.e. using the Gibbs-
Thomson e"ect) or through a temperature di"erence (i.e. maintaining a higher 
temperature in the !rst reactor). This implementation could allow for steady-state 
operation, facilitating true continuous deracemization. 

A challenge in combining preferential crystallization and racemization directly in 
the same reactor is the compatibility of conditions, which is in fact a more general 
problem already eluded to in our introduction to reactive crystallization in chapter 
2. Kellogg and co-workers faced this issue for a Praziquantel derivative which could 
be racemized through dehydrogenation-hydrogenation cycles—an interconversion 
commonly considered incompatible with crystallization (Fig. 3.13). To solve this 
incompatibility successfully, they used a loop to perform in-tandem racemization 
outside of the crystallizer in a #ow reactor (essentially a packed bed of Pd on carbon 
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activated with H2 at 130 °C).46 This work importantly showed the possibility of 
spatially decoupling the racemization and crystallization conditions while still 
upholding the essential kinetic link between the two processes. Not much later, a 
medicinally-relevant benzopyran was even racemized through photochemistry via a 
type of retro-Claisen pathway within an oscillating #ow reactor loop connected to a 
crystallizer.196 Although less intrinsically problematic, similar work was performed 
to combine the racemization of e.g. amines and amino acids with crystallization 
through racemization loops.182,197,198 Through such racemization-loops, one could in 
principle unleash the full potential of the wide array of racemization reactions 
discussed in the previous section on the preferential crystallization of chiral 
molecules to a"ect their deracemization. 

In this section, we have gradually transitioned from isolated preferential 
crystallization for separation, to continuous deracemization through combining in-
situ racemization with crystallization. Intrinsically, however, all these processes have 
featured one or more crystallizers in which only crystal growth occurs. The kinetics 
of dissolution and growth were technically coupled but not fully integrated. Indeed, 
the innovation of using continuous dissolution to fully and steadily required a 
separate dissolution reactor. The !nal innovation to discuss, therefore, is combining 
all three processes—crystal growth, dissolution, and racemization—within the same 
reactor. This will yield the purest form of crystallization-induced deracemization, 
and as such will be explored in the !nal sections of this chapter. 

 
Figure 3.13. Racemization in-tandem with crystallization under incompatible conditions through a 
flow-reactor loop, as reported by Kellogg and co-workers for a Praziquantel derivative in ref. [46]. 
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Crystallization-Induced Deracemizations 
Let us wind back the clock to 1954 and recall a fascinating post-war experiment by 
Dutch scientist E. Havinga in Leiden.199 Challenging the pertaining view at that time 
that a chiral racemic system does not spontaneously break symmetry, he reported on 
quaternary ammonium iodide salts crystallizing consistently as chiral crystals with 
a net optical activity—indicating spontaneous symmetry breaking!  

Decades later, in the 1990’s, Kondepudi and McBride again reported on such 
spontaneous resolution by stirred crystallization, this time of achiral NaClO3 
solutions.200,201 It was Cristobal Viedma who then discovered, in the early 2000’s, that 
cyclic crystal growth and dissolution via attrition can be used to fully deracemize 
such a NaClO3-system initially comprised of both left- and right-handed crystals.202,203 
An overview of these experiments is provided in Figure 3.14. Later, attrition-
enhanced deracemization was also demonstrated for achiral organic molecules that 
form chiral conglomerate crystals.6  

Viedma’s seminal deracemization experiments pertained to a system with strong 
attrition through grinding. Such grinding breaks up crystals into smaller fragments 
and thereby both promotes secondary nucleation and provides a driving force for 
dissolution through the Gibs-Thomson e"ect. Attrition moves the system out of 
equilibrium: Solute molecules originate from very small crystal fragments whose 
solubility surpasses the equilibrium solubility. As a consequence, the system 
becomes locally supersaturated and simultaneously experiences a driving force for 
growth. Attrition therefore can be a very e"ective method to enact continuous cycles 

 
Figure 3.14. Spontaneous symmetry breaking (panel a) and the solid-state deracemization of achiral 
salts (panel b). In panel a, vigorous stirring induces the nucleation of a supersaturated solution (step i), 
followed by autocatalytic secondary nucleation to induce symmetry breaking (step ii), which then 
yields a virtually enantiopure solid upon growth (step iii). Although a point of contention, secondary 
nucleation by itself likely cannot fully explain the results observed by Kondepudi and McBride.204 In 
panel b, glass beads induce strong attrition and continuous cycles of dissolution and growth to achieve 
deracemization of a racemic solid-phase slightly enriched through e.g. a symmetry breaking event. 
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of crystal dissolution and growth.205 It has been shown that increasing the rate of 
attrition increases the deracemization kinetics.206 Note, however, that attrition is not 
required for continuous dissolution and growth. In fact, the growth and dissolution 
of crystals always takes place, even without explicit #uctuations in temperature or 
concentration and even without explicit attrition.207 This is a key notion 
underpinning thermodynamic ripening processes such as Ostwald-ripening.208† 

Following the discovery of attrition-enhanced deracemization, Noorduin and co-
workers attempted to apply the same principles to the deracemization of a chiral 
organic molecule.209 They opted for the pharmaceutically relevant amino acid 
phenylglycine (Phg) and used Schi"-base formation to generate a library of 
derivatives, of which one formed a conglomerate (Fig. 3.15). They then achieved the 
common solution resource pool inherent to achiral salts by a"ecting fast 
interconversion of enantiomers in solution through a base-catalysed racemization 

 
† In the industrial process realized at DSM, the Phg-amide Schi!-base was directly formed through 
Strecker synthesis followed by selective aminonitril hydrolysis in the presence of 2-methylbenzaldehyde. 

 
Figure 3.15. Solid-state deracemization of a phenylglycine Schiff-base derivative by Noorduin and co-
workers:209 (a) phenylglycine is converted into a conglomerate by forming the amide and derivatizing 
with an aldehyde to form a racemizable Schiff-base;† (b) the conglomerate Schiff-base is racemized 
using DBU (organic base)—note that the amino acid can be reacquired after deracemization through 
hydrolysis with retention of stereochemistry; (c) solid-state deracemization was achieved through 
grinding a slurry with glass beads under racemizing conditions, with the direction of chiral 
amplification directed by an initial enantiomeric excess (left) or addition of an enantiopure additive 
(right; panel c is reproduced from [209]). 
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reaction. Finally, continuous nucleation, growth and dissolution was implemented 
through grinding—analogous to Viedma—by stirring the racemic slurry in the 
presence of glass beads. Starting with 10% ee in (R)- or (S) of the Phg-conglomerate 
derivative, the result was a spontaneous deracemization over the course of 5 days, 
after which the enantiopure resulting solid was obtained by !ltration. This process 
for deracemizing chiral organic molecules can also be implemented di"erently to 
achieve much faster deracemization kinetics, e.g. mechanochemically,210 using 
sonication,206,211 or using an industrial bead mill.212 

Besides continuous attrition, the cycles of growth and dissolution driving such 
crystallization-induced deracemization can also be achieved through spatial or 
temporal temperature cycling.213–215 Such a methodology has advantages and 
disadvantages in respect to—among others—deracemization time, scalability, and 
compatibility with racemization conditions. Interesting to note is the use of an 
immobilized enzyme to a"ect racemization in deracemization through temperature 
cycling.182 Palmans has provided a very useful summary of the !rst developments in 
crystallization-induced and other deracemizations under kinetic and 
thermodynamic control.216 

Although conglomerate formation is rare and !nding compatible racemization 
conditions might seem tedious—two aspects generally considered essential 
prerequisites for crystallization-induced deracemization to be feasible—numerous 
successful examples have been reported in literature to date, among which a wide 
array of chiral organic molecules. Figure 3.16 shows a selection of such successful 
examples (note that molecules mentioned previously in this introduction have not 
been repeated here). The diversity among the deracemized entries is quite 
remarkable. The interested reader is also directed to an early overview of molecules 
deracemized through more conventional SOATs compiled by Yoshioka.185 

Also worth mentioning is CID during the in-situ formation of a (racemizable) 
conglomerate as a result of synthesis, such as in the famous case of naproxen as well 
as other reports.224–227 These examples have also been submitted as being relevant to 
discussion on the origin of biological homochirality, when the in-situ deracemized 
chiral conglomerate emerges as a product from achiral reactants. Besides biological 
relevance, such processes are also very e(cient and take away the disadvantage of a 
separate deracemization process step. Crystallization-induced deracemization 
combined with in-situ (conglomerate) product formation is indeed a reactive 
crystallization in the most elegant sense. 

This introduction will not discuss all the practical considerations of executing 
crystallization-induced deracemizations. An important point is that primary 
nucleation should be avoided and secondary nucleation is generally bene!cial.228 
Useful to know is that deracemization kinetics generally increases linearly with 
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racemization kinetics and is similarly slowed by increased solid loading (slurry 
density) and growth-dissolution cycling intensity (i.e. the amount of material cycled 
between solid and liquid phase per unit time).206,229 Also a particularly common 
feature of deracemization kinetics is the sigmoidal shape of the curve, especially for 
temperature cycling: deracemization slows down when reaching higher 
enantiopurity in the solid phase. The origins of this e"ect have not yet been very well 
understood, but may be related to changes in the crystal size distribution. The 
presence of impurities—also from previous deracemizations!—can greatly a"ect the 
deracemization process, as with any crystallization.230–232 Finally, the order of process 
steps (e.g. starting attrition, choosing whether to begin growth or dissolution, when 
to add the racemization catalyst, etc.) can have e"ects on the course of the 
deracemization.233 

Although we have mainly discussed crystallization-induced deracemization as 
pertaining to conglomerates, the process can also be applied to diastereomers and 
co-crystals,123,234–237 solid-solutions,238,239 and isotopes.240 Moreover, epitaxial 
conglomerates can also be deracemized by crystallization-induced deracemization 

 
Figure 3.16. Selection of 12 chiral organic molecules deracemized through crystallization-induced 
deracemization (in arbitrary order) from refs. [41,43–45,135,217–223]. The conditions of racemization 
have been indicated for each entry as well as the chiral centre(s) using an asterisk (*). 
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under conditions of heavy attrition, such as imposed by grinding, since this 
e"ectively gives crystallization access to the individual enantiopure domains.99 
Beyond organic molecules, also chiral metal clusters and complexes,241–243 
supramolecular chiral polymer assemblies,244,245 and nanocrystals246 can be 
deracemized through a similar mechanism. 

Mechanistic Musings 
A plethora of reports have observed, implemented or aimed to even optimize 
crystallization-induced deracemizations. A lingering question yet remains: what is 
the fundamental driver behind this fascinating process? In the section on reactive 
crystallization in chapter 2, we noted the general criterion that the product of the 
coupled equilibria of solubility and interconversion is deterministic for convergence. 
For crystallization-induced deracemizations of conglomerates, however, the 
inherent solubilities and reaction and crystallization rates of the two populations are 
the same. We will therefore end this !nal introductory chapter by summarizing the 
main mechanistic explanations that have been o"ered so far to address this puzzling 
phenomenon. This canvass will also clarify some of the key experimental questions 
addressed in this thesis. 

Importantly, deracemization requires some form of asymmetry, causing a ratcheting 
e"ect that compounds chiral ampli!cation. Indeed, without any such asymmetry, the 
cycles of growth and dissolution would be fully reversible, and there would be no 
possibility to achieve chiral ampli!cation. We therefore classify the proposed 
mechanisms by the asymmetry on which they rely: (1) autocatalytic enantiospeci!c 
agglomeration or incorporation of clusters; (2) autocatalytic enantiospeci!c 
secondary nucleation; (3) a di"erence in stability between the enantiomer crystal 
populations; (4) a di"erence in the mechanisms of growth and dissolution; and (5) a 
di"erence in the rates of growth and dissolution. 

Before discussing these mechanisms, we note that most work in this regard has been 
theoretical or has relied heavily on simulations. Indeed, relatively little experimental 
work has been published that really homes in on the mechanism of crystallization-
induced deracemizations. Most studies tend to derive a hypothesis consistent with 
the characteristic exponential kinetics of deracemization, but unfortunately such 
exponential behaviour is insu(cient to discriminate between the various models.247 
Some other aspects, like crystal size distributions and the solution enantiomeric 
excess, have given some further clues but all still are relatively indirect forms of 
evidence. One critical notion not often voiced is the possibility that multiple valid 
mechanisms may be at play under di"erent conditions of deracemization, some 
perhaps even acting at the very same time and amplifying each other. These 
introductory remarks serve as general caution when discussing the ‘the mechanism’. 
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The !rst mechanism we should discuss is rooted in the formation of chiral clusters 
and their enantiospeci!c incorporation or agglomeration. Endeavouring to explain 
the emergence of homochiral NaClO3 during abrasive grinding observed by Viedma 
and test Viedma’s idea of clusters being involved in the mechanism, he proposed a 
set of equations that described  (Fig. 3.17, visualized for a racemizing 
conglomerate).248–250 In this model, a cluster is smaller than the critical nucleus of the 
crystal and therefore exhibits a #eeting presence. The statistically more frequent 
incorporation of majority clusters rescues those more often from rapid dissolution 
and racemization. Note that this mechanism e"ectively favours the growth of the 
majority enantiomer and thus relatively increases the growth rate of the majority 
enantiomer compared to the minor enantiomer, all the while not altering the balance 
in their dissolution rates. The resulting asymmetry then explains the chiral 
ampli!cation and observed non-linear kinetics.251 Recalling the discussion on Frank’s 
view on autocatalytic chiral ampli!cation introduced in chapter 1,252 we note that 
Ribo has classi!ed this mechanism as autocatalytic, as he regards the dissolution of 
chiral clusters into e"ectively achiral monomers as a form of mutual inhibition.253,254 

The cluster mechanism has been contentious, as the ‘subcritical clusters’ are often 
said to be hard or impossible observe experimentally, so that direct evidence is 
lacking. Countering this objection, Iggland and Mazzotti used simulations to show 
that the same mechanism also works on the level of macroscopic enantiospeci!c 
agglomeration.255 Experiments by Noorduin also further argued in favour of the 
cluster mechanism, as it could explain a persistent solution-phase enantiomeric 
excess during grinding present under conditions without racemization.247 More 
complicated is the situation without explicit attrition or high supersaturation, as this 
would require the existence of thermodynamically omnipresent clusters.256,257 This 
idea of stable ‘thermodynamic’ clusters is perhaps unconventional, but de!nitely not 

 
Figure 3.17. Schematic overview of the cluster model during attrition-induced (process b) continuous 
dissolution and growth (process a) reproduced from ref. [247]. The reincorporation of small clusters 
occurs statistically more frequently for the major population (S, left and blue) in the solid phase 
(process c), leading to an asymmetry between growth and dissolution rates of the populations that 
amplifies the majority chirality in the solid-state. 
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new in discussions on non-classical nucleation and crystal growth.258–262 Recent 
advances in experimental methodology have only strengthened the evidence for 
clusters and agglomerative crystal-growth as common non-classical pathways.263–266 
Interesting further experimental evidence comprises reports of deracemization on 
the cluster level,267 enantiomer-speci!c oriented attachment (ESOA) of NaBrO3 and 
NaClO3,268 enantioselective facet recognition in millimeter-sized gypsum crystals,269 
and ESOA in organic molecules.270–272 

Another autocatalytic mechanism to explain deracemization was proposed based on 
enantiospeci!c secondary nucleation. Saito and Hyuga introduced the theoretical 
concept of  enhanced chirality changes on the crystalline surface.273 In that model, 
the crystals act quite classically as auto-catalysts and induce chiral ampli!cation. 
The idea that the chirality of an enantiomer is more easily #ipped on or near the 
surface a crystal of that opposite enantiomer inspired Skrdla to propose 
enantiospeci!c secondary nucleation as a di"erent implementation of that idea.274 
Rather than the chemical conversion (i.e. the interconversion of enantiomers—
which is also notably absent in achiral conglomerate systems) occurring in a 
di"erent fashion near or on a crystal surface, Skrdla proposed that parts of crystals 
are continuously chopped o" (i.e. the formation of secondary nuclei) and that this 
occurs more often for the major enantiomer because it is present in larger amounts 
after initial symmetry breaking. These nuclei then grow further, providing a sink for 
their source enantiomer. Rather than involving cluster formation and 
enantiospeci!c incorporation or agglomeration, the mechanism focusses on fast-
growing enantiopure satellites.  

Building on the argument that secondary nucleation is the main nucleation 
mechanism in suspensions and can be autocatalytic,275 experimental work showed 
that deracemization kinetics were co-optimized by optimizing the conditions for 
secondary nucleation and the authors also found further evidence in the evolution 
of particle size distributions.228 Surface-catalysed secondary nucleation processes 
have also been used to explain chiral ampli!cation in polymer systems.276 Secondary 
nucleation, however, is controversial if conditions that promote breakage (such as 
attrition or stirring) are absent. De Vrieze has recently shown, through very 
systematic study, that crystal breeding under such calm conditions is not observed.277 
A further experimental investigation into the conditions under which 
stereoselective secondary nucleation could be a valid mechanism for chiral 
ampli!cation should thus tested by studying the deracemization kinetics with and 
without mixing or attrition present. 

A mechanism very di"erent to dynamic autocatalysis is one that hinges on 
di"erences in stability between the two enantiomer crystal populations, e"ectively 
banking on a thermodynamic driving force that favours the enantioconvergent 
transformation into the more stable population. We will neglect the origins of 
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symmetry breaking, and start with two enantiomeric crystals populations that are 
identical in all aspects but their number: The population with more crystals is the 
major enantiomer. One may then wonder how these two populations have 
thermodynamically di"erent stabilities? Through the detachment from and re-
attachment of molecules onto other crystals—a microscopically continuous 
stochastic process—the crystals will inevitably exhibit a shift in size distribution and 
grow into fewer but larger crystals. Because the number of majority crystals is 
higher, this shift occurs more rapidly for them, and a disparity in sizes between the 
populations ensues. Now, ripening mechanisms may take over and provide a 
thermodynamic driving force for deracemization, as the majority enantiomer 
population of larger crystals is thermodynamically more stable (Gibbs-Thomson 
e"ect). 

Although simulations show the viability of this mechanism for deracemization,278 a 
criticism often voiced is that speci!c experimental features seen in attrition-induced 
deracemization are not reproduced.279 Indeed, the typical sigmoidal behaviour of 
deracemization kinetics seen under such conditions requires a chiral feedback 
mechanism in the model, that is lacking for simple ripening.251,280,281 This may not 
necessarily be an actual issue and reason to discount thermodynamic ripening as a 
deracemization mechanism: some mechanisms may be more prevalent under certain 
conditions than others and transitions could be observed. Indeed, ripening could be 
a major source of ampli!cation at low supersaturation, while clusters or 
enantiospeci!c agglomeration drive the process at high supersaturation. Besides, 
many variants of ripening mechanisms exist, and they can also be sped up through 
active cycles of growth and dissolution.208 

Another thermodynamic notion that is little explored is that of non-ideal solution 
behaviour of enantiomers. Molecular interactions in solution may cause asymmetric 
driving forces for crystal growth and dissolution when mixed in unequal amounts. It 
is well known that the solubility rule is not always strictly adhered to for 
conglomerates, providing prime indications that non-ideal solution behaviour is on 
the horizon. Of course this is not a fundamental driver of deracemization as its 
prevalence will di"er from molecule to molecule and has no place in systems 
containing achiral conglomerates. 

Another question that has not been explored particularly well in the context of 
deracemization mechanisms is that of asymmetries between the mechanisms of 
crystal growth and dissolution. Hysteresis in crystal growth/dissolution cycles has 
been well-established, with impact on particle counts, size distribution, and crystal 
shapes.282–285 Such cycles can lead to very di"erent outcomes than ripening e"ects 
and ab initio equilibrium crystallization.286,287 Although this holds for many if not all 
crystals, an special feature of non-centrosymmetric growth units are the stable and 
unstable edges, which can lead to asymmetric growth spirals on their surfaces.288 The 
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irreversibility of the mechanisms of growth and dissolution might be an interesting, 
universal, starting point for an asymmetry that can lead to chiral ampli!cation. 
Especially interesting is the consideration of stochastic e"ects such as those 
resulting from growth-rate dispersion, which has seen some attention on the 
modelling front. 

Growth-rate dispersion (GRD) pertains to the phenomenon that crystals which are 
initially seemingly identical, at least of shape and size, can exhibit di"erent growth 
rates under the same growth conditions.289 Although the origins of this phenomenon 
are elusive, it is often encountered and quite an intrinsic e"ect. One explanation is 
that the growth rates of facets are continuously oscillating and stochastics related to 
dislocations can greatly a"ect the average growth rate observed. An e"ect often 
related to GRD is the frequent observation that small crystals do not grow at all under 
conditions that does induce growth of their larger neighbours, an e"ect described as 
‘size-dependent growth’.289 These e"ects have been integrated into models through 
rate di"usivity factors and have been attempted in modelling crystallization-
induced deracemization processes through cycles of growth and dissolution.290,291 
Although these models leave out breakage, agglomeration and nucleation, they still 
predict full deracemization (cycles of growth and dissolution are induced through 
temperature #uctuations). To explain these !ndings, we note that such dispersive 
e"ects do not occur during dissolution like they do during growth, creating an 
intrinsic asymmetry that can allow chiral ampli!cation. Critically, we note that, in 
these simulations based on GRD as a mechanism, di"erent extends of GRD were 
required for the enantiomer populations to a"ect full deracemization (but notably 
not di"erent mean growth rates), which might be practically caused by stochastics 
in nucleation and growth, minor additive e"ects, or the preparation history of the 
solids (especially the excess seeds added or spontaneously formed). Recently 
observed experimental phenomena like chiral #ipping might indeed require 
stochastic factors in crystal growth and dissolution to be explained, perhaps through 
#uctuations in crystal size distribution or growth rate dispersion.292  

The last class of proposed mechanisms relies on an intrinsic asymmetry between the 
rates of crystal growth and dissolution, as recently argued by Uwaha and Katsuno.279 
They noted that, during dissolution, the majority enantiomer dissolves more than 
the minority, due to their di"erent cumulative crystal surface areas. Because 
supersaturations are coupled through the racemization reaction, this means that 
major enantiomer is converted into minor enantiomer during dissolution. During 
growth, however, the reverse process occurs and the majority grows faster than the 
minority. Because the rates of crystal growth and dissolution are unequal, and 
dissolution is faster than growth, this cycle is not reversible and favours the 
ampli!cation of the major enantiomer during growth, rather than its erosion during 
dissolution. A recent study by Deck and co-workers used population balance 

(eq. 3.2) 
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modelling to show the viability of this hypothesis.293 Importantly, this mechanism 
relies on the di"erence between the relative rates of growth (kg) and dissolution (kd) 
compared to the racemization rate (kr) and requires that for deracemization: 

($
(%
> (&
(%

 

Therefore, this mechanism can be an apt driver for deracemization under conditions 
where the rate of racemization is comparable to the kinetics of crystallization, but it 
will not su(ce to explain chiral ampli!cation when racemization is non-limiting  
(kr → ∞), such as for achiral molecules or salts crystallizing as conglomerates. Indeed, 
we foresee that the interplay between the rates of racemization and crystallization 
can be a powerful ampli!er of chirality, but cannot not constitute a fundamental 
driver of deracemization. An interesting question therefore is whether the 
increasing deracemization e(ciency experimentally observed with increasing 
racemization rate has a limit and which process then limits it.206 

The aforementioned summary of mechanistic musings exposes two key open 
experimental questions that have so far been left wholly unanswered: (i) under which 
conditions does crystallization-induced deracemization occur, and (ii) is the 
asymmetry a"ecting deracemization located in the growth or dissolution step. 
Moreover, aspects like crystal size have received little experimental attention among 
the few studies on this topic. This thesis will therefore dive into those questions, 
beginning with a disentanglement of the growth and dissolution steps (Chapter 4 and 
6) and a thorough consideration of size e"ects in crystallization-induced 
deracemizations (Chapter 5). Ultimately, we will show that the key in achieving 
enantiopurity lies in combining the right conditions and processes to leverage 
kinetic insight and control.294,295 We foresee such a perspective is imperative in 
expanding the scope of crystallization-induced deracemizations from mere 
conglomerates to stable racemic compounds. It is that mission which motivates this 
thesis. 
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Chapter 4 
Chiral Amplification through Asymmetric 
Crystal Growth under Racemizing 
Conditions.* 
Ampli!cation of enantiomeric excesses (ee) is routinely observed during chiral crystallization 
of conglomerate crystals for which the enantiomers undergo racemization in solution. 
Although routes comprising a combination of crystal growth and dissolution are frequently 
used to obtain enantiopure molecules, crystal growth by itself has rather been considered as 
a source of enantiomeric erosion and discounted as a potential source of enantiomeric 
ampli!cation. Counterintuitively, we here demonstrate striking enantiomeric ampli!cation 
during crystal growth for clopidogrel and tert-leucine precursors. Based on a mechanistic 
framework, we identify that the interplay between racemization and crystal growth rates 
elicits this surprising e"ect. The asymmetric ampli!cation of the solid-phase ee can be 
enhanced by increasing the mass of grown material relative to the product such that small 
amounts of seeds of only 60% ee already result in virtually exclusive growth of the majority 
phase. These results impact our understanding of asymmetric ampli!cation mechanisms 
during crystallization and o"er a tangible basis for practical production of enantiopure 
molecules. 

Introduction 
Asymmetric ampli!cation phenomena are of fundamental interest for 
understanding the emergence of enantiopure building blocks for the origin of life. 
Moreover, they o"er practical routes for synthesis of essential molecules such as 
agricultural compounds and pharmaceuticals.1–18 Ampli!cation has been observed in 
catalysis, in which the chiral product exhibits a larger enantiomeric excess (ee) than 
the enantiopurity of the catalysts.3,19 In the unique case of the Soai reaction, the 
reaction product even feeds back to catalyze its own formation, thus resulting in 
auto-catalytic ampli!cation.3 In contrast, ampli!cation of ee is routinely observed 
during crystallization processes when enantiomers undergo racemization in 
solution while crystallizing in separate crystals (so-called conglomerates).16,20–33 In 
particular, slurries of left- and right-handed enantiomorphic crystals can convert 
into an enantiopure phase via continuous growth and dissolution using, for instance, 
temperature gradient deracemization,34 temperature cycling induced 

 
* This chapter has been published as S.W. van Dongen, I. Ahlal, M. Leeman, B. Kaptein, R.M. Kellogg, I. 
Baglai, W.L. Noorduin (2023). Chiral Ampli!cation through the Interplay of Racemizing Conditions and 
Asymmetric Crystal Growth. J. Am. Chem. Soc. 145(1): 436–442. 
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deracemization (TCID)35–42 or attrition-enhanced deracemization (Viedma 
ripening).25,27,29,43–46 Already, these deracemization processes have been demonstrated 
for a wide range of molecules, including precursors of agricultural compounds and 
blockbuster pharmaceuticals.27,42,44,46–51 Even though there is still debate over the 
details of the underlying mechanism in these remarkable processes,52 there is 
general consensus that the interplay between growth and dissolution is essential for 
achieving enantioenrichment through crystallization.30,37,40,53–56  

Indeed, it is not obvious if, and how, merely growth of crystals can lead to any form 
of enantioenrichment. To understand this commonly assumed tenet, we consider a 
population of left and right-handed conglomerate seed crystals that are in contact 
with a supersaturated racemizing solution. Based on classical crystal growth theory, 
there is a tacit understanding that each crystal—either left- or right-handed—has a 
prima facie equal probability to incorporate molecular building blocks from the 
racemizing solution. Consequently, it is believed that during crystal growth the 
masses of both crystal populations would grow proportional to their population size. 
The initial enantiomeric excess of the solid phase thus remains preserved and no 
enantioenrichment is expected. Moreover, racemization is not in!nitely fast and 
perturbations of the supersaturated solution can lead to nucleation, both of which 
favor the minority enantiomer and therefore are expected to result in erosion 
instead of preservation—let alone ampli!cation—of the chiral purity. Hence, 
motivated by arguments along these lines of thought, crystal growth is generally 
considered as a source of erosion of ee and has therefore been discounted as a 
potential route for chiral ampli!cation.  

Contrary to this line of reasoning, in this Chapter we experimentally demonstrate 
that large and systematic chiral ampli!cation can occur during crystal growth, such 
that even seed crystals with low enantiopurity can yield !nal products with high 
enantiomeric purity. Using precursors of clopidogrel and tert-leucine (Scheme 4.1) 
as model compounds, which are known to be conglomerates,47,49 we demonstrate that 
the interplay between the crystal growth rate and racemization rate can create an 

 
Scheme 4.1. Racemizable conglomerates 1 and 2 used for demonstrating the mechanistic framework. 
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asymmetric form of crystal growth such that the majority phase grows faster than 
the minority phase (Fig. 4.1). We show that this surprising imbalance in the growth 
rates can give rise to ampli!cation of the solid phase ee during crystallization. These 
results impact our fundamental understanding of crystal growth, the practical 
production of chiral molecules, and the discussion on the origin of homochirality. 

Results and Discussion 
To guide the experiments, we de!ne a framework to understand how the interplay 
between the crystallization rate and racemization rate can lead to this 
counterintuitive asymmetric ampli!cation (Fig. 4.1). We consider seeding a clear 
supersaturated solution with crystals of low enantiomeric purity (ee0) for three 
scenarios: (i) no racemization, (ii) relatively slow racemization compared to 
crystallization, and (iii) relatively fast racemization (Fig. 4.1A). We de!ne the 
enantiomeric excess of the material deposited during growth onto the seed crystals 
as eeΔ. When no racemization is present, we expect erosion—essentially dilution—of 
the initial enantiomeric excess (eeΔ = 0), since equal amounts of both enantiomers are 
deposited, maintaining the eutectic composition in solution (eeeu = 0) typical for 
conglomerate systems. When racemization is initiated, the enantiomers in solution 
become an increasingly common resource pool available to both populations of 
enantiomorphic crystals. For slow racemization, an initial enantiomeric excess can 
potentially be consolidated during growth (eeΔ = ee0): the balancing of racemization 
and crystallization rates allows for the timely replenishment of the faster growing 
major enantiomer so that both crystal populations can grow proportionally to their 
initial composition. Indeed, the extent of ampli!cation is racemization rate limited. 
When racemization is much faster than crystallization, the supply of major 
enantiomer is not limiting, and the balance can tip over: the faster growing major 
enantiomer draws away even more minor enantiomer in order to lower the 
supersaturation as fast as possible such that the initial enantiomeric excess is 

 
Figure 4.1. Mechanistic framework for amplification of the solid phase ee during crystal growth from a 
supersaturated racemic solution. (A) The balance between the crystallization and racemization rates 
determines if (i) erosion, (ii) consolidation, or (iii) amplification of the initial enantiomeric excess ee0 of 
the seed crystals occurs: the solute resource pool is limited by the relative racemization rate. (B) The ee 
of the material deposited onto the seed crystals during growth (eeΔ) as function of the ee of the seed 
crystal ee0 for the different scenarios. 
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ampli!ed (eeΔ > ee0).  Visualizing eeΔ for di"erent starting ee0’s (Fig. 4.1B),57 this 
framework thus suggests that balancing racemization and crystallization rates can 
result in either erosion, consolidation or ampli!cation of ee0.  

To demonstrate this experimentally, we study the growth of enantiomerically 
enriched seed crystals in contact with a supersaturated racemic solution in the 
absence and presence of a racemization catalyst using the compound 2-
(benzylideneamino)-2-(2-chlorophenyl)acetamide (1, Scheme 4.1). This precursor to 
the cardiovascular drug Plavix (clopidogrel) is a conglomerate and can be easily 
racemized with tunable rate using the organic base 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) in acetonitrile. This compound has been used extensively to study both 
Viedma ripening and TCID, making 1 ideally suitable to study growth under 
racemizing conditions.40,47,58,59 

To determine the experimental parameters for crystal growth, we establish the 
temperature-dependent solubility of (RS)-1 (Fig. 4.2A), and determine the 
supersaturation at which spontaneous nucleation occurs, in order to de!ne the 
metastable zone wherein merely growth takes place (Fig. 4.2A). The region between 
20 and 30 °C in the phase diagram is within the metastable zone and suitable to grow 
substantial amounts of material. To grow in this region of the phase diagram, we !rst 
saturate a solution at 30 °C in the presence of various amounts of racemization 
catalyst (0, 1, 2, 5 or 10 μL/mL DBU). We then abruptly cool the solution down to 20 
°C, to create a clear supersaturated solution, which is then added to a solid phase of 
enriched seed crystals (25 mg/mL of 20% ee0 in (R)-1) to initiate growth (Fig. 4.2A). 
The resulting slurry is kept homogeneous using a shaking platform at the lowest 
possible setting (ca. 300 rpm).  We use shaking—rather than stirring—to focus on 
crystal growth e"ects while avoiding undesired attrition and secondary nucleation. 
After 90 minutes, we determine the enantiomeric composition of the solid phase 
using chiral HPLC. To analyze the change of the solid phase composition as a result 
of growth, we calculate the enantiomeric excess of the grown material (eeΔ) using 
equation 4.1: 

!!! = !!" +
$#
$!

(!!" − !!#) 
where eeP is the ee after growth, m0 is the mass of seed crystals, ee0 is the ee of the seed 
crystals, and mΔ is the mass of grown material as determined by the di"erence in 
solubility between 20 and 30 °C. 

(eq. 4.1) 
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After seeding, the phase diagram predicts that mΔ = 6 mg/mL of 1 is grown on the 
seeds, i.e. the solid phase concentration increases to 31 mg/mL. We thus expect the 
average size of crystals to increase, which is con!rmed by comparing scanning 
electron microscopy images of the crystals before and after growth (data shown in 
the Appendix). In the absence of racemization (0 μL/mL DBU), we observe erosion of 
the solid phase enantiopurity from ee0 = 20% to eeP = 16%.  This eeP corresponds to the 
precipitation of equal amounts of R and S (3 mg/mL of (R)-1 and 3 mg/mL of (S)-1) 
yielding eeΔ = 0 from equation 4.1 (Fig. 4.2B). Consistent with scenario (i) (Fig. 4.1), in 
the absence of racemization catalyst, disproportional growth of minority solid phase 
(S)-1 thus results in erosion of the solid phase enantiopurity. 

In the presence of 1 μL/mL racemization catalyst, however, we !nd that unequal 
amounts of (R)-1 and (S)-1 have precipitated. The grown material is slightly enriched 
in (R)-1 with eeΔ = 15% (Fig. 4.2B). Increasing the catalyst concentration further to 2 
μL/mL DBU, results in growing even more enriched material with eeΔ ≈ 20% = ee0, 
meaning no erosion of the solid phase enantiopurity has occurred at all during 

 

 
Figure 4.2. Erosion, consolidation and amplification of solid phase ee of 1 during crystal growth 
depends on the balance between the crystallization and racemization rate. (A) Temperature-
dependent phase diagram with the metastable zone of (RS)-1 in MeCN. The stars indicate the seeding 
conditions: abrupt (red, seed at 20 °C) or slow (blue, seed at 30 °C) cooling. (B, C) The enantiomeric 
excess of crystallized material eeΔ is shown as function of (B) the amount of racemization catalyst DBU 
(ee0 = 20%) and (C) as a function of the enantiomeric excess of the seed crystals ee0 ([DBU] = 2 µL/mL) 
for abrupt cooling (red squares), slow cooling (blue diamonds), and no racemization (black circles, 
[DBU] = 0). (D) Experimental amplification factor eeΔ/ee0 as function of ee0 showing approximately 
constant amplification up to the theoretical limit 100%/ee0 (grey zone). Blue and red lines (B, C, D) are 
guides to the eye. 
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growth (Fig. 4.2B). As described by scenario (ii) of our mechanistic framework (Fig. 
4.1), under these relatively slow and limiting racemization conditions, both crystal 
populations grow proportionally to their concentration thereby consolidating the 
solid phase enantiopurity. 

Strikingly, for high concentrations of the racemization catalyst (5 and 10 μL/mL DBU, 
i.e. fast racemization compared to crystallization), the solid phase enriches beyond 
the initial ee during growth, with eeΔ = 30% > ee0, thus demonstrating ampli!cation of 
the solid phase ee (Fig. 4.2B). This asymmetric ampli!cation implies that the majority 
crystal population (R)-1 grows faster than the minority population (S)-1. Consistent 
with scenario (iii) (Fig. 4.1), the faster growth rate of (R)-1 crystals results in a 
depletion of this enantiomer in the liquid phase, which is then replenished by the 
conversion of (S)-1 to (R)-1 through racemization. Since we only observe this 
enantioenrichment for high concentrations of the racemization catalyst, these 
results indicate that only high racemization rates allow for su%ciently fast 
conversion of the minor enantiomer to the major enantiomer to compensate for the 
disbalance in growth rates between the two crystal populations. For 10 μL/mL DBU 
no further enrichment is observed over 5 μL/mL DBU (Fig. 4.2B), demonstrating that 
there is a limit to the enrichment that can be achieved by increasing the racemization 
rate, as the rate of crystal growth cannot keep up with the rate of racemization. 
Increasing the racemization rate relative to the crystallization rate thus determines 
whether erosion, consolidation or ampli!cation occurs during crystal growth. 

Our framework suggests that tuning the crystallization rate compared to the 
racemization rate also enables control over the solid phase enrichment. 
Ampli!cation is expected when racemization is fast compared to crystallization, 
prompting us to slow down the crystallization rate. To this aim, we seed a saturated 
solution and subsequently slowly increase the supersaturation by slow cooling (Fig. 
4.2A), instead of seeding a cooled supersaturated solution directly (as in the previous 
abrupt cooling experiment). Speci!cally, we decrease the crystallization rate by slow 
linear cooling of the saturated solution from 30 °C to 20 °C in 90 minutes (0.11 
°C/min) in the presence of the seed crystals (20% ee0 in (R)-1) for the previously used 
racemization catalyst concentrations (0, 1, 2, 5 or 10 μL/mL DBU). We observe that 
slowing down the crystallization rate yields a systematic increase of the enrichment 
in the grown material compared to fast growth (Fig. 4.2B). Hence, maximizing the 
ratio of racemization rate to crystallization rate results in ampli!cation of the initial 
solid phase enantiomeric excess during crystal growth. 

We investigate how the ampli!cation during growth is governed by the proportions 
of the initial crystal populations ee0. For a !xed racemization catalyst amount (0 and 
2 μL/mL DBU), we vary the initial enantiomeric excess of the seed crystals (10 – 90%) 
for both abrupt and slow cooling experiments (Fig. 4.2A), and plot the enrichment of 
the grown material eeΔ as a function of the initial solid phase enrichment ee0 (Fig. 
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4.2C). In the absence of racemization (0 μL/mL DBU), we !nd eeΔ ≈ 0 for all initial ee’s, 
which is consistent with equal precipitation of both enantiomers as calculated from 
the phase diagram. In the presence of racemization (2 μL/mL DBU) and abrupt 
cooling (seeding at 20 °C), the initial ee is preserved during growth (eeΔ ≈ ee0) for all 
enantiomeric excesses of the seed. With racemization and slow cooling (seeding at 
30 °C, linear cooling to 20 °C with 0.11 °C/min), we observe ampli!cation for all initial 
ee’s (eeΔ > ee0). In agreement with our framework (Fig. 4.1), increasing the 
racemization rate compared to the crystallization rate thus results in increased 
asymmetric crystal growth for all initial proportions of the crystal populations. 

To quantify the extent of ampli!cation, we de!ne the experimental ampli!cation 
factor eeΔ/ee0: a relative measure for the enrichment in the grown material compared 
to the enrichment of the initial seed grown onto. Because eeΔ is theoretically limited 
to 100%, the ampli!cation factor is in turn limited to 100%/ee0 and thereby 
constrains eeΔ/ee0 for large ee0. We plot eeΔ/ee0 as a function of ee0 for all experiments 
(Fig. 4.2D). In the absence of DBU, eeΔ/ee0 is indeed equal to 0. In the presence of 2 
μL/mL DBU, we !nd ampli!cation factors of eeΔ/ee0 ≈ 1.3 > 1 (abrupt cooling) and 
eeΔ/ee0 ≈ 1.7 > 1 (slow cooling), corresponding to the enrichment of the solid phase 
beyond its initial enantiomeric excess. Moreover, eeΔ/ee0 remains approximately 
constant for all ee0 up to the theoretical limit, indicating that both small and large 
enantiomeric excesses in seeds can be ampli!ed equally well. 

We realize that—besides the rates of crystallization and racemization—we can 
further tune the ampli!cation factor by controlling the mass of grown material (mΔ) 
relative to the mass of seed crystals (m0). A smaller mΔ/m0 results in less crystal 
growth and therefore less ampli!cation of the enantiomeric excess. In contrast, a 
larger mΔ/m0 results in more crystal growth and therefore a higher degree of 
ampli!cation: consider using the product of a !rst crystallization experiment as a 
seed for a subsequent experiment. Such a recursive procedure would indeed lead to 
a net increased, and compounded, ampli!cation factor. One e"ective way for 
increasing mΔ/m0, is by decreasing the amount of seed crystals. To demonstrate this, 
we repeat the abrupt cooling experiment, with 2 μL/mL DBU, but using a 50 times 
smaller amount of seed crystals (m0 = 0.5 instead of 25 mg/mL) (Fig. 4.3). We indeed 
!nd an increase in the ampli!cation factor from 1.3 (m0 = 25 mg/mL) to 2.2 (m0 = 0.5 
mg/mL) (Fig. 4.3B). In fact, seeds of only 60% ee already result in virtually exclusive 
growth of the majority phase (eeΔ > 90%) (Fig. 4.3A). Hence, prolonged growth onto a 
seed with a small enantiomeric excess can lead to large chiral ampli!cation and yield 
highly enantiopure product. 

The mechanistic framework describing the observed ampli!cation during growth of 
1 is—to a large extent—compound independent, suggesting that these principles 
readily extent to other racemizable conglomerates. To show the generality of these 
chiral ampli!cation phenomena, we perform a demonstration of ampli!cation 
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during growth for tert-leucine precursor 2 (3,3-dimethyl-2-((naphthalen-2-
ylmethylene)amino)butanenitrile) (Fig. 4.1C). Enantiopure tert-leucine is widely 
used in the synthesis of modi!ed peptides and antiviral agents such as the HIV 
protease inhibitor atazanavir.60,61 Compound 2 crystallizes as a conglomerate and also 
readily undergoes racemization the presence of DBU in methanol.40,49,62 To 
demonstrate that the chiral ampli!cation is also independent of the racemization 
catalyst, we use the organic base 1,1,3,3-tetramethylguanidine (TMG), which we 
show racemizes 2 as well (Fig. A11 of the Appendix). As a proof of generality, akin to 
the abrupt cooling experiments for 1, we create a supersaturated solution of (RS)-2 
(30 mg/mL) in the presence of 100 μL/mL TMG at 20 °C.  After seeding with 0.5 mg/mL 
of seed crystals with ee0 = 60%, we obtain a solid phase with eeP = 92% and eeΔ = 97% 
(mΔ = 3 mg/mL). The resulting ampli!cation factor eeΔ/ee0 = 1.66 is close to the 
theoretical limit (100%/ee0 = 1.70), demonstrating that large asymmetric 
ampli!cation during crystal growth can be achieved with di"erent choices of 
conglomerate, solvent and racemization catalyst. 

Although the exact nature of the asymmetric crystal growth is still unclear, we 
anticipate that this mechanism could also play a decisive role during deracemization 
processes in which not only growth, but also dissolution plays a role. To explore these 
potential mechanistic analogies, we implemented the chiral ampli!cation factor in a 
simple analytical model to describe both the kinetics of attrition-enhanced as well as 
temperature cycling induced deracemization (see the Appendix for details and the 
derivations). We assume that chiral ampli!cation occurs during growth as described 
by a constant ampli!cation factor eeΔ/ee0. We further assume that dissolved material 
is racemic such that eeΔ = 0 during dissolution steps. Combining these assumptions, 
we can describe the evolution of the ee for consecutive growth and dissolution steps 
by equation 4.2: 

!!(() = !!(0) ⋅ +!!! ⋅ $!
!!# ⋅ $#

+ 1-
$
%
 

 
Figure 4.3. The amount of seed crystals controls the level of amplification of the enantiomeric excess.  
Decreasing m0 from 25 (red squares) to 0.5 mg/mL (purple triangles) results in (A) higher enantiopurity 
of grown material eeΔ and (B) increase of the amplification factor eeΔ/ee0 . Purple and red lines are 
guides to the eye. 

(eq. 4.2) 



Chiral Amplification through Asymmetric Crystal Growth under Racemizing Conditions 

  145 

4 

where we introduce a typical cycle time τ. To describe attrition-enhanced 
deracemization, where mΔ and τ are less well-de!ned, equation 4.2 can be shown to 
simplify to the classical exponential description of equation 4.3: 

!!(() = !!(0) ⋅ exp(1 ⋅ ();  with 1 = &&!⋅(!
&&"⋅("⋅%

	  

We !nd that previously reported kinetic data from both temperature cycling induced 
and attrition-enhanced deracemization experiments are successfully described by 
equations 4.2 and 4.3 (!ts included in the Appendix).40,59 Moreover, trends for the 
deracemization rate k predicted by our model agree with those reported in literature 
from experiments.28,40,63 This analysis shows that the introduction of an ampli!cation 
factor to describe asymmetric crystal growth is su%cient to account for the kinetics 
of both deracemization methods. We therefore submit that a general mechanism 
involving chiral ampli!cation during crystal growth may play an essential role in all 
these crystallization-induced deracemization methods. 

Summary and Outlook 
In summary, guided by a mechanistic framework, we !nd that during crystal growth, 
the interplay between racemization and crystallization rates can result in either 
erosion, consolidation, or ampli!cation of the enantiomeric excess of the seed 
crystals. The faster growth of the majority population of enantiomorphic seed 
crystals is at the core of this remarkable chiral ampli!cation mechanism, and can 
lead to large chiral ampli!cation even for seed crystals with a small enantiomeric 
excess. Surprisingly, solution phase racemization always leads to growing material 
with enantioenrichment (eeΔ > 0), regardless of the conditions under which growth is 
performed, and thus prevents the erosion observed without racemization.  

The imbalance in crystallization rates observed in this Chapter reveals an intriguing 
form of asymmetric crystal growth that challenges our current understanding. The 
kinetics of temperature cycling induced and attrition-enhanced deracemization as 
well as the underlying nonlinear e"ects presented here appear to be well-described 
by the introduced experimental ampli!cation factor. Our results thus suggest that 
asymmetric crystal growth e"ects play an essential part in driving deracemization 
processes of which crystal growth is an essential component, and can advance our 
understanding of the surprising ampli!cation e"ects driving these deracemization 
processes.25,27,28,30–32,35,41,45,52,64 Moreover, this form of asymmetric crystal growth might 
also explain why an enantiopure compound can grow at the expense of a stable 
racemic compound.65 Nevertheless, the molecular mechanism remains elusive, and 
could involve processes at the crystal-liquid interface and non-classical 
crystallization mechanisms such as enantiomer-speci!c oriented attachment.31,66 
The next steps are aimed at further clarifying the roles of crystal size e"ects and the 
quantitative relation between the crystal growth and racemization rates to 

(eq. 4.3) 
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ultimately unravel the molecular mechanism that lies at the core of this remarkable 
form of asymmetric crystal growth. 

Our results also hold direct relevance for the practical production of enantiopure 
building blocks as they provide a tangible basis for the optimization of 
crystallization-based deracemization processes. We challenge the general consensus 
that large amounts of seed crystals with the highest enantiopurity are essential, 
which stems from the tacit understanding that the purity of the seeds determines 
the maximum achievable enantiomeric excess of the !nal product.2,53–56 
Counterintuitively, we show that the level of enantioenrichment can even be 
increased by decreasing the amount of seed crystals and that ampli!cation of ee can 
even be achieved for small amounts of seed crystals of low enantiopurity. Speci!cally, 
we realize that industrial crystallizers are ideal to achieve the desired conditions for 
large enantioenrichment: small amounts of seed crystals, large amounts of grown 
material, and slow rates of crystallization combined with fast solution-phase 
racemization, hence outlining potential for practical production of chiral molecules. 

More broadly, the asymmetric crystal growth process introduced in this Chapter may 
hold relevance for understanding the emergence and further ampli!cation of 
enantiopure building blocks in origin of life scenarios. Speci!cally, we envision that 
asymmetric crystal growth induced ampli!cation of enantiomeric excesses can play 
an essential role in amplifying minute chiral imbalances that are generated during 
spontaneous symmetry breaking processes, such as crystal nucleation from clear 
solutions as described by Havinga and Kondepudi.20–23,58 In conclusion, the here-
introduced chiral ampli!cation process and mechanistic framework can guide the 
practical production of biologically active enantiopure molecules, and !t well in 
scenarios for the origin of single chirality in nature starting from (racemizable) 
conglomerates. 
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Chapter 5 
How Crystal Size and Number steer 
Asymmetric Crystallization.* 
Chiral ampli!cation processes during crystallization can hinge on subtle asymmetries in 
crystal populations, yet the underlying kinetic drivers remain elusive. Here we experimentally 
investigate how size and mass imbalances between two enantiomeric crystal populations 
translate to asymmetric growth rates that determine asymmetric crystal growth. We !nd that 
the interplay between imbalances in size and mass can yield positive, linear or even negative, 
non-linear chiral ampli!cation. Consequently, though small crystals have a 
thermodynamically higher solubility than large ones, a minority population of small crystals 
can collectively outgrow and ultimately dominate a majority of larger crystals. This 
ampli!cation due to size e"ects can be further enhanced or dampened by controlling growth 
rates. Our !ndings uncover an intricate kinetic selection mechanism driven by population-
level growth rates and governed by fundamental crystallization dynamics. Together, these 
results provide new insights into the origin of non-linear ampli!cation phenomena and o"er 
practical guidance for competitive asymmetric crystallization and self-assembly processes. 

Introduction 
Asymmetric crystallization processes are of profound importance for both 
fundamental science and practical applications with wide use in the pharmaceutical 
and !ne chemical industries.1–8 Especially interesting is the asymmetric 
crystallization of chiral molecules into enantiomerically pure crystals (so-called 
conglomerates).9–20 Under racemizing conditions, the enantiomers can interconvert 
in the liquid phase and thereby form a common resource pool for asymmetric 
crystallization (Fig. 5.1a). An initial enantioenrichment in the solid phase can then 
be ampli!ed through cycles of crystal growth and dissolution, allowing full 
deracemization. While the key prerequisites for such deracemizations are well-
established, recent studies have revealed complex non-linear e"ects that can occur 
during asymmetric crystallization, which profoundly in#uence the selectivity and 
e$ciency of chiral ampli!cation.21–25  

In particular, di"erences in the growth rates of enantiomeric crystal populations can 
spontaneously enrich one enantiomer over the other. It remains unclear, however, 
how such growth-rate asymmetries originate and how they can be leveraged and 

 
* This chapter has been published as S.W. van Dongen*, P. Rang*, K.G.P. Dautzenberg, B. Kaptein, W. L. 
Noorduin (2026). Disparities in Seed Size Distributions can Drive or Hamper Chiral Ampli!cation under 
Racemizing Conditions during Conglomerate Crystal Growth. J. Phys. Chem. Lett. 17(4):1129—1135. 
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controlled. Several studies have shown that larger crystals generally grow faster and 
are thermodynamically more stable than their smaller counterparts, which has been 
proposed as a method to break symmetry and drive chiral ampli!cation.26–31 
Moreover, it is known that crystal morphology and the evolution thereof can 
in#uence crystal growth rates.32,33 Although the kinetics of individual crystal growth 
have been studied in detail34, our understanding of how large, heterogeneous 
populations of interacting crystals behave collectively during crystallization is still 
limited. Such insights are of key importance for chiral crystallizations, as even minor 
di"erences in crystal size or morphology between enantiomeric populations can lead 
to signi!cant divergence in their growth dynamics and, consequently, in the 
resulting chiral purity of the solid phase. 

This raises an important question: how does the competition between two 
enantiomeric crystal populations for a common racemizing solute pool translate into 
asymmetric crystallization outcomes? More speci!cally, how do di"erences in initial 
mass and crystal size—two interrelated yet independently tunable parameters—
govern the net growth rates of the enantiomer populations and determine the 
direction and extent of chiral ampli!cation within a single growth step? 

This question is particularly relevant because crystal size disparities frequently arise 
spontaneously through nucleation, Ostwald ripening, or growth-rate dispersion.35,36 
Such size disparities can also be introduced actively through seeding, mechanical 
grinding, or controlled crystallization conditions. Hence, understanding the 
consequences of size disparities on the growth rates of crystal population is not only 
essential to elucidate the fundamental principles of chiral crystallization, but also to 
develop rational strategies that steer deracemization toward the desired outcome.  

In this work, we experimentally investigate how di"erences in crystal size and 
population mass a"ect the outcome of asymmetric crystal growth under racemizing 

 
Figure 5.1. Asymmetric crystallization is dominated by the fastest growing population. (a) 
Conglomerates crystallize as two populations of enantiopure crystals with growth rates kgR and kgS, 
respectively. Racemization in solution creates a common resource pool. (b) The outcome of 
asymmetric crystallization is determined by the balance of the collective growth rate of the crystal 
populations through the number of crystals (through mass), their size, and the crystallization 
conditions (supersaturation). 
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conditions (Fig. 5.1b). By carefully preparing enantiomeric seed mixtures that di"er 
in either size or mass—or both—we can modulate the solid phase enantioenrichment 
and growth rate of each population independently. Moreover, motivated by 
fundamental insights on the mechanisms of crystal growth, we show that the e"ects 
of crystal size-disparities can be further manipulated through the applied 
supersaturation. Collectively, our !ndings highlight the domination of the fastest 
growing population, a core principle that prompts us to rethink how to understand, 
design, and control asymmetric crystallization processes. 

Results and Discussion 
To investigate how size-di"erences between two otherwise identical crystal 
populations in#uence the population growth rates and the outcome of asymmetric 
crystallization, we prepared both small and large seed crystals of both the (R) and 
(S)-enantiomer of 1 (Scheme 5.1), a well-established racemizable conglomerate.37 
Small seed crystals (10-20 μm) were obtained by mechanical grinding assisted by 
ultrasonication in the presence of glass beads.38 Large seed crystals (30-50 μm) were 
obtained by growing the small crystals (detailed procedures and characterization 
data for both small and large seed crystal batches are provided in the Appendix). 

For our !rst experiment, using these small and large seed crystals, two types of 
racemic mixtures (i.e. no net solid-phase enantioenrichment) were prepared such 
that each enantiomer had equal mass, but a di"erent crystal size compared to its 
counterpart. We combined (1) large (S)-enantiomer crystals with small (R)-
enantiomer crystals, and (2) large R crystals mixed with small S crystals. These 
crystal mixtures were subsequently added as seed crystals to a saturated, racemizing 
solution of 1 in methanol, containing 50 μL/mL basic racemization catalyst 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), at 30 °C (Fig. 5.2a). Crystal growth was 
initiated by slowly cooling the solution with 0.22°C/min to 20 °C. To keep attrition 
e"ects to a minimum, during growth, the solution was shaken instead of stirred. 

To determine how much of each enantiomer population crystallized, the resulting 
solids were isolated through vacuum !ltration and their composition was 

 
Scheme 5.1. Racemizable conglomerate 1. 
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determined using chiral HPLC. Importantly, the entire cooling trajectory was 
performed within the metastable zone, such that nucleation is minimized and 
precipitation from the supersaturated solution is dominated by growth of the seed 
crystals.  

Before growth, both the population of small and large crystals have equal mass. After 
growth, as expected, both populations have gained mass, but not in equal amounts: 
the population with the smaller seed crystals grew more than the population with 
large seed crystals (Fig. 5.2b). Hence, the population of small crystals must have 
grown faster than the population of larger crystals. This size-dependency of 
enantioenrichment is non-trivial. The Gibbs-Thomson e"ect thermodynamically 
favors the growth of large crystals, such that the small crystals are individually less 
stable. However, under kinetic, out-of-equilibrium conditions the small crystal 
population can feature a higher collective growth rate because of a larger combined 
surface area26,35. 

 

 
Figure 5.2. Chiral crystallization for equal mass but different crystal size of each enantiomer 
population. (a) Seeded growth of enantiomer populations under racemizing conditions from a 
saturated solution through cooling. (b) Crystal populations of equal mass but unequal size exhibit 
asymmetric growth rates, favoring the enantiomer population composed of smaller crystals. 
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For populations of equal mass, we thus !nd that a disparity in crystal size between 
two enantiomer populations breaks symmetry in favor of the smaller crystals. 
Commonly, however, chiral ampli!cation is directed by breaking symmetry through 
unequal initial solid masses, such that the population with larger mass (the major 
enantiomer) wins at the cost of the population with smaller mass (the minor 
enantiomer). When chiral ampli!cation is directed through mass imbalances, the 
sizes of crystal populations are oftentimes neglected or simply assumed to be the 
same. As we have just demonstrated, however, crystals sizes are important. 
Moreover, the imbalance of populations in mass can di"er from the imbalance in size. 
We foresee the combined complex interplay of imbalances in mass and size can thus 
enhance but also diminish chiral ampli!cation of the desired enantiomer.  

To analyze how an interplay between size and mass a"ects chiral ampli!cation, we 
determine the mass that is grown onto each population (mΔ

R and mΔ
S), calculate the 

enantiomeric excess of the crystallized material (eeΔ = ("!
" 	−	"!

#)/("!
" +"!

#)), and 
de!ne the ampli!cation factor but  α as eeΔ relative to the initial mass imbalance (ee0): 

( = **!
**$

 

Akin to Kagan’s analysis of asymmetric catalysis,39 this ampli!cation factor classi!es 
asymmetric crystallization into four distinct regimes. When α = 1, both populations 
grow in proportion to their initial mass imbalance: the ee of grown material is equal 
to the starting ee resulting in linear ampli!cation. When α > 1, the major population 
in mass grows faster than the minority population, resulting in non-linear 
ampli!cation of the major enantiomer. When 0 < α < 1, the major enantiomer grows 
faster than the minority, but insu$ciently as to maintain its starting 
enantioenrichment, thus resulting in net erosion of the initial ee. When α < 0, the 
minority enantiomer grows faster than the majority enantiomer, resulting in 
negative non-linear ampli!cation. 

Using a constant imbalance in seed mass (60 wt%, ee0 = 20% in R), we prepared !ve 
experimental imbalances in size by mixing small and large crystals of the two 
enantiomers (see Appendix for details): (i) all majority enantiomer crystals are larger 
than the minority enantiomer crystals (i.e. majority larger), (ii) only the majority 
crystals that make up the enantiomeric excess are larger (i.e. excess larger),  
(iii) all crystals are of equal size, (iv) the excess crystals are smaller, and (v) all 
majority crystals are smaller than the minority enantiomer crystals (Fig. 5.3a). 
Subsequently, each mixture was used to seed a racemizing clear supersaturated 
solution to induce growth (see Appendix for details). 

(eq. 5.1) 
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The crystallized solid was analyzed as before and α was determined (Fig. 5.3b). For 
crystals of equal sizes, we observe near-linear ampli!cation (α ≈ 1). Although 
nucleation and small inherent size disparities between seed crystals slightly suppress 
ampli!cation (see Appendix for details), the populations grew with rates that are 
approximately proportional to their initial mass—as expected in the absence of any 
size imbalance. When all majority crystals are smaller than the minority crystals, we 
observe strong positive non-linear ampli!cation (α >> 1): the majority population 
grows much faster due to the smaller size of its constituting crystals.  

Conversely, when the majority crystals are larger than the minority, we observe 
strong negative non-linear ampli!cation (α << 0): the minor enantiomer—through its 
larger collective surface area—has now completely outgrown the majority 
enantiomer. Despite the same signi!cant initial ee in R by mass, switching the size 
imbalance from majority smaller to majority larger crystals thus fully reverses the 
outcome of chiral ampli!cation: from amplifying the major (α ≈ +2, !nal ee = 80% in 
R) to amplifying the minor enantiomer (α ≈ –2, !nal ee = 3% in R). Hence, through the 
domination of the fast-growing population, the size imbalance completely 
determines the outcome of asymmetric crystallization.  

Consistent with these !ndings, selectively changing only the size of the crystals 
constituting the excess (i.e. excess smaller vs. excess larger), yields similar relative 
e"ects of the size imbalance on chiral ampli!cation, although less pronounced (Fig. 

 
Figure 5.3. Asymmetric crystallization directed by crystal size-disparity. (a) Initial seeds are enriched 
in (R)-1 by mass, but both enantiomer populations have different crystal sizes. (b) Maintaining the 
initial enantioenrichment in mass through growth constitutes expected linear amplification. However, 
crystal-size disparity in asymmetric crystallization can cause positive non-linear chiral amplification, 
linear amplification, erosion, or even negative non-linear amplification, characterized by amplification 
factor α. 
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5.3). Smaller excess crystals still give positive non-linear ampli!cation (α ≈ 1.5), but 
larger excess crystals now yield erosion (α ≈ 0.5), a much weaker e"ect than the 
negative non-linear ampli!cation previously observed when all majority crystals 
were larger. These weaker e"ects on ampli!cation observed when changing only the 
relative size of the excess crystals—rather than the whole population—can be 
explained by the smaller imbalances in the total surface area between the 
populations. These results demonstrate that strategic preparation of the initial solid 
phase—speci!cally, incorporating many small enantiopure seed crystals with large 
cumulative surface area—can achieve higher chiral ampli!cation e$ciency and 
thereby accelerate deracemization kinetics. 

Fundamentally, the outcome of asymmetric crystallization is governed by 
di"erences in the growth rates of competing enantiomeric crystal populations. 
These growth rates are not only in#uenced by di"erences in size (r) and mass, but 
also by the growth mechanism, which in turn depends strongly on the 
supersaturation of the solution. At low supersaturation, often associated with spiral 
growth mechanisms, molecular attachment occurs predominantly at energetically 
favorable sites such as screw dislocations. In this regime, the number of active 
growth sites—proportional to the number of crystals (N)—determines the population 
growth rate (kg ~ N ~ 1/r3).40 At high supersaturation, often associated with 
polynuclear and rough growth mechanisms, molecular attachment occurs across the 
entire surface. In this surface-integration-limited regime, the incorporation of 
molecules on the crystal surface (A) is rate-limiting (kg ~ ΣA ~ 1/r). Indeed, 
calculations suggest that high supersaturation dampens the e"ects of size 
imbalances on population growth rates (Fig. 5.4a, details in the Appendix).41 
Furthermore, these calculations show that a small initial size disparity ratio between 
seed crystal populations has disproportionately large e"ects on the outcome of the 
asymmetric crystallization (Fig. A23 of the Appendix). 

To test how these distinct growth regimes in#uence the e"ects of crystal size 
disparity, we performed asymmetric crystallization experiments under both low 
supersaturation (achieved by slow cooling from 30 °C to 20 °C at 0.22°C/min) and high 
supersaturation (achieved by fast cooling over the same temperature range at 
2 °C/min). As shown in Figure 5.4b, under slow cooling strong size-dependent chiral 
ampli!cation is observed, with populations of small crystals growing signi!cantly 
faster and dominating the solid phase composition. However, under fast cooling, this 
ampli!cation e"ect is markedly dampened. This con!rms that size disparity e"ects 
are more pronounced under surface-integration-limited growth at low 
supersaturation compared to high supersaturation. 
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Summary and Outlook 
In summary, this study experimentally reveals how subtle disparities in crystal size 
can decisively impact the outcome of asymmetric crystal growth when populations 
compete for the same resources. Populations of smaller crystals exhibit higher 
collective growth rates due to their greater cumulative surface area, enabling them 
to outcompete larger, thermodynamically more stable crystals. Consequently, 
disparities in crystal size and mass can enhance, diminish, or even reverse initial 
enantiomeric imbalances, resulting in regimes of positive, linear, and negative non-
linear ampli!cation.   

In this study we have treated crystals as unidimensional and have not aimed to give 
a full quantitative description. Indeed, facet-dependent growth mechanisms and 
crystals undergoing morphological changes over time also likely in#uence the 

 
Figure 5.4. Asymmetric amplification by supersaturation through crystallization rate. (a) Calculations 
suggest that, for low supersaturation (slow growth, grey), population growth rate is proportional to the 
number of crystals. For high supersaturation (fast growth, yellow), population growth rate is surface-
integration-limited. (b) Experiments confirm the effect of supersaturation and show that size-induced 
amplification effects are dampened through fast growth at high supersaturation. 
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degree of ampli!cation, especially across di"erent supersaturation regimes.33,42,43 
Future studies integrating in situ imaging for the tracking of shape and size of 
individual populations and population-balance modeling should therefore further 
clarify how size, shape, and growth mechanism interact to control chiral selection. 

44,45  

Although this Chapter only studies chiral ampli!cation during crystal growth, these 
results may also help to rationalize empirical trends in deracemization by 
growth/dissolution cycles such as temperature cycling-induced deracemization.46 
With each cycle, ripening phenomena shift the population size distributions, 
potentially giving rise to antagonistic size-disparities that slow the exponential 
deracemization kinetics. Multiple di"erent routes exist to counteract this 
deceleration of deracemization. One known route to maintain the deracemization 
rate is progressively dampening the temperature swing with every cycle.46 Our 
!ndings rationalize this strategy, which gradually transitions from classic 
temperature cycles, for which the emerging size-disparity increasingly disfavors the 
major enantiomer, to an accelerated Ostwald-ripening regime, where 
thermodynamics dominates and the remaining few minor enantiomer crystals are 
e"ectively converted. Counterintuitively, we propose exponential deracemization 
kinetics may also be maintained by progressively increasing crystallization rates 
during later cycles, as faster crystallization dampens antagonistic size-disparity 
e"ects. 

Our results also serve as a practical guide for seeding and crystal size control. When 
a deracemization starts with racemization during growth, using an enantiopure 
excess comprised of small seed crystals is bene!cial. The reverse is true for 
dissolution: small crystals dissolves faster than a population of large crystals and will 
thus experience negative ampli!cation. A cyclic process starting with racemization 
during dissolution would thus bene!t from an enantiopure excess comprised of large 
crystals and racemic bulk material comprised of small seed crystals. This lesson is 
also grounded in theory: if ee0 = 0, the population with the greatest size deviation is 
enriched.47 Similar is true for attrition-based deracemizations (Viedma ripening): if 
ee0 = 0, the population with the larger crystals determines the outcome of 
deracemization.48 Our results further imply that intermittent grinding could be 
e"ective to mitigate undesired ripening by resetting the crystal size distribution, 
which is even more powerful when combined with monitoring the crystal size 
distribution.49,50 Finally, the use of small crystals may mitigate undesired growth 
inhibition from impurities.51,52  

Overall, this work underscores that crystal size is a critical yet often overlooked 
kinetic parameter in asymmetric crystal growth. Size-disparities can be deliberate 
or accidental: many small crystals can for instance arise through nucleation and have 
a disproportionally big impact through to their high collective growth rate.53 We also 
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note that any process mixing two or more sources of crystals (e.g. a racemic mixture 
of crystals and enantiopure crystals to establish an enantiomeric excess) invariably 
encounters size-disparities. Unfortunately, literature often lacks details on the 
preparation and origin of seed crystals used in crystallization experiments. Because 
subtle disparities quickly arise and can have major e"ects, this practice prevents 
comparing between studies and hampers benchmarking crystallization processes. At 
worst, neglecting seed design may even lead to confusing, inexplicable or 
irreproducible results. At best, deracemization is faster and completely reproducible. 
Furthermore, special care should be taken when re-using material from a completed 
batch in a subsequent crystallization, as dramatic changes in crystal properties (e.g. 
size, morphology) may occur. Hence, deliberate and well-reported seed design is 
essential for reproducibility and mechanistic understanding.  

Finally, these !ndings on thermodynamically equal populations prompt a broader 
question: how does the kinetic domination of the fastest-growing population 
in#uence crystallization when the competing phases di"er in thermodynamic 
stability?54,55 This principle could be harnessed to deracemize the many chiral 
molecules that crystallize not as conglomerates but as racemic compounds.56-58 In 
such systems, the enantiopure phase is typically less stable. However, enantiopure 
crystals might intrinsically grow faster than their racemic counterparts—a 
parameter so far seldomly considered—or could be actively favored through the 
choice of seed crystals, analogous to the experiments shown in this Chapter. To what 
extent cleverly exploiting crystal growth kinetics can overcome fundamental 
thermodynamic limitations is a compelling question. Beyond crystallization, these 
concepts may extend to the assembly of biological complexes and dynamic 
supramolecular systems.59–63 
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Chapter 6 
On Mechanistic Ratchets driving 
Crystallization-Induced Deracemization.* 
Complete chiral ampli!cation of the solid phase arises when mixtures of self-sorting 
enantiopure crystals undergo cycles of crystal growth and dissolution under solution-phase 
racemizing conditions. However, despite extensive studies and widespread use, the mechanism 
underlying such crystallization-induced deracemization remains insu"ciently understood, 
hindering its optimization and broader application. Here, we experimentally dissect the 
individual contributions of crystal growth and dissolution and use a mass-balance to expose 
crystal dynamics. Regardless of the racemization rate, we always !nd a dissymmetry between 
the growth and the dissolution of the enantiomer populations. These experiments suggest that 
a fundamental di#erence between the mechanisms of crystal growth and dissolution enables 
a ratchet e#ect that drives chiral ampli!cation. These insights advance our understanding of 
chiral crystallization mechanisms and provide guidance for optimizing crystallization-
induced deracemizations, particularly by separately optimizing growth and dissolution steps 
to maximize the chiral ampli!cation and deracemization e"ciency. 

Introduction 
Chirality is a hallmark of life, and a key challenge in chemistry.1-2 Isolating molecules 
of a desired chiral con!guration is crucial for applications in pharmaceuticals, 
agrichemicals and materials.3-7 The crystallization of racemic conglomerates,8-9 
where chiral molecules self-sort into enantiopure crystals, o"ers an intrinsically 
stereoselective strategy to separate or deracemize mixtures of enantiomers into a 
desired con!guration.10-13  

Deracemization of the solid-phase occurs when enantiopure crystals undergo cycles 
of crystal growth and dissolution while racemizing in solution (Fig. 6.1a).14-19 The 
cycles of crystal growth and dissolution that drive deracemization may be 
implemented through temperature or solvent cycles or continuous attrition (Fig. 
6.1b).20-31 An initial enantioenrichment directs the deracemization process to an 
enantiomer of choice. 

Although crystallization-induced deracemization has already been demonstrated for 
an array of bioactive chiral molecules,23,28,32-36 the underlying mechanisms still pose 
questions of both fundamental and practical importance. Known is that each 

 
* This chapter has been published as S.W. van Dongen*, J. Maeda*, B. Kaptein, P. Cardinael, A. Flood, G. 
Coquerel, W.L. Noorduin (2025). Mechanistic Dissymmetry between Crystal Growth and Dissolution drives 
Ratcheted Chiral Ampli!cation. J. Am. Chem. Soc. 147(42): 38508–38515. 
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complete cycle of crystal growth and dissolution enantiomerically enriches the solid-
phase and many theoretical models have been proposed.37-50 Unknown, however, is 
what occurs during the individual segments of crystal growth or dissolution, as this 
question has not yet been studied experimentally, beyond a demonstration of chiral 
ampli!cation during growth.48 During crystal growth, the majority enantiomer has a 
higher growth rate, and racemization converts minority into majority to equalize 
supersaturation. It was recently hypothesized that the interplay between 
racemization and crystallization rate drives chiral ampli!cation, as the inherently 
faster rate of dissolution compared to growth prevents racemization to fully 
neutralize the enantioenrichment obtained during growth.47 Population balance 
modelling for an idealized system has recently shown deracemization through this 
mechanism.50 Yet unclear, however, is how this mechanism can explain the 
deracemization for systems where racemization is very fast or instantaneous. 
Moreover, so far, no results have been reported to experimentally show the 
individual e"ects of crystal growth and dissolution for such unequal and competing 
populations of crystals. 

 
Figure 6.1. Crystallization-induced deracemization. (a) Crystal dissolution (red) and growth (blue) are 
coupled to racemization in solution to completely deracemize the solid-phase of a slurry with an initial 
solid enantiomeric excess (ee). (b) Cyclic growth and dissolution through temperature cycles. (c) Every 
cycle increases the solid-phase ee (squares), but the individual contributions of dissolution and growth 
to chiral amplification are unknown. 
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This work aims to experimentally and systematically dissect the contributions of 
dissolution and growth and identify how these separately enrich, erode, or preserve 
the solid-phase enantiomeric excess (Fig. 6.1c). Using previously developed 
racemizable conglomerates Paclobutrazol precursor 1 and tert-leucine precursor 2 
(Scheme 6.1),23,48,51-54 we experimentally reveal the fundamental dissymmetry 
between asymmetric crystal growth and dissolution. This dissymmetry even exists 
when racemization kinetics are non-limiting and therefore is not caused by an 
interplay of crystallization and racemization rate alone, but likely results from a 
fundamental irreversibility between the mechanisms of crystal growth and 
dissolution. Through a full cycle of asymmetric dissolution and growth, this 
dissymmetry enables a ratchet-like e"ect that ultimately drives chiral ampli!cation. 
This study challenges common tenets of crystallization-induced deracemization, 
shows that dissolution is antagonistic to chiral ampli!cation, and exploits these 
insights to optimize deracemization processes. 

Results 
To experimentally deconvolute cyclic dissolution and growth, we determined the 
evolution of the solid-phase enantiomeric excess (ee) after individual dissolution 
(heating) and growth (cooling) segments of a temperature cycle (Fig. 6.2). Low initial 
solid loading and high solubility di"erences between the low and high temperatures 
of the cycle were used to increase the sensitivity to subtle e"ects in asymmetric 
crystallization.48 We prepared a slurry of conglomerate 1 at 40°C in MeOH:Water 
(60:40) with an initial ~25% ee in (R)-1 in the solid-phase and started liquid-phase 
racemization by adding 0.1% w/v NaOH.23,51-52 We cycled between 40°C and 55°C and 
analyzed the solid-phase ee via chiral HPLC after heating-induced dissolution 
(1.5°C/min) and after subsequent cooling-induced growth (0.5°C/min), both after 10 
minutes isothermal hold to fully reach equilibrium. Experiments were repeated for 
slurries with an initial 50% and 90% ee in (R)-1 in the solid-phase. 

Figure 6.2c shows the solid-phase ee after dissolution and growth, starting with 
di"erent degrees of initial solid-phase enantiomeric enrichment. As expected, the 
solid-phase ee increases over each full cycle, con!rming net chiral ampli!cation of 
the system. However, the extent of chiral ampli!cation varies; cycles with low (~25%) 
and high (~90%) initial ee show lower enrichment than cycles with medium (~50%) 

        
Scheme 6.1. Racemizable conglomerates 1 and 2 (* indicates chiral center). 
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initial ee, which is consistent with the sigmoidal characteristic of crystallization-
induced deracemization kinetics.  

The variation within cycles is profound. For low and medium initial ee, Figure 6.2c 
shows an increase in solid-phase ee after dissolution, as expected. For high initial ee, 
however, dissolution is shown to decrease solid-phase ee, which is in contrast to the 
common view that dissolution always enriches solid-phase ee. This surprising 
decrease in solid-phase ee during dissolution is not a"ected by the heating rate or 
the duration of the isothermal hold, and enhanced if the relative amount of dissolved 
solid is increased (see Appendix for details). Growth also allows for both enrichment 
and erosion: For low initial ee, the solid-phase ee decreases during growth, whereas 
for medium and high initial ee the solid-phase ee increases during growth. This 
experimental evidence for erosion during dissolution and enrichment during growth 
con!rms that the major enantiomer may dissolve faster and grow faster than the 
minor enantiomer.47,50  

 

 
Figure 6.2. Deconvoluted temperature cycles for slurries with low, medium, and high initial ee in (R)-
1. (a) Solid-phase ee is determined by sampling before dissolution (black cross), after dissolution (red 
diamond), and after subsequent growth (blue circle). (b) Temperature profile with sampling moments 
indicated. (c) Solid-phase ee increases for every cycle (grey dashed line), although individual 
contributions of dissolution and growth vary (solid lines). Lines are a guide to the eye. 
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Motivated by these results, we investigated how asymmetric crystallization causes 
the major enantiomer to dissolve and grow faster than the minor enantiomer. We 
therefore disentangled the deracemization process into two completely isolated 
dissolution and growth steps (Fig. 6.3a). Since crystals are only partly altered during 
dissolution and growth, we constructed a full mass balance, detailing exactly how 
much of each enantiomer is grown or dissolved. For this, we used conglomerate 2 
(Scheme 6.1), which racemizes in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU) and exhibits clean racemization kinetics without side-reactions.48,53-54 Since net 
chiral ampli!cation is strongest at medium initial ee and boundary e"ects are 
minimized, we prepared initial solids with 50% ee in (R)-2. The initial solids were pre-
ground to ensure a uniform initial crystal size distribution and morphology. 

For dissolution, while at 20°C, a racemizing undersaturated solution of (RS)-2 in 
MeOH (10 μL/mL DBU) was added to the pre-ground initial solid. The resulting slurry 
was shaken in the presence of soft PTFE spheres to homogenize while minimizing 
attrition and secondary nucleation e"ects.29 After 90 minutes post-dissolution 
equilibration at 20°C, the solid-phase ee was analyzed. Simultaneously, liquid-phase 
samples were taken to track enantiomer concentrations. For growth, while at 30°C, a 
racemizing saturated solution of (RS)-2 in MeOH was added to a new aliquot of pre-
ground initial solid, which was slowly cooled back to 20°C (0.11°C/min) to avoid 
nucleation. Solid and liquid phases were sampled after 30 minutes post-growth 
equilibration at 20°C, when crystallization had completed as con!rmed via mass-
balance. Since both dissolution and growth experiments ended at room temperature 
(20°C), undesired crystallization during sampling was negligible. 

Figure 6.3b shows the absolute solid-phase ee after independent dissolution and 
growth from identical pre-ground initial solids. At !rst glance, the experiment seems 
to con!rm the common view that solid-phase ee increases during dissolution and 
decreases during growth. However, these absolute changes in solid-phase ee can be 
deceiving. For instance, dissolving more majority than minority enantiomer can still 
cause an increase in solid-phase ee, but e"ectively erodes the overall system ee 
through racemization. Exploiting our mass-balance, we therefore plot the initial 
mass and calculate the change in mass (mΔ) for both enantiomer populations using 
their initial and !nal liquid-phase concentrations (Fig. 6.3c, mΔ indicated using 
arrows).  

Figure 6.3c shows that both enantiomers decrease in total solid mass during 
dissolution and increase in solid mass during growth, but does not show how the 
initial imbalance between the enantiomer populations translates to asymmetric 
crystallization kinetics. To reveal this, we determined the ee of the portion of the 
crystals that is cumulatively removed from the crystals during dissolution and is 
cumulatively added to the crystals during growth (Fig. 6.3d, eeΔ = (mΔ

R – mΔ
S

 ) / (mΔ
R + 

mΔ
S

 )). 
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To interpret eeΔ, we realize that when eeΔ = 0, growth and dissolution are racemic (i.e. 
equal amounts of R and S are grown onto or dissolved from the initial solid, as under 
non-racemizing conditions) and no net ampli!cation occurs over a full cycle. When 
eeΔ = ee0 = 50%, growth or dissolution rates are proportional to the initial mass ratio 
of the enantiomers. Since the determined values of eeΔ are positive for both 
dissolution and growth (Fig. 6.3d), the major enantiomer consistently dissolves and 
grows faster than the minor enantiomer. Despite the use of identical initial solids, 
however, Figure 6.3d also shows that the value of eeΔ di"ers for dissolution and 
growth and shows that the asymmetry is actually stronger during growth: eeΔ = 17% 
for growth, while eeΔ = 14% for dissolution. This di"erence experimentally shows that 
liquid-phase racemization during growth enhances chiral ampli!cation, while 
racemization during dissolution is counterproductive as the major enantiomer 
molecules are e"ectively racemized. Nevertheless, over a full cycle, growth-driven 
ampli!cation outweighs dissolution-induced erosion. These results thus 
experimentally reveal how chiral dissolution and growth are dissymmetric 
processes, enabling a ratchet e"ect that drives net chiral ampli!cation over a full 
cycle.  

 
Figure 6.3. Dissymmetry between dissolution (red) and growth (blue) drives ratcheted chiral 
amplification. (a) Solid and liquid are analyzed after separate dissolution and growth starting from the 
same pre-ground initial solid of 50% ee in (R)-2. (b) Absolute solid-phase ee increases after dissolution 
and decreases after growth. (c) Mass-balance constructed from liquid-phase concentrations shows 
mass of grown and dissolved enantiomers (mΔ). (d) Positive ee of the dissolved and grown material 
(eeΔ) shows the major enantiomer dissolves and grows faster than the minor enantiomer. Enrichment 
during growth outweighs erosion during dissolution (ΔeeΔ > 0); a dissymmetry that enables ratcheted 
chiral amplification. Data is provided in the Appendix. 
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The origin of this dissymmetry could be the coupled kinetics of racemization and 
crystallization, when crystals dissolve faster than they grow,47,50 but may also stem 
directly from fundamental di"erences between the mechanisms of crystal growth 
and dissolution. We therefore systematically varied the racemization rate to 
investigate how the observed e"ects depend on the interplay between rates of 
dissolution, growth and racemization. Since the racemization rate of 2 is linearly 
dependent on the catalyst concentration ([DBU]),55 we repeated the previous 
experiment at various concentrations of DBU and plot the results (Fig. 6.4).  

Without racemization, we observe the expected racemic growth and dissolution (eeΔ 
= 0). With racemization, we observe a continuously increasing eeΔ for both growth 
and dissolution, with eeΔ for growth always above that for dissolution. The larger the 
di"erence between the eeΔ for dissolution and growth (ΔeeΔ), the stronger the ratchet 
e"ect, resulting in higher chiral ampli!cation e%ciency. As expected from previous 
reports,27,38,40,55-56 increasing the racemization rate will thus generally increase 
deracemization kinetics by increasing ΔeeΔ. 

Figure 6.4 shows that increasing the racemization rate increases eeΔ, until 
approaching a plateau. This e"ect has previously been reported for chiral crystal 
growth,48 and thus also holds for dissolution. In this plateau, crystal growth and 
dissolution kinetics are much slower than racemization kinetics. Hence, akin to 
Michael-Menten kinetics in biochemistry, racemization has become non-limiting. 
The fact that Figure 6.4 shows that eeΔ for growth is systematically higher than eeΔ 
for dissolution, implies that ampli!cation of the major enantiomer during growth 
always outweighs its erosion during dissolution: Net chiral ampli!cation always 
occurs. This independence of racemization rate implies that the observed 
dissymmetry between chiral growth and dissolution is not merely caused by the 
kinetic interplay of racemization and crystallization, but—at its core—rooted in a 
fundamental di"erence between the mechanisms of crystal growth and dissolution. 

 
Figure 6.4. Dissolution (red) and growth (blue) are dissymmetric at every racemization rate (∝ [DBU]). 
Chiral amplification efficiency (∝ ΔeeΔ, solid black arrow) increases with racemization rate. Chiral 
amplification efficiency can be maximized by switching off racemization during dissolution, such that 
eeΔ = 0 (dashed grey arrow). Lines are a guide to the eye. 
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This would explain why the dissymmetry that drives deracemization persists even 
when racemization kinetics are no longer limiting. 

The plateau in Figure 6.4 has practical consequences: there is a limit to the bene!cial 
e"ects that can be gained by increasing racemization kinetics. We realize, however, 
that increasing the racemization rate is not the only way to increase the e%ciency of 
chiral ampli!cation. Counterintuitively, chiral ampli!cation e%ciency can be 
increased further by switching racemization o" entirely during dissolution. Without 
racemization, eeΔ becomes 0 during dissolution, while the original eeΔ during growth 
is retained, thereby maximizing ΔeeΔ. To explore this idea, we extended a basic model 
previously introduced for asymmetric crystal growth,48 by including a contribution 
for asymmetric dissolution. In short, we used the values of eeΔ in Figure 6.4 to express 
asymmetric crystallization through empirical ampli!cation factors for growth and 
dissolution (see Appendix for details). Although this qualitative model ignores many 
complexities of the deracemization process, it indeed predicts that switching o" 
racemization during dissolution markedly increases deracemization e%ciency (Fig. 
6.5a). Moreover, the model visualizes that switching o" racemization during growth 
would lead to complete loss of the initial solid-phase enantiomeric excess. These 
predictions thus suggest that individually optimizing growth and dissolution can 
maximize chiral ampli!cation e%ciency. 

Repetitively switching on and o" racemization is thus highly desirable, but often 
hardly possible or practical. However, switching o" racemization once, e.g. by 
quenching the catalyst, is generally feasible. Since deracemization kinetics slow 
down signi!cantly near the end, it may be bene!cial to switch o" racemization 
before a !nal dissolution step. To experimentally demonstrate this idea, we used 

 
Figure 6.5. Increased deracemization efficiency through on/off-switching of racemization. (a) 
Compared to a regular cycle (black), racemizing only during growth accelerates deracemization (blue), 
while racemizing only during dissolution causes racemization of the solid-phase (red). (b) One-time 
switching off racemization before the final dissolution step (purple triangles; racemization is on during 
final growth step) in the temperature cycling of 1 increases deracemization efficiency compared to 
regular cycles (black squares). 
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conglomerate 1, because racemization catalyst NaOH can be quenched by the 
addition of HCl. Starting with a solid-phase of 40–45% ee in (R)-1 and 0.1% w/v NaOH, 
we performed three cycles to reach 75% ee in the solid. We then switched o" 
racemization by adding 1.1 eq. 6 M HCl before performing a !nal dissolution step. 
After re-adding the racemization catalyst (0.2% w/v NaOH) a virtually enantiopure 
solid-phase was obtained after growth (99% ee in (R)-1, Figure 6.5b). In contrast, the 
experiment wherein we kept racemization switched on required four more cycles to 
reach a similar solid-phase ee (97%). Hence, even switching o" racemization only 
once already yields a higher enantiopurity within less cycles and decreases the time 
to deracemization by about 25% (Fig. 6.5b).  

Discussion, Summary and Outlook 
Our !ndings bring surprising new insights to the fundamental mechanistic 
understanding of crystallization-induced deracemizations.  

First, our results impact the debate on the mechanistic role of crystal-size. Crystal-
size e"ects and size-dependent solubility have been often proposed as central 
driving forces for chiral ampli!cation,39,41,44,49,57 although these mechanisms have 
received criticism from other theorists.47,58 In this Chapter, we have minimized the 
e"ect of crystal-size e"ects by using constant and homogeneous seeds. Nonetheless, 
we do observe the dissymmetric growth and dissolution that drives chiral 
ampli!cation. Our results thus suggest that chiral ampli!cation is not a result of 
crystal size e"ects alone, although such e"ects can surely modulate the degree of 
ampli!cation. 

Second, for the !rst time, we experimentally reveal the individually di"erent 
contributions of crystal growth and dissolution and show that their dissymmetry 
causes a ratcheting e"ect that drives chiral ampli!cation. Paradoxically, although 
dissolution may increase and growth may decrease the absolute solid-phase ee, a full 
mass-balance shows that growth ampli!es and dissolution erodes the enantiomeric 
enrichment of the entire system. These experimental results emphasize the 
proposed role of crystallization dynamics47-48,50 and contrast with previous views 
rooted in equilibrium-thermodynamics.45,59 As such, our study demonstrates how 
experimentally deconvoluting the e"ects of crystal growth and dissolution for 
populations of crystals under racemizing conditions may not only help to validate 
assumptions on the mechanism,37,39,41-47,49-50 but may also bring new mechanistic 
insights in asymmetric crystallization. 

Third, we zoom in on the source of the dissymmetry between growth and dissolution 
that enables ratcheted chiral ampli!cation. Although the interplay between rates of 
racemization and crystallization indeed modulates the degree of chiral ampli!cation 
when racemization is relatively slower during dissolution than during growth,47,50 we 
experimentally !nd that chiral ampli!cation also occurs when racemization is very 



Chapter 6 

174 

6 

fast and non-limiting. This !nding suggests that it is the fundamental di"erence 
between the mechanisms of growth and dissolution—not just their interplay with the 
rate of racemization—that is the core driver of crystallization-induced chiral 
ampli!cation. Such a mechanistic dissymmetry could also explain deracemization in 
achiral systems (e.g. NaClO3 and (H2NCH2CH2NH2)·H2SO4), where racemization is 
instantaneous.17-18 

The mechanistic di"erences between crystal growth and dissolution are manifold. 
Beyond modes of attachment and detachment of molecules at crystal surfaces,60-63 
important factors to consider are stereoselective incorporation of clusters and 
oriented attachment,37,40,64-66 ripening and agglomeration mechanisms,39,67-68 and a 
form of stereoselective secondary nucleation.69-71 Also population-level e"ects such 
as stochasticity (e.g. chiral &ipping and growth rate dispersion) and nonideal 
solution behavior of enantiomers may cause asymmetric crystallization.44,70,72 The 
predominant dissymmetry may depend on the crystallization conditions (e.g. 
supersaturation and attrition) and crystallization characteristics of the species (e.g. 
morphology, surface tension and binding strength). In this study, primary and 
secondary nucleation were aimed to be minimal and crystallization proceeded at low 
supersaturation. Growth and dissolution of crystals always occurs, even without 
attrition or explicit &uctuations in temperature or concentration,42 and the e"ects 
demonstrated in this Chapter will be prevalent for all chiral crystals under 
racemizing conditions. Understanding growth and dissolution processes on the 
surface of a single crystal and translating those across interacting populations of 
many crystals will be key in unravelling the whole mechanism of chiral ampli!cation 
through asymmetric crystallization. 

Our results hold important practical lessons for designing and performing 
crystallization-induced deracemizations: (1) optimize dissolution and growth 
separately for maximum e%ciency; (2) minimize racemization during dissolution 
and dissolve as fast as possible; (3) maximize racemization during growth. The 
implementation of the cycles ideally should optimize the amount of cycled material 
per unit time.73 An e"ective approach would be to push the system away from 
equilibrium, thereby achieving simultaneous and continuous growth/dissolution 
cycles, as in the case of grinding and spatial temperature cycling.22,74-75 Moreover, we 
con!rm a potential trap:50 Racemization reactions that proceed at di"erent rates 
during growth and dissolution, e.g. due to strong temperature dependence of its 
reaction kinetics, can hinder chiral ampli!cation and may even lead to solid-phase 
racemization rather than deracemization (i.e. when ΔeeΔ < 0).  

These insights can also aid in comparing and choosing between di"erent 
deracemization strategies. Solvent cycling,29,30 for instance, follows many of these 
practical lessons: The dissolution rate is maximized through instant re-addition of 
solvent; racemization is maximized during growth through slow evaporation; both 
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growth and dissolution occur at equal temperatures and thus experience equal 
racemization rates.  

To maximize chiral ampli!cation, however, it will be required to sequentially switch 
on and o" racemization. We therefore foresee the development of mechanical or 
chemical on-o" switches, racemization based on electrochemistry and 
photochemistry, and exploiting gradients in experimental reactors. Also, &ow 
chemistry or immobilized (bio)catalysts could be utilized in a separate racemization 
loop that is activated or deactivated on demand.28,76-77 A ratchet e"ect may then also 
be exploited to deracemize thermodynamically stable racemic compounds.13,78-80 
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Chapter 7 
Deracemization through Solvent Cycling.* 
We demonstrate that a conglomerate-forming clopidogrel precursor undergoing solution 
phase racemization can be deracemized through cyclic solvent removal and re-addition. We 
establish that the combination of slow growth and fast dissolution of crystals is ideal for rapid 
deracemization, which we achieve by repurposing a Soxhlet apparatus to realize the slow 
removal and fast re-addition of solvent autonomously. 

Introduction 
Crystallization-based deracemization processes involving continuous or alternative 
growth and dissolution of crystals have gained much attention as practical routes for 
obtaining bioactive enantiopure molecules and as plausible schemes towards 
prebiotic chiral building blocks.1–12 These processes require enantiomers to 
interconvert via a solution phase racemization reaction while both enantiomers 
crystallize into separate crystals (i.e. as racemic conglomerate). When a scalemic 
mixture of such R and S crystals undergoes continuous growth and dissolution, the 
enantiomorphs in minority in the solid phase are converted into the majority phase 
via solution phase racemization. Such asymmetric crystallization processes only stop 
once full solid-phase enantiopurity has been reached.  

In the !rst crystallization-induced deracemizations, continuous growth and 
dissolution was achieved by grinding slurries of crystals.2 Spatial heat gradients and 
temporal heat "uctuations have subsequently been exploited to grow and dissolve 
crystals for deracemization.3,4,10,11,13,5 The deracemization process can be sped up by 
applying more intense grinding, metastable compounds or steeper heating/cooling 
cycles.4,6,7,10,11,14,15 Although grinding is simple and fast, deracemization by 
temperature cycling may o#er the advantage that the growth and dissolution steps 
are disentangled and can therefore be separately optimized. Speci!cally, we showed 
in a previous Chapter that slow growth and deep cooling result in large asymmetric 
crystallization with virtually exclusive growth of the majority phase.16 In addition, 
we realize in this Chapter that fast heating should be favourable to keep the overall 
cycle time short. Hence, we hypothesize that a process combining slow crystal 
growth and fast dissolution would be ideal to achieve rapid deracemization. This is 
challenging, as the quick and homogenous heating of volumes is often di$cult to 
achieve practically. 

 
* This chapter has been published as S.W. van Dongen, I. Baglai, M. Leeman, R.M Kellogg, B. Kaptein, W.L. 
Noorduin (2023). Rapid Deracemization through Solvent Cycling: Proof-Of-Concept using a Racemizable 
Conglomerate Clopidogrel Precursor. Chem. Commun. 59: 3838–3841. 
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Figure 7.1. Solvent cycling-induced deracemization relies on alternating removal of solvent (e.g. 
evaporation), during which crystals grow, and re-addition (e.g. condensation) of solvent, during which 
crystals dissolve. 

 

 
Figure 7.2. Model compound 1 (shown in panel a) is deracemized through autonomous solvent cycling 
by repurposing a Soxhlet apparatus (as depicted in panel b). A slurry of R and S crystals is stirred in a 
boiling flask containing racemization catalyst. On heating, solvent evaporates and condenses in the 
sample compartment traditionally used for extraction. When the critical volume is reached, the 
condensed solvent is abruptly re-added to the boiling flask through a siphoning effect. This results in 
the desired slow removal and fast re-addition of solvent. 
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Motivated by the above, we propose to grow and dissolve crystals during 
crystallization-induced deracemization by the removal and re-addition of solvent 
(Fig. 7.1). Unlike previously developed deracemization methods, independent 
control over the rate of solution addition/removal in the presented solvent cycling 
approach should in principle allow for the desirable slow growth and fast dissolution 
for practical rapid deracemization. 

Results and Discussion 
To demonstrate the proof-of-principle of deracemization through solvent cycling, we 
use the clopidogrel-precursor 2-(benzylideneamino)-2-(2-chlorophenyl)acetamide 
(1, Fig. 7.2a). Compound 1 crystallizes as a conglomerate and represents a large class 
of amino acid Schi# base derivatives that can straightforwardly be racemized in 
solution using an organic base for crystallization-induced deracemization.17 Since 1 
has been studied extensively in various crystallization-induced deracemizations, this 
is an ideal model compound to demonstrate the proof-of-principle and benchmark 
the performance with previously developed methods.6,11,16,17 

To realize solvent cycling-induced deracemization experimentally, we repurpose a 
Soxhlet apparatus (Fig. 7.2b). Traditionally, a Soxhlet apparatus is used for the 
continuous extraction of soluble components from solid material placed in the 
sample compartment.18 In this Chapter, the Soxhlet apparatus is exploited for the 
autonomous removal and re-addition of solvent to the slurry. To cycle the solvent, 
the slurry is gently stirred under re"ux, enabling slow solvent evaporation. The 
evaporated solvent is temporarily collected in the empty sample compartment of the 
Soxhlet until the maximum level of solvent is collected (<5 min.) and the entire 
volume of evaporated solvent is abruptly re-added (<10 sec.) to the re"uxing slurry. 
The intrinsic design of a Soxhlet apparatus is thus ideally suited for autonomous 
solvent cycling with optimal conditions for deracemization: The slow evaporation of 
solvent results in slow crystal growth which is ideal for large asymmetric crystal 
growth, while the abrupt addition of solvent causes fast dissolution and therefore 
shortens deracemization cycles. 

The choice of solvent is crucial to achieve successful deracemization by solvent 
cycling. Usually, 1 is deracemized in MeCN, but the relatively high boiling point of 
this solvent (82 °C) has multiple drawbacks. Speci!cally, at high temperatures, 1 is 
more prone to undesired side-reactions. Moreover, the solubility is increased to such 
an extent that large amounts of material are in the liquid phase–rather than the solid 
phase–thereby lowering yield and e$ciency, since liquid phase molecules are not 
deracemized. Finally, the supersaturation increases rapidly at high temperatures, 
leading to undesired primary nucleation and fast growth with low chiral enrichment 
by asymmetric crystal growth.16 These considerations highlight the importance of 
the choice of solvent for solvent cycling-induced deracemization.  
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In view of the above, we select a binary solvent mixture of diethyl ether and acetone 
for the deracemization of 1. Although diethyl ether has the lowest boiling point of all 
common organic solvents (b.p. = 35 °C), the addition of acetone (b.p. = 56 °C) increases 
both the solubility and racemization rate. To judiciously balance the solubility and 
boiling point, we simulate solvent cycling processes with di#erent ratios of solvents 
based on empirical data that we collect on the boiling points, vapour compositions 
and solubilities of various binary acetone-diethyl ether solvent mixtures (Fig. 7.3), 
(full simulation details provided in the Appendix). Speci!cally, in these simulations 
we modulate the ratio between the two solvents to maximize the mass transfer that 
occurs during each cycle: i.e. the amount of solid that is grown during evaporation 
and subsequently redissolved by re-addition of the solvent, to maximize the 
deracemization rate. 

 

 
Figure 7.3. Computer simulation of solvent cycling using a binary solvent mixture at 50 oC. Cyclic mass 
transfer (black spheres) is computed for a solvent containing various compositions of diethyl ether and 
acetone (a). The optimal solvent composition (90 vol% diethyl ether) is indicated by a star. The initial 
and maximum boiling point during the cycle are indicated by solid and dotted blue lines respectively. 
A sample solvent cycling run with this optimal solvent was simulated and the total mass of 1 in the 
solid phase (black solid line) and liquid phase (purple solid line) was plotted as function of time (b). 
Cycle time is approximately 4.5 minutes. The cycling solvent volume of the boiling flask is indicated 
with a blue grey line. 
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For a solvent cycling process operating at 50 °C, we compute the expected mass 
transfer per cycle as a function of solvent composition (Fig. 7.3a).† From the 
simulated runs (Fig. 7.3b), we project that for low concentrations of acetone in 
diethyl ether the mixture will lead to insu$cient solvation of 1, and therefore less 
possible total mass transfer between cycles. In contrast, for high concentrations of 
acetone, we !nd that the boiling point increases so much that an insu$cient amount 
of solvent evaporates. A mixture of 90 vol% diethyl ether and 10 vol% acetone 
provides the desired balance between a low boiling point and a large mass transfer 
per cycle (Fig. 7.3a). 

Guided by the simulations, we experimentally demonstrate solvent cycling-induced 
deracemization. We !rst suspend 800 mg of 1 with 10% ee in (R)-1 in 10 mL of the 
designed binary solvent mixture (90 vol% diethyl ether and 10 vol% acetone). This 
suspension is sonicated for 30 minutes to obtain a homogenous slurry. The slurry is 
then transferred to a 50 mL round-bottom "ask, containing 15 mL more solvent as 
well as PTFE spheres to avoid uneven boiling and caking. The "ask is immersed in a 
water bath, gentle stirring is applied, and the "ask is !tted with a Soxhlet apparatus 
with condenser (15 mL sample compartment volume), allowing for cyclic 
condensation and immediate re-addition of the evaporated solvent every 4 to 5 
minutes. After heating the water bath to 50 °C and addition of the racemization 
catalyst (40 µL of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)), we already observe 
virtually complete deracemization of the solid within 18 hours, from initially 10% to 
99% ee in (R)-1 with 90% yield.  

We determine the deracemization kinetics by performing solvent cycling 
experiments starting with 10%, 20% and 50% initial ee in (R)-1 (Fig. 7.4). These 
kinetics show that full deracemization can be achieved within 2, 3.5, and 6 hours 
respectively. The enantiomeric enrichment of the solid phase follows sigmoidal 
ampli!cation of the ee, which is typical for this type of crystallization-induced 
enantiomeric transformations. As expected, starting with 50% ee in (S)-1 also leads 
to complete deracemization in (S)-1 with matching deracemization kinetics, 
indicating that the process has no substantial (kinetic) bias towards any of the two 
enantiomers (Fig. 7.4). 

To validate that the fast deracemization kinetics are not caused by metastable crystal 
transformations or attrition, we perform several control experiments.2,15 First, 
comparing powder crystal patterns of the equilibrated slurry and the !nal product 
shows identical patterns, indicating that the presence of metastable polymorphs or 
solvates as key intermediates in the deracemization can be excluded (di#ractograms 
provided in the Appendix). Second, comparing the kinetics of an experiment with 

 
† This operating temperature was selected to !t well between the boiling points of the low boiling 
component (diethyl ether, 35 °C) and high boiling component (acetone, 56 °C). 
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and without Soxhlet apparatus (but with condenser and PTFE beads), shows that 
virtually no deracemization is observed over the relevant timelines without the 
Soxhlet apparatus. This suggests that neither attrition by stirring, nor the presence 
of the PTFE beads, but solvent cycling instead induces the observed deracemization 
(data shown in the Appendix). 

We benchmark the performance of the here-introduced solvent cycling process 
against well-established deracemization by attrition-enhanced deracemization and 
temperature cycling. Typically, using attrition-enhanced deracemization and 
temperature cycling, deracemizes starting material of 20% ee in 1 in approximately 
10 hours.‡,6,11,17 In contrast, using solvent cycling, starting material of 20% ee 
completely deracemizes in only 3.5 hours (Fig. 7.4). Hence, even without any 
extensive optimization, solvent cycling-induced deracemization can readily 
outperform well-established deracemization processes. 

Summary and Outlook 
In summary, we introduce solvent cycling as a robust and rapid deracemization 
method. Based on the key insight that slow and long crystal growth, and fast crystal 
dissolution are desirable for e$cient deracemization, we implement solvent cycling 
autonomously and e$ciently through repurposing a Soxhlet apparatus. To 
demonstrate the proof-of-principle, we develop a simulation-guided solvent design 
strategy to tailor a binary solvent mixture that maximizes mass transfer while 
maintaining a low boiling point during the deracemization. By combining these 
insights, we show that solvent cycling-induced deracemization—even in 

 
‡ Attrition-enhanced deracemization has been achieved within 45 minutes using a bead mill setup, but 
such equipment is oftentimes not readily accessible, and not all compounds can withstand the associated 
vigorous grinding conditions.6 

 
Figure 7.4. Deracemization kinetics of 1 by solvent cycling-induced deracemization (800 mg in 25 mL 
solvent (9:1 diethyl ether/acetone) containing 40 µL DBU at 50 oC) for various initial ee. Exponential 
kinetic fits are represented by solid lines. 
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nonoptimized form—is simple and more e$cient in execution than most reported 
crystallization-induced deracemization techniques. 

Our results emphasize the importance and potential of individually controlling the 
rates of crystal growth and dissolution for crystallization-induced deracemizations. 
We foresee new and synergistic opportunities for our solvent-tailoring strategy to 
accurately control and optimize key deracemization parameters (e.g. crystal growth 
and dissolution rates, amount of cyclic mass transfer, racemization rate), allowing 
the design of new deracemization systems that were previously ine#ective or 
impossible. Preferentially cycling a ‘good’ solvent would be especially interesting to 
explore, exploiting an inverse anti-solvent e#ect. 

The versatility and tunability of solvent cycling readily allow for extending these 
principles to other chiral compounds by tailoring the solvent, racemization catalyst 
or—if necessary—inserting a racemization loop.6,8,9,12 Moreover, optimization can for 
instance be achieved by implementing "ow control technologies or similar physical 
mechanisms for !ne-tuning the regulation of solvent removal and re-addition rates. 
Besides optimization, many variants on the practical realizations of the removal and 
re-addition of solvent may be realized. In fact, during the preparation of this work, 
Flood et al. developed an alternative form of solvent cycling using evaporation by 
reduced pressure.§,19 In addition, we foresee that solvent cycling processes can readily 
be scaled-up in conventional equipment, adapted in a continuous fashion, and 
implemented for the practical production of enantiopure molecules.13,20,21  

Many types of stimuli can be exploited for crystallization-induced deracemizations; 
oscillating electrochemical potentials, alternating pressures or pH, photo-switchable 
reactions, and electromagnetic oscillations are just some of the many ways to induce 
continuous or alternating crystal growth and dissolution. Also, our results show the 
importance of cyclic physical chemical processes in synthesizing chiral molecules for 
practical purposes as well as in origin of life scenarios. 
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Chapter 8 
Enantiopurity through Nonequilibrium 
Crystallization.* 
Crystallization is a powerful method to isolate enantiopure molecules from racemates if 
enantiomers self-sort into separate enantiopure crystals. Unfortunately, this behaviour is 
unpredictable and rare (5–10%), as both enantiomers predominantly crystallize together to 
form racemic crystals, hindering any such chiral sorting. These unfavourable statistics might 
be overcome using nonequilibrium conditions. Therefore, we systematically characterize 
energy di!erences (ΔGΦ) between racemic and enantiopure crystal phases for libraries of 
target molecules (phenylglycine, praziquantel) with di!erent chemical modi$cations. 
Surprisingly, these libraries reveal wide but similar continuous distributions of ΔGΦ, wherein 
similar chemical modi$cations group together. This grouping allows a directed evolution 
strategy to discover racemic crystals with low ΔGΦ for isolating desired enantiomers by 
crystallization under nonequilibrium conditions. Comparison with ca. hundred previously 
reported compounds suggests that as many as half of all chiral molecules may kinetically form 
enantiopure crystals (∼50%). These insights open new previously unconsidered possibilities for 
isolating enantiopure molecules. 

Introduction 
Crystallization is a simple, direct, and therefore common method to separate chiral 
molecules and isolate their pure enantiomers.1–7 However, chiral puri!cation by 
crystallization has one fundamental requirement: enantiomers must spontaneously 
sort into separate enantiopure crystals (i.e. racemic conglomerates) (Fig. 8.1a).8 
Unfortunately, such self-sorting behaviour is rare and unpredictable:9,10 the 
overwhelming majority of enantiomeric mixtures crystallize together into 
thermodynamically favoured racemic compounds (90-95%), which complicates the 
use of direct crystallization for chiral separations.11,12 Overcoming the fundamental 
underlying thermodynamic limitations would not only open novel systematic and 
general approaches for discovering and utilizing conglomerates, but also potentially 
allows development of new strategies to resolve directly or even deracemize racemic 
compounds. 

 

 
* This chapter has been published as C. Pinetre*, S.W. van Dongen*, C. Brandel, A.S. Léonard, G. Valenti, M. 
Charpentier, V. Dupray, K. Oosterling, B. Kaptein, M. Leeman, R.M. Kellogg, J.H. ter Horst, W.L. Noorduin 
(2025). Enantiopurity by Directed Evolution of Crystal Stabilities and Nonequilibrium Crystallization. J. 
Am. Chem. Soc. 147(10): 8864–8870. Following the later discovery of errors in the supplementary 
information and the literature dataset used for analysis, this Chapter contains some changes with respect 
to the associated publication; an author correction is under preparation. 
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In this Chapter, we suggest that these thermodynamic limitations may be overcome 
by exploiting non-equilibrium conditions to kinetically favour the formation of 
conglomerates. Under such conditions, nucleation and crystal growth rates, rather 
than thermodynamic stabilities, may determine which crystalline phase dominates, 
akin to phenomena in polymorphism.13,14 This opens the potential to exploit non-
equilibrium conditions for favouring kinetic conglomerates at the cost of 
thermodynamically stable racemic compounds. Supporting this idea, there have 
already been reports of racemic compounds converting into enantiopure crystals 
under far-from equilibrium conditions by grinding of crystals or by applying steep 
temperature gradients during cooling crystallizations.15–20 Although promising, it 
remains unclear if such cases are incidental reports on systems with speci!c traits, 
or if there are general guidelines that can be exploited to extend these principles for 
the systematic isolation of enantiomers by crystallization.  

The conversion from racemic crystal phases into their enantiopure crystal 
counterparts may be feasible when the energy di"erence ΔGΦ between both phases 
is small (Fig. 8.1b).21 Indeed, for polymorphic transformations it is commonly 
accepted that when ΔGΦ < 0.5 kcal mol-1 (2.1 kJ mol-1) thermodynamically stable 
phases may be converted into kinetically stable crystal phases.22–24 Previously, ΔGΦ 
has been analysed for many chiral compounds, and has been used as indicator for 
identifying thermodynamically stable racemic conglomerates.25–27 However, these 
earlier analyses concern incidental reports and are based on molecules that bear no 
structural resemblance. What has been missing so far is a systematic analysis of ΔGΦ 
between racemic crystal phases and their enantiopure counterparts for structurally 
related compounds. Such analysis might not only enable the systematic discovery of 
crystal structures that can be kinetically stabilized, but may also guide rational 
experimental design to systematically exploit non-equilibrium conditions for 
destabilizing racemic compounds into their (kinetic) conglomerate counterparts 
(Fig. 8.1c).  

Motivated by these insights, we here systematically analyse ΔGΦ between racemates 
and their enantiopure counterparts for two libraries of biorelevant target molecules 
with di"erent chemical modi!cations. These libraries are found to exhibit a broad 
and continuous distribution for ΔGΦ, in which similar chemical modi!cations group 
together. Akin to directed evolution in catalysis,28 we foresee that the relationship 
between ΔGΦ and the chemical structure can be exploited by systematically selecting 
chemical modi!cations with the lowest ΔGΦ to guide the synthesis of a next 
generation (Fig. 8.2).29–31 Such an evolutionary method may e$ciently identify 
metastable enantiopure crystal phases for isolating desired enantiomers under non-
equilibrium conditions. Analysis of ca. hundred chiral molecules in the literature 
supports that our !ndings are general and ca. 50% of all chiral molecules are prone 
to be isolated in enantiopure form under non-equilibrium conditions (Fig. 8.1c).  
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Results & Discussion 
We investigate ΔGΦ between enantiopure and racemic crystal forms for a library of 
chemically analogous chiral molecules. As chiral core we select the Schi" base of 
phenylglycine amide 1, an amino acid derivative that serves as building block in 
several pharmaceutical compounds, and which has previously been deracemized as 
conglomerate 1a.33,34 These Schi" base derivatives can be formed straightforwardly 

 
Figure 8.2. Concept of directed evolution for (kinetic) conglomerate discovery and rational library 
design. a) Development of (kinetic) conglomerates of chiral targets by iterate cycles of chemical 
derivatization, crystallization, characterization and selection. ΔGΦ serves as a fitness parameter for 
selecting the input for the next generation. Artificial Intelligence (AI) or Crystal Structure Prediction 
(CSP) could synergistically inform the choice of derivatives, leveraging the results from previous 
generations. b) Subsequent generations of target derivatives systematically evolve towards lower ΔGΦ. 
Due to diminishing returns with each additional iteration, the fitness parameter typically plateaus 
following a power law or exponential decay.31,32 Such directed evolution quickly discovers (meta)stable 
enantiopure crystal phases for isolating target enantiomers. 
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from aldehydes to yield a library (Fig. 8.3a).35 Following this procedure, a library of 
19 derivatives, enantiopure as well as racemic crystal form, with the same chiral core 
was obtained (Fig. 8.3b). 

We determine ΔGΦ for each pair of enantiopure and racemic crystal forms in the 
library. Di"erential scanning calorimetry (DSC) provides the melting points and 
heats of fusion for both crystal forms, from which we compute ΔGΦ (see Appendix for 
details). Figure 8.3c shows the cumulative probability density of ΔGΦ. Although small, 
library 1 already displays a broad distribution of ΔGΦ, ranging from close to 0 to 1.5 

 

 
Figure 8.3. Analysis of free energy differences (ΔGΦ) between racemic (RS) and enantiopure (R) crystals 
of a library with common chiral centre (full data in Appendix). a) Schiff-base derivatives of 
phenylglycinamide (1), chiral centre indicated with *. b) Synthesized library entries for 1. c) The 
cumulative probability distribution of free energy differences shows a wide variation in ΔGΦ (dotted 
grey line is fitted gamma distribution based on the literature dataset in Fig. 8.5b). Low ΔGΦ entries 1a-
d (yellow) have been successfully deracemized. 
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kcal/mol. The stable conglomerate 1a and derivatives 1b,c—both having been 
identi!ed as racemic compound but deracemized previously17—group together with 
similar values of ΔGΦ ≈ 0.1 kcal/mol. This grouping is consistent with our expectation 
that thermodynamically stable racemic compound entries with low ΔGΦ may be 
suitable for conversion into kinetic conglomerates.   

To explore the predictive potential of ΔGΦ further, we attempt the deracemization of 
1d, since 1d is the next entry in ascending order of ΔGΦ (Fig. 8.3c). A slurry of racemic 
1d was prepared, racemization was initiated using a base, and the mixture was 
subsequently seeded with enantiopure (R)-1d (see Appendix for details). After 3 
hours of attrition, complete conversion of (RS)-1d into enantiopure (R)-1d was 
observed. This successful deracemization con!rms that this compound had formed 
a (metastable) conglomerate and that ΔGΦ can be used to predict conversion into 
enantiopure crystals.  

Entries 1a-d not only show similar ΔGΦ, but also have similar crystal structures,36 
with all crystal structures sharing a common hydrogen bonding motif. From a 
molecular structure, the possible crystal structures can be predicted, for which, in 
turn, one can predict a corresponding ΔGΦ. However, our data suggest that ΔGΦ could 
even be directly predicted from the molecular structure (without intervening 
considerations on the crystal structures). Revealing such a relationship would enable 
rational and methodical library design of molecules with low ΔGΦ.    

Akin to directed evolution in catalysis,28 we envisage that iterative selection of low 
ΔGΦ molecules can systematically direct design of modi!cations around a chiral 
centre towards low ΔGΦ. Because of its continuous character, as opposed to the binary 
classi!cation of conglomerates and racemic compounds, we foresee that ΔGΦ can be 
a convenient !tness parameter in directed evolution. 

To assess the potential of such an evolutionary approach to molecular design, a 
library based on the chiral core Praziquantel 2 was synthesized (Fig. 8.4a). 
Praziquantel (2h) is a racemic drug against parasitic worms, and there is wide 
interest for isolating the bioactive (R)-2h enantiomer.37–39 To investigate trends in 
chemical structures and ΔGΦ systematically, we prepared 25 derivatives that group 
into four distinct modi!cation classes (Fig. 8.4b): alkyls (2a-e); carbocycles (2f-h); 
aromatic alkyls (2i-o), aromatic halides and other substituted aromatics (2p-v), as 
well as three unclassi!ed derivatives (2w-y). 

We determined and plotted the cumulative probability density distribution ΔGΦ (Fig. 
8.4c). With few exceptions, library entries cluster along ΔGΦ according to the pre-
determined modi!cation classes, enabling an evolutionary strategy for library 
design (Fig. 8.2). Speci!cally, starting with only four entries (one per modi!cation 
class) as the !rst generation, the alkyl derivative can be immediately identi!ed as 
most promising, since that entry shows the lowest ΔGΦ. Subsequently preparing a 
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second generation of four additional alkyl derivatives already yields the stable 
conglomerate 2a. Hence, rather than preparing 25 quasi-arbitrary derivatives, we 
can !nd conglomerates and low ΔGΦ entries within just two generations and with less 
than a third of the total number of library entries (8 instead of 25), showing the 
potential of library design through directed evolution.  

The clustering of chemical classes not only enables library design through directed 
evolution but may also group racemic compounds within the ΔGΦ-distribution that 
are suitable for isolating enantiopure crystals through kinetically stabilized 
conglomerates.  

 

 
Figure 8.4. Potential of library design by directed evolution.  a) Praziquantel derivatives 2, chiral centre 
indicated with *. b) Synthesized library entries for 2, classified as alkyls (dark green), carbocycle (light 
green), aromatic alkyls (orange), halogen and other substituted aromatics (light blue), non-classified 
(grey). c) Cumulative probability distribution of free energy differences (full data in Appendix; dotted 
grey line is fitted gamma distribution based on the literature dataset in Fig. 8.5b). Derivatives cluster by 
chemical classification (coloured ellipses), enabling rational library design by directed evolution. 

b) c)a)

!"

#!"

$!"

%!"

&!"

'!!"

(!)G ! !)G ' ')G

+,
-
,.
/0
12
34
56
78
/8
1.0
94
:3
;<
109

=>? @A+/.B-7.C

c)

2b
2a
2c



Chapter 8 

196 

8 

 

 

Figure 8.5. G
enerality of trends, and potential of non-equilibrium

 conditions for isolating enantiopure crystals. a) D
espite their 

chem
ical differences, library entries of 1 (red solid histogram

) and 2 (blue dashed histogram
) show

 sim
ilar probability 

distributions. Entries isolated as kinetic conglom
erates under near-equilibrium

 conditions fall w
ithin ΔG

Φ < 0.2 kcal/m
ol region. 

b) Probability histogram
 of ΔG

Φ for the racem
ic com

pounds am
ong ~100 unrelated chiral m

olecules from
 literature (black solid 

histogram
). H

istogram
s from

 libraries 1, 2, and literature data are sim
ilar and w

ell-described by the sam
e gam

m
a-distribution 

(grey dotted line), supporting the generality of these trends. Region of ΔG
Φ < 0.5 kcal/m

ol (shaded green) contains kinetic 
conglom

erates (1–3) and unstable polym
orphs (4,5), w

hich indicates that ca. 30-40%
 of the racem

ic com
pounds m

ay be 
kinetically stabilized as enantiopure crystals under near- or far-from

-equilibrium
 conditions. c) Predicted distribution betw

een 
therm

odynam
ic conglom

erates, kinetic conglom
erates, and racem

ic crystals. 

 

!"

#!"

$!"

%!"

&!"

'!"

(!"

!
!)'

#
#)'

$
GH,-.-/0/12P45/61,7H.89

:;
<
4=>.0?8

,09

!"

#!"

$!"

%!"

!
!&'

(
(&'

#

)GH,-,./.012P4.50H6G-78

9:
;
P<=-/>7

H/8

.5H/-0?@

-//
0G.?5

ΔG
Φ

racem
ic
crystal

(50-65%
)

kinetic
conglom

erates
(30-40%

)

kinetic
conglom

erates
accessibleconglomerates(35-50%)

a)
b)

c)

1) D
iprophylline

2) Aspartic
acid

3) Proxyphylline
4) C

afeine
[I vs.II]

5) TFA [I vs.IX]
6) R

O
Y [Y vs.Y19]

1
2

6
34

5

near-equilibrium
conditions

isolated
kinetic

conglom
erates

allentries

therm
odynam

ic
conglom

erates
(5-10%

)



 Enantiopurity through Nonequilibrium Crystallization 

  197 

8 

To investigate this idea, we explore whether racemic compounds 2b and 2c, whichare 
situated in the same low ΔGΦ-region as the known stable conglomerate 2a, can be 
isolated as enantiopure crystals. To this aim, we prepare supersaturated racemic 
solutions of 2b and 2c, seed with (R)-2b and (R)-2c respectively, and obtain the 
desired enantiomers in good yield and enantiopurity (> 95% ee, see Appendix for 
details). 

The chemical core of both libraries is very di"erent: 1 is small and &exible and can 
undergo H-bonding, whereas 2 is large and sti" without possibilities for H-bonding.40 
To understand how these di"erences impact the distribution of ΔGΦ, we plot the 
probability histograms of ΔGΦ for 1 and 2 (Fig. 8.5a). Comparison of both histograms 
shows that, despite the di"erence in molecular structure, their distribution in ΔGΦ is 
strikingly similar. Also, for both libraries we !nd that near-equilibrium conditions 
already allow for the straightforward isolation of enantiopure crystals from racemic 
compounds (when ΔGΦ < 0.2 kcal/mol, Fig. 8.5a). These commonalities prompt two 
questions. First, how general are these trends? Second, how much further can we 
push the threshold of ΔGΦ for which racemic compounds convert into kinetic 
conglomerates by exploiting far-from-equilibrium conditions?  

To address the question of generality, we collect thermodynamic data for near a 
hundred chiral organic racemic compounds that have been previously investigated 
(see Appendix).11,41 This literature catalogue of molecules is very diverse, ranging 
from salts to molecules with multiple chiral centres and covering a wide breadth of 
functional groups featuring several heteroatoms (S, N, O). Moreover, in contrast to 
our two libraries, the entries in the literature set are—to a large extent—structurally 
not related, thus forming a representative reference set for assessing generality. We 
!nd that the literature data are well-described by a gamma distribution (Fig. 8.5b). A 
statistical comparison (Kolmogorov-Smirnov test) shows that both libraries 1 and 2 
follow the same gamma-distribution (see Appendix), as visualized in Fig. 8.3c and 4c. 
These similarities suggest that the trends for the two libraries can be generalized to 
a large diverse set of unrelated chiral organic molecules. 

Based on this analysis, we also assess the general potential of non-equilibrium 
conditions to kinetically stabilize enantiopure crystals. We identify three chiral 
molecules (diprophylline, aspartic acid, proxyphylline) for which the racemic 
compound has previously been kinetically converted to enantiopure crystals,15,18,19 
calculate their ΔGΦ (0.24, 0.45, and 0.48 kcal/mol respectively), and mark them for 
comparison with the energy di"erence distribution in Fig. 8.5b. We realize that all 
three conversions require crystallization conditions that favour kinetic phases, 
suggesting that far-from-equilibrium conditions are essential.  

ΔGΦ of these compounds is close to the thermal energy kBT (0.6 kcal/mol), suggesting 
that transitions between crystal phases with such energy di"erences (ΔGΦ ≤ 0.5 
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kcal/mol) are kinetically probable. This idea is consistent with observations beyond 
chiral crystallization, where polymorphic transitions are often reported when 
energy di"erences are below 0.5 kcal/mol.22,24 Notable examples include ca"eine 
(ΔGΦ = 0.5 kcal/mol)42 and tolfenamic acid (TFA, ΔGΦ = 0.55 kcal/mol)43 (Fig. 8.5b). For 
some reported transformations the energy di"erences are even much larger, as 
exempli!ed by the archetypical polymorphic system known as ROY, with a ΔGΦ as 
large as 1.7 kcal/mol).23,44 Hence, we estimate that 30-40% of thermodynamically 
stable racemic compounds (ΔGΦ  ≤ 0.5 kcal/mol) can likely be kinetically obtained as 
enantiopure crystals under near- or far-from-equilibrium conditions (Fig. 8.5b). 
Additionally, 5-10% of chiral compounds already crystallize as stable conglomerates. 
Consequently, we predict that 35-50% of all chiral compounds can be isolated as 
desired enantiomers through crystallization under either equilibrium or non-
equilibrium conditions (Fig. 8.5c).  

Summary and Outlook 
In summary, by systematically investigating the energy di"erences between the 
racemic and enantiopure crystal forms of structurally related molecules, we outline 
how combining directed evolution and combinatorial chemistry enables the 
expedient discovery of metastable enantiopure crystal phases that can be kinetically 
stabilized for isolating enantiomers of the desired handedness. Until now, hindered 
by thermodynamic limitations, it was generally understood that merely 5-10% of 
chiral molecules were accessible as enantiopure crystals. In contrast, we here 
estimate that ca. 50% of all chiral molecules are accessible as enantiopure crystals 
through non-equilibrium crystallization.  

These insights can be implemented directly for the rational discovery of chiral 
compounds that can be separated by crystallization. Even though the change of only 
a single atom can drastically change the stability of crystal phases, we observe 
clustering of similar derivatives within a library which enables methodological 
library design. Speci!cally, we envision the autonomous construction of chemical 
libraries in self-driven labs,45,46 following an iterative manner, in which a rapid 
assessment of ΔGΦ serves as diagnostic guide for the design of new library entries and 
the e$cient discovery of targets for resolution or deracemization. Analogous to 
directed evolution in catalysis,29–31 we propose to synthesize a small library with very 
diverse entries that are ranked according to ΔGΦ as !tness parameter, after which the 
most favourable entry is selected for synthesis of the next generation of entries. This 
evolutionary strategy prevents that only unfavourable zones with high ΔGΦ are 
screened, and instead iterate towards favourable low ΔGΦ within only a few cycles. 
We foresee that making informed design choices may be further aided by integrating 
Crystal Structure Prediction (CSP) methodologies.47,48  
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For entries with low ΔGΦ, we have shown in this Chapter that enantiopure crystals 
can successfully be isolated from racemic mixtures by applying near-equilibrium 
conditions. The key next step is to systematically exploit far-from-equilibrium 
conditions, under which crystallization rates—instead of thermodynamic stabilities 
alone—determine which crystalline phase is favoured such that for instance, the 
desired kinetic conglomerate grows faster than the undesired racemic compound. 
Alternatively, speci!c non-equilibrium conditions can be exploited to supress the 
nucleation and growth rate of stable racemic compound crystals, such that the 
desired enantiopure crystals can be isolated. Importantly, the crystallization process 
o"ers a large parameter space that can be exploited to achieve these favourable rates 
of nucleation and growth, ranging from choice of solvent, con!nements such as 
microdroplets, and (chiral) additives to temperature gradients and 
mechanochemistry. Indeed, mechanical grinding and temperature gradients have 
also been used to achieve deracemization of solid phases,1–3,49 suggesting possibilities 
to yield non-equilibrium conditions that destabilize racemic compounds and 
simultaneously convert racemic (or partially enriched) solid phases into the desired 
enantiomer. Ultimately, especially with the rise of machine learning techniques and 
self-driven laboratories to design and execute the synthesis of chiral molecules,50 
evaluating the potential for resolving or deracemizing key intermediates should 
become an integrated aspect of synthesizing enantiopure molecules. 
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Appendix. 

Remarks belonging to all Chapters 
These !rst remarks present a methodology shared between most chapters and apply 
unless indicated otherwise. 

General remarks 
Chiral HPLC analyses were performed using an Agilent Technologies In!nity 1260 
HPLC system.  

To be able to experiment with multiple solutions at the time, a block from aluminium 
with milled holes for vials was fabricated in-house by the AMOLF Precision 
Manufacturing Department (suitable for either 2 mL or 7 mL vials). The block was 
temperature controlled using water, circulated by a thermostat manufactured by 
Huber (Huber Heat Regulator RS2232, range: 5 – 60 °C). When shaking, a VWR 
Standard vortex mixer was used. When stirring, 6x3mm cylindrical PTFE stirring 
bars (VWR) combined with a standard VWR hotplate were used. In some 
experiments, when shaking or stirring, 3 mm diameter PTFE coated beads were used 
(VWR). When used, glass beads (2 mm glasschrot, Assistent) were ordered through 
VWR.  

For sample preparation and analysis, 0.2 μm PTFE syringe !lter (VWR Internationals) 
and 2 mL HPLC vials (29651-U Supelco, Merck) were used. The 7 mL vials used in 
experiments were sourced from Merck (27150-U Supelco). 

All solvents used (n-heptane, 1-propanol, acetonitrile and methanol) were HPLC 
grade (≥ 99%) and obtained from VWR chemicals. The racemization catalysts 
typically used are 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, Across Organics) and 
1,1,3,3-tetramethylguanidine (TMG, Sigma-Aldrich). 

 
Scheme A1. The two model conglomerates used frequently in this thesis: 1) Clopidogrel (Plavix) 
precursor 2-(benzylideneamino)-2-(2-chlorophenyl)acetamide and 2) tert-leucine precursor 3,3-
dimethyl-2-((naphthalen-2-ylmethylene)amino)butanenitrile. As Schiff-bases derived from amino 
acids, both conglomerates racemize under basic conditions. 
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On the two model conglomerates mainly used 
The two model conglomerates used often in this thesis are depicted in Scheme A1 
and were obtained over the course of previous research in the group where the work 
was carried out. The synthesis is detailed elsewhere.1,2 

Note: in chapter-speci!c remarks, the numbering of compounds introduced in the 
main text or previous remarks belonging to that chapter. 

Sample Analysis through HPLC 
For liquid phase samples: 50 – 100 µL of liquid was mixed with 1 mL of IPA by vortex.  

For solid phase samples: 0.5 – 1.0 mg of solid material was dissolved in 1.5 mL of IPA 
by vortex and subsequent ultrasonication (10 minutes). 

HPLC analysis was performed on a chiral column (CHIRALPAK IA (250 x 4.6 mm, 5μm)) 
with a mobile phase consisting of n-heptane and 1-propanol. For compound 1 (Fig. 
A1), the eluent is mixed in a 7:3 ratio (heptane:IPA). For compound 2 (Fig. A2), the 
eluent ratio is 95:5 (heptane:IPA). The $ow rate was 0.7 mL/min, injection volume 4 
µL, and detection was performed by UV-detector (wavelength: 220 nm). Each run had 
a total time of 10 to 12 minutes.  

All experiments were run in MeCN or MeOH with an added 0.2 wt% anisole. The anisole 
acts as internal standard. By constructing calibration curves, the concentration of (R) and 
(S) in each liquid phase sample could be determined (Fig. A3). 

Remarks specific to Chapter 4 

Seed crystal preparation 
Seed crystals of a speci!c enantiomeric excess (e.e.) were prepared from racemic and 
enantiopure source crystals as follows. First, the amount of required racemic (mRS) 
and enantiopure crystals (mR) was calculated using the following formulae (mR+RS is 
the total required seed weight): 

!! = ## ⋅ !!"!# 

!!# = (1 − ##) ⋅ !!"!# 

 
1 Van Der Meijden, M. W.; Leeman, M.; Gelens, E.; Noorduin, W. L.; Meekes, H.; Van Enckevort, W. J. P.; 
Kaptein, B.; Vlieg, E.; Kellogg, R. M. Attrition-Enhanced Deracemization in the Synthesis of Clopidogrel - 
A Practical Application of a New Discovery. Org. Process Res. Dev. 2009, 13 (6), 1195–1198. 
2 Baglai, I.; Leeman, M.; Wurst, K.; Kaptein, B.; Kellogg, R. M.; Noorduin, W. L. The Strecker Reaction Coupled 
to Viedma Ripening: A Simple Route to Highly Hindered Enantiomerically Pure Amino Acids. Chem. 
Commun. 2018, 54 (77), 10832–10834. 
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Figure A1. Typical chromatogram with retention times for 1: 4.94 min for anisole, 8.12 min for (R)-1, 
and 9.12 min for (S)-1. 

 

 
Figure A2. Typical chromatogram with retention times for 2: 5.19 min for anisole, 7.91 min for (S)-2, 
and 9.11 min for (R)-2. 

    

 
Figure A3. Calibration curves for 1 (top graph, in MeCN) and 2 (bottom graph, in MeOH) with 0.2wt% 
anisole. 
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These amounts of racemic and enantiopure crystals were then weighed and 
combined in a mortar and mixed with a spatula. Following the initial mixing, the 
powder was vigorously mixed using the pestle to form a homogeneous powder. By 
taking and analysing various samples of the resulting powder, the seed crystal 
enantiomeric excess was validated by HPLC. 

The following seeds were prepared for 1: 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 
90% ee in R. The following seed was prepared for 2: 60% ee in R. 

To assess the size and physical characteristics of the seed crystals, SEM micrographs 
were taken of all batches (FEI Verios 460; 6nm Cr). Seed crystals were, on average, 
between 5 and 50 μm in size (Fig. A4). The seeds were reproducible and consistent 
between batches. 

 

 
Figure A4. Representative SEM micrographs of seed crystals at lower (top) and higher (bottom) 
magnification. Example micrographs displayed originate from seeds of 20% ee in R for compound 1. 



 

  207 

A 

Growth experiments for compound 1 

Temperature dependent solubility 

The temperature dependent solubility of 1 was determined by heating a slurry of 
(RS)-1 in MeCN (with 0.2 wt% anisole) to the desired temperature (20, 25, 30, 35 °C) in 
a 7 mL vial under magnetic stirring. After three hours, a liquid phase sample was 
taken and submitted for HPLC analysis. The resulting temperature solubility data are 
given in Figure 4.2 (i.e. in the Chapter). 

Furthermore, we validated that the solubility is independent of the concentration of 
racemization catalyst (DBU) at both 20 and 30 °C (Fig. A5). 

 
Figure A5. Solubility of (RS)-1 at 20 °C (left-side blue bars) and 30 °C (right-side red bars) for various 
concentrations of DBU. The dotted lines indicate the level for no (zero) amount of catalyst. 

Metastable zone determination 

To probe the metastable zone of 1, saturated solutions were prepared at 
temperatures of 35, 40, 45 and 50 °C in 20 mL vials (10 mL solution; the smaller 
volumes used in growth experiments would correspond to even wider metastable 
zones than those measured here). These solutions were placed in a pre-heated water 
bath and the thermostat was switched o%. Under mild magnetic stirring, the 
temperature of the solution was monitored while it slowly lowered towards room 
temperature (20 °C). As soon as nucleation was observed, the temperature was noted, 
corresponding to the critical supersaturation for that initial concentration. The 
resulting metastable zone is displayed in Figure 2(a) of the Chapter. 

Independently, we veri!ed that a solution saturated at 30 °C remains clear of 
nucleation for over 2 weeks at 20 °C (without stirring), after which single crystals 
slowly emerge. 

To assess the validity of the metastable zone determination and the dependability on 
racemization catalyst (DBU) concentration, we checked the nucleation time for 1 mL 
(in 2 mL HPLC vials) and 5 mL (in 7 mL vials) solutions (identical preparation as 
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above) with varying concentrations of DBU (Table A1) under stirring. No nucleation 
was observed during the experimental timescales (max. 3 hours) and the MSZ width 
appears DBU-independent. 

Table A1. Metastable zone validation for compound 1 under experimental conditions. Cross (x) 
indicates that nucleation was observed. Supersaturated solution prepared at 30 °C, cooled to 20 °C. 

 

General remarks on growth experiments 

Unless stated otherwise, growth experiments were carried out in 2 mL vials, placed 
in a custom-made multi-vial holder which was thermoregulated to 20 °C by a Huber 
thermostat (setting 19.8 °C). The multi-vial holder was placed on top of a shaker and 
shaken throughout the entire experiment at medium velocity (ca. 300 rpm). 

Generally, for each growth experiment, 25 mg of seed crystals were weighed into a 2 
mL vial. A supersaturated solution was prepared by mixing 200 mg (RS)-1 with 5 mL 
internal standard solution in a 7 mL vial equipped with a magnetic stirring rod at 30 
°C. In case of experiments under racemizing conditions, DBU was added as well. The 
mixture was stirred for 30 to 60 minutes. Then, the stirring was stopped to allow the 
suspension to sediment and the clear supernatant was !ltered (2 µm PTFE syringe 
!lter). The !ltrate was cooled back to 20 °C over the course of 15 minutes and used 
as ‘supersaturated solution’ directly afterwards. 

Note: Whenever vortexing suspensions, make sure to lower the speed gently as to 
avoid crystals sticking to the vial walls. 

Reference experiments (without racemization) 

The vial with the seed crystals was placed in the vial holder. The reference 
experiments (not under racemizing conditions) were initiated by adding 1 mL of 
supersaturated solution to the vial containing the seed crystals under shaking (T = 
20 °C). The vial was then closed, swiftly vortexed, and placed back in the multi-vial 
holder. After 90 to 120 minutes, the liquid phase was sampled by !ltering 125 µL 
through a 2 µm PTFE syringe !lter and the !ltrate was analysed further as the ‘liquid 
phase’. Then, the remaining suspension was cast on top of !lter paper laid down on 
glass !lter connected to a vacuum !ltration set-up (whilst under active vacuum). 
Two separate samples of the solids were taken using a Pasteur pipette analysed 
further as the ‘solid phase’ (Fig. A6). 
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Figure A6. Typical solid phase chromatogram following a reference experiment (ee0 = 60%). 

Growth under racemization conditions 

The vial with the seed crystals was placed in the vial holder. The seminal experiments 
under racemizing conditions were then initiated by adding 1 mL of supersaturated 
solution (now also containing DBU) to the vial containing the seed crystals under 
shaking (T = 20 °C). The vial was then closed, swiftly vortexed, and placed back in the 
multi-vial holder. After 90 to 120 minutes, sampling proceeded identically to the 
procedure stated above under ‘reference experiments’ (Fig. A7). 

 
Figure A7. Typical solid phase chromatogram following an abrupt growth experiment ([DBU] = 2 µL/mL, 
ee0 = 60%). 

Slow growth 

The thermostat of the multi-vial holder was set to 31 °C (actual temperature 30 °C). 
The vial with the seed crystals was placed in the vial holder and equilibrated for 30 
minutes, under continuous shaking. The experiments (under racemizing conditions) 
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were initiated by adding 1 mL of supersaturated solution (containing the DBU) to the 
vial containing the seed crystals under shaking. The vial was then closed, swiftly 
vortexed, and placed back in the multi-vial holder. A cooling ramp was started, in 
which the thermostat temperature was linearly decreased to 20 °C over the course of 
90 minutes as to allow for gradual growth. The system remained at 20 °C for 30 more 
minutes. Sampling proceeded after approximately 120 minutes (counted from the 
mixing between seeds and solution), identically to the procedure stated above under 
‘reference experiments’ (Fig. A8). 

 
Figure A8. Typical solid phase chromatogram following a slow growth experiment ([DBU] = 2 µL/mL, 
ee0 = 60%). 

Growth kinetics 

Samples after growth are taken after 90 to 120 minutes. To verify that growth has 
indeed completed after this period of time and the composition of the solid phase 
does not change afterwards, the experiment under ‘Growth under racemization 
conditions’ was performed for seeds with 20% ee in R and sampled after 90 and 200 
minutes. Both solid and liquid phase samples had identical concentration and ee, 
respectively, indicating that growth is completed after 90 minutes and sampling can 
occur at any time afterwards. 

Prolonged growth of small seed crystal amounts 

For the experiments in which small amounts of seed crystals are used to enable 
prolonged growth, the following altered procedure was followed, based on that for 
abrupt growth (“Growth under racemization conditions”). A 7 mL vial containing a 
stirring rod was now placed in the vial holder on a stirring plate (T = 20 °C). Identical 
to previous experiments, a supersaturated solution was prepared in the presence of 
DBU. After adding 2 mL of supersaturated solution to the 7 mL vial, 1 mg of seed 
crystals were added as well under stirring conditions. The vial was then quickly 
vortexed, swiftly closed and placed back in the vial holder. Mild stirring continued 
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throughout the experiment. Sampling proceeded after approximately 3 hours, 
counted from the mixing between seeds and the supersaturated solution, identically 
to the procedure stated above under ‘reference experiments’ (Fig. A9). 

 
Figure A9. Typical solid phase chromatogram following the use of a small amount of seed crystals for 
prolonged growth ([DBU] = 2 µL/mL, ee0 = 60%). 

Growth experiments for compound 2 

Racemization of compound 2 

To verify the racemization of compound 2 using the organic base TMG, a solution of 
(R)-2 was prepared in MeOH (0.5 mg/mL) in the presence of 0.2wt% anisole in a 2 mL 
HPLC vial. The vial was sampled using the HPLC directly (t = 0, Figure A10). Then, 1 
µL/mL TMG was added and sampling was performed at regular time intervals (1, 15, 
30, 45, 60, 90 minutes) directly by the HPLC. After 30 minutes, racemization was 
complete (Fig. A10). The full racemization kinetics are displayed in Figure A11. 
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Figure A10. Chromatograms of the solution at t = 0 (virtually enantiopure in R-2, top) and t = 30 minutes 
(virtually racemic 2, bottom) of racemization with TMG (t=0: 0.5 mg/mL (R)-2 and 1 µL/mL TMG in 
MeOH). 

 
Figure A11. Racemization kinetics for compound 2 using TMG, starting from a virtually enantiopure 
solution (t=0: 0.5 mg/mL (R)-2 and 1 µL/mL TMG in MeOH). 
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Temperature dependent solubility 

The temperature dependent solubility of 2 was determined by heating a slurry of 
(RS)-2 in MeOH (with 0.2 wt% anisole and 100 µL/mL TMG) to the desired 
temperature (20, 25, 30 °C) in a 7 mL vial under magnetic stirring. After three hours, 
a liquid phase sample was taken and submitted for HPLC analysis. The resulting data 
are given in Figure A12. 

 
Figure A12. Temperature dependent solubility for 2 (in MeOH) in the presence of 100 µL/mL TMG. 

Metastable zone 

To validate that growth experiments take place within the metastable zone of 2, it 
was visually veri!ed that a solution saturated at 40 °C with [(RS)-2] = 30.4 mg/mL in 
MeOH, containing 100 uL/mL TMG and 0.2 wt% anisole, remains clear of nucleation 
for at least a day after having been cooled to 20 oC (no stirring). The solubility 
di%erence (30.4 – 25.1 = 5.3 mg/mL) is similar to that imposed for compound 1. 

Growth experiment 

A solution of (RS)-2 was prepared in MeOH at 40 °C (30.4 mg/mL) in the presence of 
100 µL/mL TMG and 0.2 wt% anisole. The solution was cooled down to 20 °C. Similar 
to the experiment described under “Prolonged growth of small seed crystal 
amounts” for compound 1, in a 7 mL vial, 1 mg of seed crystals (60% ee enriched in 
R) was added to 2 mL of supersaturated solution under the mildest of stirring 
conditions. After 3 hours, both solid and liquid phase were sampled (Fig. A13). 

Comparison of crystals before and after growth 
Seed crystals of 20% ee (25 mg/mL) in R of compound 1 were subjected to the growth 
conditions listed under ‘Growth under racemization conditions’ in the presence of 2 
μL/mL DBU. Before and after growth, solid phase samples were deposited on carbon 
stickers adhered to 1 cm2 aluminium substrates by a sprinkling method. Excess 
crystals, that did not adhere to the sticker, were removed using N2 $ow. The samples 
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were then coated with a 11.3 nm layer of Chrome and directly imaged on a FEI Verios 
460 Scanning Electron Microscope in immersion mode.  

An increase in average crystal size, consistent with growth, can be observed from the 
resulting scanning electron micrographs (Fig. A14). Moreover, initially present 
satellite crystals could no longer be observed after growth, possibly due to 
dissolution, growth, coalescence and/or ripening phenomena. Also note the change 
in the aspect ratio to more elongated crystals, which could indicate preferential 
growth or attachment on the tip, or be caused by the breaking of crystals due to 
collisions with other crystals, the vessel walls, or shearing. 

Kinetic model based on the amplification factor 
In the Chapter, we de!ne the experimental ampli!cation factor α: 

 
where eeΔ is the enantiomeric excess of the grown material during crystallization 
and ee0 is the enantiomeric excess of the seed material. Here, we will use this 
de!nition to derive a simple model for deracemization kinetics under the 
assumption that nonlinear ampli!cation (α > 0) only occurs during crystal growth. 
The model can be shown to lead to an exponential relationship under realistic 
assumptions, a hallmark of all deracemization kinetics. The applicability of this 
model will then be demonstrated for the two major forms of CIET: Temperature 
Cycling (TCID) and attrition-induced Ostwald ripening (Viedma Ripening). We 
conclude that the mechanistic framework and experimental ampli!cation factor are 
in agreement with current theory and kinetic experiments. 

 

 
Figure A13. Solid phase chromatogram following the growth experiment for compound 2 ([TMG] = 100 
µL/mL, ee0 = 60%). 
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We start by recalling the de!nition of the enantiomeric excess (ee): 

 

where [X] is the mass fraction of X and m is the total mass fraction of both R and S 
enantiomers combined. We can than note that 

 

 

 
Figure A14. Scanning electron micrographs (SEM) of crystals of compound 1 (a, top) before (20% ee in 
R) and (b, bottom) after growth under racemizing conditions (2 µL/mL). 
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so that the enantiomeric excess after crystal growth (eeP) is given by 

 

This equation (eq. 4) is described, in altered form, in the main text of the Chapter for 
the calculation of eeΔ from experimental samples. 

Deracemization consists of crystal growth and crystal dissolution steps. By using eq. 

1 (so that eeΔ = α . ee0), we can write for crystal growth: 

 

To describe the e%ect of crystal dissolution, we can adapt equation 4. First, we set α 
= 0 (since eeΔ = 0 assumes no ampli!cation during dissolution). To account for the 
mass balance, we further substitute m0 → m0 + mΔ and mΔ → - mΔ so that 

 

In the combined cycle, we move from crystal growth to crystal dissolution (and back 
again), so that we can combine eq's 5 and 6 by using 

 

Now we can de!ne the deracemization process as a number of these cycles (n) for 
which the enantiomeric excess of the solid phase at the end of each cycle een is given 
by 

, 
which (if we consider α invariant with n) is a geometric sequence so that  

 

In reality, the question naturally rises whether α is indeed constant between cycles. 
Our experiments have shown, however, that his assumption is reasonable and α does 
not very much depend on ee0, barring theoretical constraints (α is limited to 1/ee0). 

For application in describing deracemization kinetics, we can de!ne a typical cycle 

time τ so that t = n . τ. This leads to the time-dependent deracemization kinetics as 
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To demonstrate the kinetic model based on the experimental ampli!cation factor, 
we will show a !t to the two main types of experimental deracemization data: 
Temperature Cycling (TCID) and Viedma Ripening (attrition-enhanced). 

Application to Temperature Cycling 

Mazzotti and co-workers performed an optimization study on the temperature 
cycling of clopidogrel precursor BCA (compound 1 in the Chapter).40 They measured 
the kinetics of temperature cycles while they varied the cooling rate during the 
crystal growth (cooling) step. After we calculated the m0 and mΔ based on the given 
experimental details and solubility data in [40 of Chapter], we were able to !t the 
kinetic data presented by the Mazzotti group to our kinetic model (eq. 9) based on 
the experimental ampli!cation factor. The results (points) and our !t (lines) are 
shown in Figure A15. There is a good agreement between our !t and the experimental 
results, implying that the kinetic model based on the experimental ampli!cation 
factor is reasonable for deracemization via temperature cycles. This is in line with 
the proposed exponential behaviour of the process in literature. Moreover, the !tted 
values for the ampli!cation factor, varying from 0.2 to 0.3 (depending on the cooling 
rate), are reasonable based on our own experimental results. The actual 
ampli!cation factor will probably be higher, since the model assumes constant α, 
independent of ee and the changing crystallization kinetics, and !tting using the 
exponential in that way does not take into account the theoretical limit of  
αn ≤ 1/een-1. 

 
Figure A15. Fitting of temperature cycling data from Breveglieri et al. based on eq. 9 using actual values 
of ee0, mΔ, and m0. The resulting (fitted) amplification factors are in the range of 0.2 to 0.3. Original 
caption: Evolution of the BCA ee with the number of cycles at increasing cooling rate in going from 
experiment c3 (0.22 oC/min, orange markers) to c4 (0.43 oC/min, blue markers) to c5 (1.30 oC/min, red 
markers). Figure and caption adapted from ref. [40 of Chapter]. 
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Figure A16. Progression of the enantiomeric excess in the solid phase during the grinding-induced 
transformation on a 10-mL scale using a thermostatted ultrasonic cleaning bath (open symbols) and on 
a 400-mL scale using the bead mill (closed symbols). The straight lines are a fit of the data to eq. 11. The 
right graph shows the increase of the chiral purity in the solids of the latter experiment (blue (S)-1, red 
(R)-1). The initial ee values after dissolution were 3.40% for the ultrasonic and 5.96% in the beadmill 
experiment. Figure and caption reprinted from ref. [59 of Chapter]. 

Application to attrition-enhanced Ostwald ripening (Viedma Ripening) 

During Viedma Ripening, the concept of cyclic growth and dissolution fades, as there 
is a continuum of attrition that imposes continuous dissolution and growth. 
However, since crystal growth and crystal dissolution still appear as separate 
microscopic events, the model could still be applied to Viedma Ripening. Of course, 
under such conditions mΔ gets a di%erent meaning. Indeed, mΔ will then pertain to 
the constant supersaturation imposed by the increased solubility of ground down 
crystals by virtue of the Gibbs-Thompson e%ect. This concept has been 
experimentally con!rmed and it has been reported that the system is not in 
thermodynamic equilibrium, but in a kinetic equilibrium.3 Also, the typical cycle 
time τ would better be re-interpreted via 1/τ which then serves as a measure for the 
rates of crystal growth and dissolution under such grinding conditions (i.e. the 
frequency of microscopic growth and dissolution events). Both mΔ and 1/τ will, of 
course, vary with the strength of attrition and resulting kinetically stabilized crystal 
size distributions. 

To apply the model to Viedma Ripening, we can rewrite eq. 10 by using the identity 
x = exp(log(x)) to yield 

where k is a generic kinetic constant. Here, the deracemization rate constant k is 

 
3 Noorduin, W. L.; van Enckevort, W. J. P.; Meekes, H.; Kaptein, B.; Kellogg, R. M.; Tully, J. C.; McBride, J. M.; 
Vlieg, E. The Driving Mechanism Behind Attrition-Enhanced Deracemization. Angew. Chem. Int. Ed. 2010, 
49 (45), 8435–8438. DOI: 10.1002/anie.201002036. 



 

  219 

A 

formally de!ned as  

under the approximation that log(x+1) = x for small x (i.e. x < ½), which is generally 
valid in the slurry regime where m0 is substantially bigger than mΔ. 

It has been well established that Viedma Ripening follows such exponential kinetics 
described by eq. 11. Amongst others, an example is that reproduced in Figure A16 
(also for compound 1, the clopidogrel-precursor BCA).4 Moreover this form has been 
theoretically advocated in other works as well and the description of k (eq. 12) 
predicts trends observed in other experimental work.5,6,7 Therefore, a kinetic model 
based on the experimental ampli!cation factor that we have introduced is in 
agreement with previous theoretical and experimental reports on deracemization 
via Viedma Ripening processes. 

Remarks specific to Chapter 5 

Origin of the material used 
Racemic 1 was obtained by synthesis as described in previous research.8 Enantiopure 
1 was obtained through attrition based deracemization (98% ee) of racemic 1, 
followed by deep temperature cycling induced deracemization for increased 
enantiopurity (99%+) and sonication assisted attrition to retrieve small, 
homogeneous enantiopure crystals.  

 
4 Noorduin, W. L.; van der Asdonk, P.; Bode, A. A. C.; Meekes, H.; van Enckevort, W. J. P.; Vlieg, E.; Kaptein, 
B.; van der Meijden, M. W.; Kellogg, R. M.; Deroover, G. Scaling Up Attrition-Enhanced Deracemization by 
Use of an Industrial Bead Mill in a Route to Clopidogrel (Plavix). Org. Process Res. Dev. 2010, 14 (4), 908–911. 
DOI: 10.1021/op1001116. 
5 Noorduin, W. L.; van Enckevort, W. J. P.; Meekes, H.; Kaptein, B.; Kellogg, R. M.; Tully, J. C.; McBride, J. M.; 
Vlieg, E. The Driving Mechanism Behind Attrition-Enhanced Deracemization. Angew. Chem. Int. Ed. 2010, 
49 (45), 8435–8438. DOI: 10.1002/anie.201002036. 
6 Breveglieri, F.; Baglai, I.; Leeman, M.; Noorduin, W. L.; Kellogg, R. M.; Mazzotti, M. Performance Analysis 
and Model-Free Design of Deracemization via Temperature Cycles. Org. Process Res. Dev. 2020, 24 (8), 1515–
1522. DOI: 10.1021/acs.oprd.0c00266. 
7 Noorduin, W.L.; Meekes, H.; van Enckevort, W.J.P.; Millemaggi, A.; Leeman, M.; Kaptein, B.; Kellog, R.M.; 
Vlieg, E. Complete Deracemization by Attrition-Enhanced Ostwald Ripening Elucidated. Angew. Chem. Int. 
Ed. 2008, 47 (34), 6445–6447. DOI: 10.1002/anie.200801846. 
8 Baglai, I.; Leeman, M.; Wurst, K.; Kaptein, B.; Kellogg R. M.; Noorduin, W. L. The Strecker reaction coupled 
to Viedma ripening: a simple route to highly hindered enantiomerically pure amino acids. Chem. Commun. 
2018, 54, 10832–10834. 
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Seed crystal preparation 

Small seeds 

Small seed crystals of a speci!c enantiomeric excess (e.e.) were prepared from 
racemic and enantiopure crystals obtained from previous syntheses as follows. First, 
the amount of required racemic (mRS) and enantiopure crystals (mR) was calculated 
using the following formulae (mR+RS is the total required seed weight): 

!! = ## ⋅ !!"!# 

!!# = (1 − ##) ⋅ !!"!# 

These amounts of racemic and enantiopure crystals were then weighed and 
combined in a 20 mL screw cap vial alongside 10 mL MeOH and 10 g glass beads and 
brie$y vortexed. The vial was placed in an actively cooled ultrasonication bath for 24 
hours. The vial was left to equilibrate at room temperature for 30 minutes. 
Consequently, the slurry was removed from the vial and !ltered under vacuum on a 
paper !lter pore size 11μm. By analysing various samples of the resulting powder, 
the seed crystal enantiomeric excess was validated by HPLC. The size and 
morphology were validated by optical microscopy and scanning electron microscopy. 
Following this procedure, small seeds with enantiomeric excess of 0% (racemic), 
100% in (R)-1, 100% in (S)-1, and 18.0% in (R)-1 were obtained. 

Large seeds 

Large enantiopure crystals were obtained by growing the resulting enantiopure 
small seeds in the following manner. A slightly undersaturated enantiopure solution 
of (R)-1 or (S)-1 was prepared at 40 °C containing 20 mg/mL of 1 and charged with 
0.75 g/mL PTFE beads. The vials were placed on a shaker and gently shaken (ca. 300 
rpm). The solution was seeded using 17 mg/mL of (R)-1 and/or (S)-1 small seeds 
obtained by the above-described method. The solution was cooled down to 20 °C over 

Table A2. Preparation of experimental size and mass imbalances. 
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the course of 90 minutes to grow the small seeds into large seeds, characterization 
shown in the corresponding section of this Appendix. 

Mixing various seed compositions 

The scenarios described in the main text are constructed by mixing various sizes of 
racemic or enantiopure crystals. Throughout the experiments, the same batch was 
used for each of the bulk crystals to mitigate batch speci!c irregularities. Table A2 
shows the amounts used in the experiments. 

Size comparison of small and large seed crystals 

Scanning electron microscopy 

SEM micrographs, shown as Figure A17, were taken of the small and large seeds using 
a FEI Verios 460; sputter-coated samples with 15nm Cr. Generally, the small seed 
crystals were around 10 μm, while the large seed crystals were substantially larger, 
ranging from around 10 μm to >60 μm.  

 

 
Figure A17. SEM micrographs of A) RSsmall seeds and B) Rlarge seeds. Similar size distributions were found 
for the remaining batches. Scale bars: 50 µm. 



Appendix 

222 

A 

Optical Microscopy 

The seed crystals were sandwiched between two glass slides and analyzed by optical 
microscopy, using a Canon EOS 850D camera attached to a Leica DMPA microscope 
with a N PLAN L 50x/0,50 / 566036 objective. The mean size of the large seed crystals 
is signi!cantly larger than the small seed crystals (Fig. A18). Most small seed crystals 
are <10 μm, while the large seed crystals are commonly >20 μm. These !ndings are 
consistent with SEM analysis. Although SEM provides more details, optical 
microscopy o%ers faster and easier characterization of larger numbers of crystals. 

 
Figure A18. Optical microscopy images of seed crystals A) Rsmall, B) Ssmall, C) RSsmal with 18% ee in R, D) 
RSsmall, E) Rlarge F) Slarge. Scale bars: 50 µm. 

Laser particle analysis 

The small and large seed crystal sizes were characterized before the start of the 
experiment through laser particle analysis using a Mastersizer 3000 laser particle 
size analyzer (Malvern Instruments Ltd., Malvern, UK). This method allows 
characterizing a large ensemble of crystals indirectly, as opposed to studying a 
smaller sample under the microscope. An aliquot of crystals was dispersed in a few 
drops of 2-propanol and inserted into the continuous water dispersant phase of the 
particle size analyser. The results are shown in Figure A19. The mean size of the 
crystals shifted from ~14-16 μm for small seed crystals to ~28-32 μm for large seed 
crystals. Furthermore, the crystal size distribution of the large seed crystals is 
narrower, which may be caused by slight dissolution before their growth from the 
small crystals (see the corresponding section of this Appendix).  
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These high-throughput ensemble measurements are quite consistent with those by 
SEM and optical microscopy. It should be emphasized laser particle analysis has some 
limitations. Laser particle analysis shows volume density, which is biased toward 
larger particles. This explains why the average size determined from laser particle 
analysis is in$ated compared to electron and light microscopy. Furthermore, we note 
that laser particle analysis accounts for equivalent spherical diameters, instead of 
the non-equivalent x, y and z dimensions of the needle-like crystals. The small 
shoulder peak around ~2-3 μm for the large seed crystals is explained by this 
anisotropy. 

 
Figure A19. Crystal size distribution of small (solid) and large (dashed) seed crystals from laser particle 
analysis with a Malvern Mastersizer 3000. 

Growth experiments 

Experimental 

Growth experiments were carried out in 7 mL vials, placed in a custom-made multi-
vial holder which was thermoregulated by a Huber thermostat. The multi-vial holder 
was placed on top of a shaker and shaken throughout the entire experiment at 
medium velocity (ca. 300 rpm). 

Generally, for each growth experiment, 40 mg of seed crystals were weighed into a 7 
mL vial along with 1.5g PTFE coated beads. The vial was heated to 30 °C (thermostat 
set at 31 °C). In a separate vial a saturated solution was prepared by adding 750 mg 
of a racemic mixture of (R) and (S)-1 to 17.1 mL internal standard solution and 900 
μL DBU (50 μL/mL) in a 20 mL vial equipped with a magnetic stirring rod at 30 °C. 
The mixture was stirred for 60 minutes. Then, the stirring was stopped to allow the 
suspension to sediment and the clear supernatant was transferred to a new 20 mL 
vial and allowed to heat until 30 °C once more. Using a glass Pasteur pipette, a liquid 
sample (ca. 10 μL) was removed from the solution and submitted for HPLC analysis 
as ‘prestock’, to determine the starting concentration for mass-balance 
determination. 2 mL of the clear saturated solution was added to the previously 
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heated 7 mL vial with the seeds. The vial was swiftly vortexed and placed back into 
the heating block. The temperature was lowered to 20 °C (thermostat set at 19.8 °C) 
over 90 or 10 minutes for slow or fast growth, respectively. 

Note: Whenever vortexing suspensions, make sure to lower the speed gently as to 
avoid crystals sticking to the vial walls. 

The suspensions were left at 20°C for 45 minutes, after which the vial was removed 
from the vial holder and swiftly vortexed. 50-100 μL of the slurry was removed and 
!ltered through a 0.22 μm PTFE syringe !lter. The !ltrate was collected, diluted with 
IPA, and submitted for HPLC analysis as the ‘liquid phase’. After brie$y vortexing the 
vial again, the remaining suspension was removed from the vial using a glass Pasteur 
pipette and deposited dropwise onto the center of a paper !lter pore size 11 μm and 
!ltered under vacuum. The !lter was left undisturbed for 10 minutes, after which 
solid samples (0.5 – 1 mg) were collected by insertion of a Pasteur pipette in three 
separate places of the !lter cake. In total, 3 solid phase samples were collected, 
dissolved in IPA, and submitted for HPLC analysis as ‘solid phase’. Typical 
chromatograms of the liquid and solid phases are displayed below (Fig. A20). 

 

 
Figure A20. Typical liquid phase (top) and solid phase (bottom) chromatogram following an 
experiment. 
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Temperature dependent solubility  

The temperature dependent solubility was determined by heating a slurry of a 
racemic mixture of (R) and (S)-1 in MeOH in a 2 mL vial under magnetic stirring. 
Using a Crystal 16 multireactor crystallizer, the temperature of clear points at 
various concentrations were measured. The resulting data are given in Figure A21. 

Mass balance 

From the concentrations in solution before and after growth, a mass balance can be 
constructed. Generally, the concentrations of the growth solutions before and after 
growth closely follow the solubility curve as seen in Figure A21, albeit slightly 
elevated due to the presence of DBU. Typically, concentrations decreased from 35 
mg/mL to 25 mg/mL, leading to growth onto the seed crystals of about 10 mg/mL. 

Comparison of crystal surface before and after growth 
SEM micrographs of the crystals before and after growth show the roughness at the 
crystal growth front (Fig. A22). Before growth, all seed crystals of the same size-class 
had similar growth fronts. After growth, the growth front morphology is quite rough 
for high supersaturation experiments, while for low supersaturation experiments, 
the growth fronts were much smoother. Similar results were found for the remaining 
batches and experiments. This is in accordance with previous !ndings, where growth 
mechanism is found to be strongly dependent on the degree of supersaturation.9 

 
9 Lewis, A.; Seckler, M. M.; Kramer, H. J. M.;van Rosmalen, G. M. Industrial Crystallization: Fundamentals and 
Applications; Cambridge University Press, 2015. DOI: 10.1017/CBO9781107280427. 

 
Figure A21. Temperature dependent solubility (circles) and metastable zone (crosses) for 1 in MeOH 
with Van ‘t Hoff fit shown with solid black and grey dashed lines respectively. 
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Figure A22. SEM micrographs of the crystal growth front of initial seed crystals A) RSsmall and B) Slarge, and 
fully grown crystals of a C) fast and D) slow growth experiment. Scale bars: 1 µm. 

Calculation details 
The theoretical predictions for the e%ects of supersaturation where based on 
computations that de!ned the enantiomeric excess of the grown material based on 
the growth rates of the enantiomeric populations 

eeΔ ≈ (GR – GS)/(GR + GS) 

Here, we de!ned those growth rates as follows: 

• For slow growth at low supersaturation, we assumed the population growth 

rate to be proportional to the number of crystals in the population: G ~ N. 
• For fast growth at high supersaturation, we assumed the population growth 

rate to be proportional to the cumulative surface area of crystals in the 

population (cuboid approximation): G ~ ΣA. 

These assumptions have been rationalized and explained in the main text. 

Based on this theoretical framework, multiple calculations can be straightforwardly 
performed to explore the predicted e%ect of size-disparities between the seed 
crystals of populations on the outcome of crystallization. An example calculation is 
shown below, where a size-ratio e%ect was explored using an implementation in 
programming language R. The results of this calculation are shown as Figure A23. 
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# R-Script for Calculation of the Size-Ratio Effect. 
 
# Growth Velocity Ratio: LENGTH / WIDTH = 10 
# ee0 = 10% 
# Steps of +5% 
# initial size: 5 um x 5 um x 5 um 
 
ee0 = 0.1 
iterationgrowthfactor = 1.05 
velocityratio = 0.1 
width0 = 5 #um 
length0 = 5 #um 
lengthFin = 5000 #um 
iterationsN = ceiling(log(lengthFin/length0)/log(iterationgrowthfactor)) 
 
# 1) Perform basecalculations 
mR = (ee0 + 1)/2 
mS = 1-mR 
excessR = mR - mS 
RsmallNormal = excessR 
SsmallNormal = 0 
RsmallInverse = mS 
SsmallInverse = mS 
RlargeNormal = mS 
SlargeNormal = mS 
RlargeInverse = excessR 
SlargeInverse = 0 
A0 = width0*width0*2 + width0*length0*4 
V0 = width0*width0*length0 
 
# 2) Define dataframe [iteration, lengthX, widthX, aArea, aAreaInv, aNum, aNumInv] 
df <- data.frame( 
  iteration = integer(iterationsN + 1),  # Integer column for iteration 
  lengthX = numeric(iterationsN + 1),    # Numeric column for lengthX 
  widthX = numeric(iterationsN + 1),     # Numeric column for widthX 
  aArea = numeric(iterationsN + 1),      # Numeric column for aArea 
  aAreaInv = numeric(iterationsN + 1),   # Numeric column for aAreaInv 
  aNum = numeric(iterationsN + 1),       # Numeric column for aNum 
  aNumInv = numeric(iterationsN + 1)     # Numeric column for aNumInv 
) 
 
# 3) Run iterations 
for (iterationX in 0:iterationsN) { 
  df$iteration[iterationX+1] = iterationX 
  if (iterationX>0){ 
    # I. Grow the crystal ... 
    lengthC = iterationgrowthfactor*df$lengthX[iterationX] 
    widthC = df$widthX[iterationX] + lengthC*((iterationgrowthfactor-
1)/iterationgrowthfactor)*velocityratio 
    df$lengthX[iterationX+1] = lengthC 
    df$widthX[iterationX+1] = widthC 
    # ... and calculate its dimension numbers 
    Acryst = widthC*widthC*2 + widthC*lengthC*4 
    Vcryst = widthC*widthC*lengthC 
  }else{ 
    df$lengthX[iterationX+1] = length0 
    df$widthX[iterationX+1] = width0 
    Acryst = A0 
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    Vcryst = V0 
  } 
   
  # II. Calculate Relative Rates for Area cases 
  # IIa. Normal Case 
  kRsmall = A0*RsmallNormal/V0 
  kSsmall = A0*SsmallNormal/V0 
  kRlarge = Acryst*RlargeNormal/Vcryst 
  kSlarge = Acryst*SlargeNormal/Vcryst 
  kee = ((kRsmall+kRlarge) - (kSsmall+kSlarge))/(sum(c(kRsmall,kSsmall,kRlarge,kSlarge))) 
  ampf = kee/ee0 
  df$aArea[iterationX+1] = ampf 
   
  # IIb. Inverse Case 
  kRsmall = A0*RsmallInverse/V0 
  kSsmall = A0*SsmallInverse/V0 
  kRlarge = Acryst*RlargeInverse/Vcryst 
  kSlarge = Acryst*SlargeInverse/Vcryst 
  kee = ((kRsmall+kRlarge) - (kSsmall+kSlarge))/(sum(c(kRsmall,kSsmall,kRlarge,kSlarge))) 
  ampf = kee/ee0 
  df$aAreaInv[iterationX+1] = ampf 
   
  # III. Calcluate Relative Rates for Number cases 
  # IIIa. Normal Case 
  kRsmall = RsmallNormal/V0 
  kSsmall = SsmallNormal/V0 
  kRlarge = RlargeNormal/Vcryst 
  kSlarge = SlargeNormal/Vcryst 
  kee = ((kRsmall+kRlarge) - (kSsmall+kSlarge))/(sum(c(kRsmall,kSsmall,kRlarge,kSlarge))) 
  ampf = kee/ee0 
  df$aNum[iterationX+1] = ampf 
   
  # IIIb. Inverse Case 
  kRsmall = RsmallInverse/V0 
  kSsmall = SsmallInverse/V0 
  kRlarge = RlargeInverse/Vcryst 
  kSlarge = SlargeInverse/Vcryst 
  kee = ((kRsmall+kRlarge) - (kSsmall+kSlarge))/(sum(c(kRsmall,kSsmall,kRlarge,kSlarge))) 
  ampf = kee/ee0 
  df$aNumInv[iterationX+1] = ampf 
} 

 
write.csv(df, file = "output_sizeratioeffect.csv", row.names = FALSE) 

In this example calculation, we start with two initial crystal populations of di%erent 
size and mass (i.e. giving an enantiomeric excess). The chosen initial ee by mass is 
10%. The small crystals are taken as cuboids of 5 x 5 x 5 μm and are made to grow into 
needles by using a 1:1:10 growth velocity ratio for the growth axes. This is a crude 
approximation of the experimental system studied here, based on the presented 
microscopy data. Naturally, di%erent sizes of large crystals are used in the 
calculations to predict the 'size-ratio e%ect’. These di%erent sizes of large crystals 
are run as iterations in the script. Those iterations are iterations in increasing the 
initial size of the large crystal population, not iterations as in time-marching steps 
for simulating growth kinetics. Note also, that in these calculations only the excess 
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is made up of small (‘normal case’) or large crystals (‘inverse case’) and the racemic 
portion is the opposite (both cases are calculated). After these initial settings of the 
calculation, we proceed with a calculation of the expected ratio in growth rates of 
the two populations, giving an expected value of eeΔ. For this we use the equation and 
assumptions presented at the beginning of this section of the Appendix. 

Remarks specific to Chapter 6 

General Materials and Methods 

Materials 

Paclobutrazol precursor 1 (1-(4-Chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-
yl)pentan-3-one, called Cl-TAK) was synthesized as per previously reported 
methods.10,11,12 Tert-leucine precursor 2 (3,3-dimethyl-2-((naphthalen-2-
ylmethylene)amino)butanenitrile) was obtained over the course of previous 

 
10 Lopes, C.; Cartigny, Y.; Brandel, C.; Shemchuk, O.; Leyssens, T. A Greener Pathway to Enantiopurity: 
Mechanochemical Deracemization through Abrasive Grinding. Chem. Eur. J. 2023, 29 (40), e202300585. DOI: 
10.1002/chem.202300585. 
11 Bovonsombat, P.; Teecomegaet, P.; Kulvaranon, P.; Pandey, A.; Chobtumskul, K.; Tungsirisurp, S.; 
Sophanpanichkul, P.; Losuwanakul, S.; Soimaneewan, D.; Kanjanwongpaisan, P.; Siricharoensang, P.; 
Choosakoonkriang, S. Regioselective Monobromination of Aromatics via a Halogen Bond Acceptor-Donor 
Interaction of Catalytic Thioamide and N-Bromosuccinimide. Tetrahedron 2017, 73 (46), 6631–6639. DOI: 
10.1016/j.tet.2017.10.005. 
12 Qizhou, J. (Green Chemical Co., Ltd). Preparation Method of Chlorazolam. Chinese Patent CN 111777565 
A, 2020. 

 
Figure A23. Predicted effect of the size-ratio between the small and large crystals using the 
computational approach outlined for both growth rates based on number ratio (G ~ N, for slow growth at 
low supersaturation) and area ratios (G ~ ΣA, for fast growth at higher supersaturations) of the crystals. 
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research.13 Solvents, reagents, and analytical-grade chemicals were purchased from 
commercial suppliers and used as received unless otherwise speci!ed. Sodium 
hydroxide pellets (85.0–100.5%, VWR Chemicals), 1,8-diazabicyclo[5.4.0]undec-7-ene 
(98+%, Acros Organics), anisole (99%, Thermo Scienti!c Chemicals), methanol (99%, 
Thermo Scienti!c Chemicals), and demineralized water were used in this study.  

HPLC Analysis 

Enantiomeric excess of 1 was determined using a Thermo Scienti!c UltiMate 3000 
chiral HPLC system equipped with a Chiralcel OD-H column (4.6 mm × 250 mm, 5 µm) 
and UV detection at 220 nm. The mobile phase consisted of n-heptane:2-propanol 
(80:20, v/v) at a $ow rate of 1.0 mL/min, with retention times of 7.4 min for (R)-1 and 
9.2 min for (S)-1. Chiral HPLC analyses of 2 were performed using an Agilent 
Technologies In!nity 1260 HPLC system equipped with a CHIRALPAK IA column (250 
x 4.6 mm, 5μm) and UV detection at 220 nm. The mobile phase consisted of n-
heptane:2-propanol (95:5, v/v) at a $ow rate of 0.7 mL/min, with retention times of 
5.2 min for anisole (internal standard), 7.9 min for (S)-2, and 9.1 min for (R)-2. All 
solvents used (n-heptane, 2-propanol) were HPLC grade (≥ 99%) and obtained from 
VWR chemicals. 

Solubility of 1 

The solubility of racemic 1 in MeOH:Water (60:40, v/v) was determined using a 
Technobis Crystal16 instrument (Alkmaar, The Netherlands) and is displayed in 
Figure A24. 

Masses ranging from 5 to 62 mg of racemic 2 were placed in approximately 900 mg of 
60 wt% methanol-water. Controlled temperature ramps from −5 °C to 60 °C were 
performed and repeated three times, while the turbidity was monitored to determine 
the clear points (solubility curve). The Van ’t Ho% equation was !tted to the data 
between 10 °C and 60 °C.  

Speci!cally, all samples were fully dissolved at 60 °C, where the temperature program 
began by cooling to -5 °C at a rate of 0.5 °C/min (2 hours and 10 minutes), followed 
by an isothermal hold for 5 hours. The temperature was then increased to 60 °C at 
0.3 °C/min (3 hours and 36 minutes) with a !nal isothermal hold of 30 minutes. The 
solubility temperature for each sample was determined as the temperature at which 
transmissivity reached 100% (clear solution) during the heating cycle. 

This experiment was conducted both with and without NaOH (0.1 wt% of solvent), 
and no signi!cant di%erences in solubility temperatures were observed between the 

 
13 Baglai, I.; Leeman, M.; Wurst, K.; Kaptein, B.; Kellogg, R.M.; Noorduin. W.L. The Strecker reaction coupled 
to Viedma ripening: a simple route to highly hindered enantiomerically pure amino acids. Chem. Commun. 
2018, 54, 10832–10834. DOI: 10.1039/C8CC06658B. 



 

  231 

A 

two conditions. Additionally, no signi!cant variations were detected across the three 
repeated temperature cycles, demonstrating the robustness of the measurements. 

Solubility of 2 

The solubility curve and metastable zone of racemic 2 in MeOH were similarly 
determined using the Technobis Crystal16 instrument and are displayed in Figure 
A25 (temperature range: 15 – 40 oC). The metastable zone was determined by also 
monitoring the cloud points (nucleation indicates end of metastable zone). The e%ect 
of racemization catalyst DBU was also assessed, showing constant elevated solubility 
due to the formed racemization intermediates (Fig. A25; !gure on the next page). 

Deconvoluted temperature cycles 

Experimental set-up and sampling 

All experiments were conducted in 50 mL jacketed round-bottom $asks equipped 
with a magnetic stir bar and connected to a LAUDA ECO RE 630 S thermostat for 
precise temperature control. The stirring rate was set at 500 rpm. Methanol/water 
(60 wt% methanol) was chosen as the solvent system due to its optimal solubility 
pro!le of 1. Racemization was achieved by adding NaOH (0.1 wt% of solvent). 

Samples were taken at speci!c time points during the TCID (temperature cycling-
induced deracemization, i.e. cycles of heating and cooling to induce dissolution and 
growth) cycles: (1) before initiating heating to determine the initial solid phase 
enantiomeric excess, (2) after the isothermal hold following dissolution, and (3) after 

 
Figure A24. Temperature dependent solubility (diamonds) of racemic 1 in MeOH:Water (60:40, v/v). 
Van ‘t Hoff fit shown with grey dotted line. 
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the isothermal hold following growth. Approximately 0.3 mL of suspension was 
withdrawn using a plastic pipette. To prevent racemization during analysis, the 
solids were rapidly !ltered, washed with aqueous HCl (6 M), and subsequently 
dissolved in methanol for analysis. 

The seeds for temperature cycling are prepared by dissolving a mixture of racemic 
and enantiopure 1 (total 2.7 g) in methanol (18 g) preheated to 40 °C. Deionized water 
(11.8 g) was then added dropwise to induce antisolvent crystallization. Racemization 
was initiated by introducing NaOH to the system (0.1 wt% of solvent). 

Deconvoluted temperature cycles for low, medium, high initial ee 

The deconvoluted temperature cycle is initiated by starting the temperature 
program. The temperature cycle consisted of sampling, heating from 40 °C to 55 °C 
at 1.5 °C/min, holding isothermally for 10 minutes, sampling, cooling back to 40 °C 
at 0.5 °C/min, and holding isothermally for 10 minutes, and sampling; resulting in a 

 

 
Figure A25. Temperature dependent solubility (diamonds) and metastable zone (circles) for racemic 2 
in MeOH (top) and effect of [DBU] on the room temperature solubility (bottom). Van ‘t Hoff fit shown 
with grey dotted line. 
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total cycle time of 60 minutes. During a cycle, 50% of the initial solids dissolve and 
regrow. 

The e%ects of the initial solid phase ee were investigated by varying the initial 
enantiomeric excess of the seed-slurry of 1 in each experiment. Three levels of initial 
ee were used: low (weighed 25%, resulting in an initial 20–30% after antisolvent 
crystallization), medium (50, resulting in 50–55% after antisolvent crystallization), 
and high (90%, resulting in 80–90% after antisolvent crystallization). 

Heating rate and isothermal hold 

To exclude any e%ect from the heating rate, we repeated the cycle step for slurries 
starting with high initial ee but with fast (3 oC/min) and slow (0.25 oC/min) heating 
rate during the dissolution step (Table A3). The e%ect of di%erent heating rate was 
negligible, showing that choice of heating rate did not signi!cantly a%ect the 
asymmetric dissolution or growth. 

Table A3. Effect of heating rate on cycling of 1, starting with high initial ee in (R)-1. 

 

In addition, we investigated the e%ect of the length of the isothermal hold after the 
dissolution segment. In this experiment, we tested a short (5 min) and long (55 min) 
isothermal hold at 55 °C and measured the solid phase ee in both experiments (Table 
A4). No signi!cant di%erence is observed between the experiments, and a sharp 
decrease in ee due to antagonistic e%ects of dissolution is observed immediately.  

Table A4. Effect of isothermal hold on dissolution of 1, starting with high initial ee in (R)-1. 

 

Relative amount of seed crystals 

We also varied the total mass of 1 in each experiment while keeping the total solvent 
mass constant. This approach ensured control over the percentage of the suspension 
that underwent dissolution and crystallization at the start of each experiment. Three 
groups were de!ned based on the percentage of the suspension exchanged per 
temperature cycle: low (30%), medium (50%), and high (80%). The total mass of 1 was 

60 min. (0.25 ˚C/min) 5 min. (3 ˚C/min) 

98.92% 98.72% Before Heating 

89.62% 91.79% A!er Heating 

99.00% 98.92% A!er Cooling 
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adjusted to achieve these percentages, with 4.00 grams used for the low group, 2.70 
grams for the medium group, and 1.95 grams for the high group.  

We expect that increasing the relative amount of material that is dissolved and grown 
makes the asymmetric e%ects more pronounced.14 We repeated the deconvoluted 
temperature cycle experiments wherein we dissolve and regrow 80% of the solids 
rather than the 50% in the previous experiments. As shown in Table A5, the 
asymmetric e%ects become more pronounced if the relative cyclic mass transfer is 
increased. Dissolution has a stronger antagonistic e%ect and growth has a stronger 
agonistic e%ect on chiral ampli!cation when the relative amount of dissolved and 
grown material is increased. 

Table A5. Effect of relative amount of seed crystals on asymmetric dissolution and growth of 1, 
controlled through varying the relative amount of solids that dissolve and grow (cyclic mass transfer) 
during the deconvoluted temperature cycle experiment. 

 

Dissymmetry between dissolution and growth 

Experimental set-up and sampling 

Experiments were conducted in 7 mL vials sourced from Merck (27150-U Supelco). 
An aluminum block with milled holes for vials was fabricated in-house and placed on 
top of a shaker (VWR Standard vortex mixer). Temperature was controlled through 
a thermostat (Huber Heat Regulator RS2232, range: 5 – 60 °C). To ensure 
homogenization and minimize attrition and secondary nucleation, we used PTFE 
beads (3 mm PTFE balls, BOLA). To the solvent (MeOH), we added an internal standard 
(0.2 wt% anisole) to allow the determination of liquid phase concentration in samples 
to ascertain a full mass balance. 

For seed crystal preparation, a 20 mL vial was charged with 5 g of glass beads (2 mm 
glasschrot, through VWR), 750 mg of 2 (~50% ee in (R)-2, by mixing enantiopure (R)-
2 and racemic 2), and 5 mL 2-propanol. The vial was sonicated for 5 hours at low 
temperature (10 oC). After sonication, the vail was allowed to equilibrate in the fridge, 
before !ltration over a P4 glass !lter a%orded a !ne and homogeneous white solid. 
The ee of the obtained seed crystals was determined by HPLC analysis to be 50.89% in 
(R)-2. 

 
14 Van Dongen, S. W., et al. Chiral Ampli!cation through the Interplay of Racemizing Conditions and 
Asymmetric Crystal Growth. J. Am. Chem. Soc. 2023 145 (1), 436–442. 
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For sampling, we now discriminated between liquid and solid phase sampling. For 
liquid phase samples: 50 – 100 µL of liquid was obtained by !ltering 125 µL of slurry 
over a syringe !lter (0.2 μm PTFE, VWR International) and mixing it with 1 mL of 2-
propanol by vortex. The solution was then submitted for HPLC analysis. For solid 
phase samples, aliquots of 0.5 – 1.0 mg of solid material were collected from the solids 
obtained by !ltering 250 µL slurry over a P4 glass !lter under vacuum. The solids 
were dissolved in 1.5 mL of 2-propanol by vortex and subsequent ultrasonication (10 
minutes) and then submitted for HPLC analysis. 

Isolated dissolution  

For isolated dissolution, a 7 mL vial was charged with 27 mg of seed crystals and 0.7 
g of PTFE spheres. Subsequently, an undersaturated solution of racemic 2 was 
prepared by dissolving 12 mg (RS)-2 in 1 mL of MeOH (with 0.2 wt% anisole) at 20 oC 
in 1 mL and adding 10 μL/mL racemization catalyst (DBU). The liquid phase of the 
solution was analyzed. The vial with the crystal was placed in the shaker and shaking 
was initiated. The 1 mL solution was added to the crystals under shaking to induce 
instantaneous dissolution. After 90 minutes, the solid and liquid phases of the 
resulting slurry were analyzed. 

Isolated growth 

For isolated growth, a 7 mL vial was charged with 20 mg of seed crystals and 0.7 g of 
PTFE spheres. Subsequently, a saturated solution of racemic 2 was prepared at 30 oC 
in the presence of 10 μL/mL racemization catalyst (DBU). The liquid phase of the 
solution was analyzed. The vial with the crystal was placed in the shaker, kept at 30 
oC, and shaking was initiated. The 1 mL solution was added to the crystals under 
shaking. The shaker was cooled back to 20 oC over the course of 90 minutes to induce 
growth. After 30 minutes, the solid and liquid phases of the resulting slurry were 
analyzed. 

Mass balance and eeΔ 

As shown in Chapter 4, the enantiomeric excess of grown (or dissolved) material (eeΔ) 
can be calculated if one knows the ee of the initial solid (seed crystals) denoted ee0, 
the ee of the material after growth (or dissolution) denoted eeP, the mass of the seed 
crystals (denoted m0), and the mass change during growth or dissolution (denoted 
mΔ). The equation to calculate eeΔ is as follows: 

##$ =	##% +
!&
!$

(##% − ##&)	 (eq. 1) 

In our experiments, m0 (weighed seed amount) and ee0 (seed composition) are known 
at the start of the experiment. After growth or dissolution, eeP  is determined by 
analyzing the resulting solids through chiral HPLC. Finally, mΔ is obtained by 
comparing liquid phase concentration of the initial solution (+'(')'*+) that is added to 
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the seed crystals and the concentration of the liquid phase of the slurry after growth 
or dissolution (+,'(*+) as follows: 

!$ = +'(')'*+ − +,'(*+	 (eq. 2) 

We determine these concentrations through quantitative HPLC. The solvent contains 
anisole as internal standard, so that the concentration of (R)-2 and (S)-2 in solution 
can be quanti!ed (Fig. A26).  

This full mass balance (Table A6) hence allows calculating the exact eeΔ after growth 
and dissolution to yield insight in what happens to the crystals during the process, 
rather than only viewing the initial and !nal ee. 

 

 

 
Figure A26. Calibration curve (top) for racemic 2 in MeOH with 0.2wt% anisole as internal standard, 
obtained from chiral HPLC (bottom). A quantifier for concentration is achieved by taking the peak areas 
of the enantiomers (7.9 min for (S)-2, and 9.1 min for (R)-2) relative to the peak area of the internal 
standard (5.2 min for anisole). 
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Table A6. Full mass balance results with determined values of ee0, eeΔ, and final ee. Figure numbers 
refer to the main text of the Chapter. 

 

E"ect of racemization rate 

To assert the e%ect of racemization rate, the isolated dissolution and growth 
experiments were repeated at various concentrations of racemization catalyst (DBU): 
0, 10, 25, 50, 75 μL/mL for dissolution and 5, 15, 25, 50 μL/mL for growth. The initial 
amount of seed crystals was as described previously, but the concentration of the 
undersaturated solution for dissolution was adapted to the changed solubility due to 
changed DBU concentration (11, 13.5, 16, 18.5 mg/mL for 10, 25, 50, 75 μL/mL DBU 
respectively). 

One-time switching off racemization in a temperature 
cycle 
Two identical TCID experiments of 1 were set up with an initial solid phase ee of 20% 
in (R)-1 and temperature cycling was induced for three full cycles to reach a solid 
phase ee of 40 – 45% in (R)-1. After four more temperature cycles (parameters as 
before), one experiment proceeded without modi!cation, while in the other, 
racemization was switched o%. To achieve this, the temperature program was paused 
at 40 °C, and 6 mL of 6 M aq. HCl solution was added in excess to fully neutralize NaOH 
and ensure no racemization occurred. Neutralization was con!rmed by a color 
change from dark blue to red on pH paper. The suspension was then stirred 
isothermally for 10 minutes before resuming the temperature program (heating 
segment for !nal non-racemizing dissolution step). Before the cooling segment to 
induce the !nal growth step, racemization catalyst was re-added (0.2 wt% NaOH). 

Thermodynamic Analysis using Phase Diagrams 
To evaluate the applicability of conventional thermodynamic models to TCID, 
experimental results were compared to predictions based on ternary phase 
diagrams. These diagrams describe the phase behavior of enantiomers under 
equilibrium conditions, assuming ideal mixing and no kinetic e%ects. 
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In a non-racemizing solution, both enantiomers dissolve according to their 
solubilities at a given temperature. If a scalemic solid mixture is heated, dissolution 

 
Figure A27. Theoretical Ternary Isotherms of a conglomerate forming system at T1 and T2 with T2>T1 
and instant racemization in the solution. Due to the instant racemization in solution, phases can only 
exist along the segment represented by the pure solvent and point L1/L2 and in the white triangle 
L1/L2—<S>—<R>. 

 

 
Figure A28. Theoretical evolution on heating described by the superimposition of two ternary 
isotherms at T1 and T2 where T2 > T1 and instant racemization in the liquid state. The overall 
composition of x at T1 gives solid composition of y, and shifts to x2 and y2 (pure enantiomer) at T2.  

 
Figure A29. Experimentally observed evolution on heating described by the superimposition of two 
ternary isotherms at T1 and T2 where T2>T1 and instant racemization in the liquid state. The overall 
composition of x at T1 shifts to x3 instead of x2, resulting in a decreased solid composition of y3.  
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occurs until the system reaches equilibrium with the saturated solution phase. In 
some cases, if the minor enantiomer dissolves completely before equilibrium is 
reached, the remaining solid phase consists entirely of the major enantiomer, and 
the solution exhibits an excess of the major enantiomer after dissolution. 
Conventional ternary phase diagrams predict that heating a scalemic mixture should 
generally result in an increase in enantiomeric excess of the solid phase as 
dissolution progresses. 

However, experimental results show signi!cant and repeatable deviations from these 
predictions in the presence of instantaneous racemization. In a racemizing solution, 
the solution cannot sustain an enantiomeric excess, as racemization continuously 
interconverts enantiomers in solution (Fig. A27). This fundamentally alters the 
accessible phase space in the ternary system, preventing the expected increase in 
enantiomeric excess upon heating (Fig. A28). Instead, in several observed cases, a 
decrease in enantiomeric excess occurs experimentally, demonstrating that ternary 
phase diagrams alone cannot always accurately describe systems undergoing active 
racemization (Fig. A29). 

Note: The inaccessible domains in Figures A28 and A29 are not shaded to improve 
legibility. 

Model for asymmetric growth and dissolution 
We adapt the empirical model for chiral ampli!cation through asymmetric crystal 
growth under racemizing conditions presented in Chapter 4, that is based on a so-
called ampli!cation factor and makes no further assumptions on the underlying 
source of chiral ampli!cation.  

In short, the model empirically describes the extent of asymmetry during a growth 
or dissolution step using the ampli!cation factor α de!ned by 

, = ##$
##&

	 (eq. 3) 

One then rewrites eq. 1 and 3 to yield a description of the evolution of solid phase ee 
after a dissolution or growth step as: 

##% = ##& ⋅ -
!&
!$

+ ,
!&
!$

+ 1
.	 (eq. 4) 

This equation was numerically implemented by calculating the evolution of ee as a 
function of cycles consisting of an initial dissolution segment (with a speci!c value 
of , for dissolution) and a subsequent growth segment (with a speci!c value of , for 
growth). The !nal ee of the growth segment was taken as the ee0 for the next cycle. 
Note that for the growth segment, !& → !& −!$. 
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As values for the two ampli!cation factors (which were assumed to be independent 
of ee0, since this was the case in Chapter 4), we used the predicted plateaus of 2 to 
estimate ,-'./+0)'/( = 0.6 and ,12/3)4 = 0.8. These were the closest values we could 
relate to our experiments here. Of course, in reality, a sigmoidal shape would be 
expected for kinetics since size distributions change and , will disperse with 
evolving crystal populations and ee. We then ran numerical calculations using ee0 = 
0.1, m0 = 27 and mΔ = 7, although these only a%ect scaling. 

To assess the e%ect of switching on and o% racemization during dissolution or 
growth segments, we set ,-'./+0)'/( = 0 or ,12/3)4 = 0 respecitvely. 

The script used to perform the numerical calculations, using software package “R”,15 
is provided below as Script S-1. 

Script S-1. Numerical implementation of the adapted model in R. 

# Functions 

calculateEE <- function(R, S){ 

  return((R - S)/(R + S)) 

} 

calculateR <- function(ee, m){ 

  return(0.5*(ee + 1)*m) 

} 

calculateS <- function(ee, m){ 

  return(m - calculateR(ee, m)) 

} 

 

# Parameters 

ee0 = 0.1 

m0 = 27 

mD = 7 

alfaG = 0.8 

alfaD = 0.6 

steps = 30 

 

# Simulation 

df <- data.frame( 

  iteration = numeric(steps*2+ 1),  # Iteration 

 
15 R Core Team (2021). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. https://www.R-project.org/. 
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  regR = numeric(steps*2+ 1),    # R for regular TC 

  regS = numeric(steps*2+ 1),     # S for regular TC 

  regee = numeric(steps*2+ 1),     # ee for regular TC 

  grOnlyR = numeric(steps*2+ 1),      # R for TC with racemization during growth only 

  grOnlyS = numeric(steps*2+ 1),   # S for TC with racemization during growth only 

  grOnlyee = numeric(steps*2+ 1),   # ee for TC with racemization during growth only 

  disOnlyR = numeric(steps*2+ 1),       # R for TC with racemization during dissolution only 

  disOnlyS = numeric(steps*2+ 1),     # S for TC with racemization during dissolution only 

  disOnlyee = numeric(steps*2+ 1)     # ee for TC with racemization during dissolution only 

) 

 

# Initial conditions 

df$iteration = seq(0, steps, 0.5) 

R0 = calculateR(ee0, m0) 

S0 = calculateS(ee0, m0) 

df[1,c(4,7,10)] <- ee0 

df[1,c(2,5,8)] <- R0 

df[1,c(3,6,9)] <- S0 

 

for (i in 2:(steps*2 + 1)) { 

  if(i %% 2 == 0){ 

    # B. Growth Step 

    # Regular TC 

    eeD = alfaG*df$regee[i-1] 

    if(eeD > 1){ 

      eeD = 1 

    } 

    R0 = calculateR(df$regee[i-1], m0-mD) 

    S0 = calculateS(df$regee[i-1], m0-mD) 

    deltaR = calculateR(eeD, mD) 

    deltaS = calculateS(eeD, mD) 

    Rnew = R0 + deltaR 

    Snew = S0 + deltaS 

    eenew = calculateEE(Rnew, Snew) 

    df$regR[i] = Rnew 

    df$regS[i] = Snew 

    df$regee[i] = eenew 

     



Appendix 

242 

A 

    # Rac. Growth only 

    eeD = alfaG*df$grOnlyee[i-1] 

    if(eeD > 1){ 

      eeD = 1 

    } 

    R0 = calculateR(df$grOnlyee[i-1], m0-mD) 

    S0 = calculateS(df$grOnlyee[i-1], m0-mD) 

    deltaR = calculateR(eeD, mD) 

    deltaS = calculateS(eeD, mD) 

    Rnew = R0 + deltaR 

    Snew = S0 + deltaS 

    eenew = calculateEE(Rnew, Snew) 

    df$grOnlyR[i] = Rnew 

    df$grOnlyS[i] = Snew 

    df$grOnlyee[i] = eenew 

     

    # Rac. Dissolution only 

    eeD = 0 

    R0 = calculateR(df$disOnlyee[i-1], m0-mD) 

    S0 = calculateS(df$disOnlyee[i-1], m0-mD) 

    deltaR = calculateR(eeD, mD) 

    deltaS = calculateS(eeD, mD) 

    Rnew = R0 + deltaR 

    Snew = S0 + deltaS 

    eenew = calculateEE(Rnew, Snew) 

    df$disOnlyR[i] = Rnew 

    df$disOnlyS[i] = Snew 

    df$disOnlyee[i] = eenew 

     

  }else{ 

    # A. Dissolution Step 

    # Regular TC 

    eeD = alfaD*df$regee[i-1] 

    if(eeD > 1){ 

      eeD = 1 

    } 

    R0 = calculateR(df$regee[i-1], m0) 

    S0 = calculateS(df$regee[i-1], m0) 
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    deltaR = calculateR(eeD, mD) 

    deltaS = calculateS(eeD, mD) 

    if(deltaR > R0){ 

      deltaS = deltaS + deltaR - R0 

      deltaR = R0 

    } 

    if(deltaS > S0){ 

      deltaR = deltaR + deltaS - S0 

      deltaS = S0 

    } 

    Rnew = R0 - deltaR 

    Snew = S0 - deltaS 

    eenew = calculateEE(Rnew, Snew) 

    df$regR[i] = Rnew 

    df$regS[i] = Snew 

    df$regee[i] = eenew 

     

    # Rac. Growth only 

    eeD = 0 

    R0 = calculateR(df$grOnlyee[i-1], m0) 

    S0 = calculateS(df$grOnlyee[i-1], m0) 

    deltaR = calculateR(eeD, mD) 

    deltaS = calculateS(eeD, mD) 

    if(deltaR > R0){ 

      deltaS = deltaS + deltaR - R0 

      deltaR = R0 

    } 

    if(deltaS > S0){ 

      deltaR = deltaR + deltaS - S0 

      deltaS = S0 

    } 

    Rnew = R0 - deltaR 

    Snew = S0 - deltaS 

    eenew = calculateEE(Rnew, Snew) 

    df$grOnlyR[i] = Rnew 

    df$grOnlyS[i] = Snew 

    df$grOnlyee[i] = eenew 
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    # Rac. Dissolution only 

    eeD = alfaD*df$disOnlyee[i-1] 

    if(eeD > 1){ 

      eeD = 1 

    } 

    R0 = calculateR(df$disOnlyee[i-1], m0) 

    S0 = calculateS(df$disOnlyee[i-1], m0) 

    deltaR = calculateR(eeD, mD) 

    deltaS = calculateS(eeD, mD) 

    if(deltaR > R0){ 

      deltaS = deltaS + deltaR - R0 

      deltaR = R0 

    } 

    if(deltaS > S0){ 

      deltaR = deltaR + deltaS - S0 

      deltaS = S0 

    } 

    Rnew = R0 - deltaR 

    Snew = S0 - deltaS 

    eenew = calculateEE(Rnew, Snew) 

    df$disOnlyR[i] = Rnew 

    df$disOnlyS[i] = Snew 

    df$disOnlyee[i] = eenew 

 

  } 

} 

 

# Create Export 

dfExport <- df[df$iteration %% 1 == 0, !(names(df) %in% c("regR", "regS", "grOnlyR", 
"grOnlyS", "disOnlyR", "disOnlyS"))] 

write.csv(dfExport, "exportedDataSimulation.csv", row.names = TRUE) 

Remarks specific to Chapter 7 

Binary solvent-mixture 
Solvent for the binary solvent mixture (acetone, diethyl ether) was AR-grade 
(biosolve, VWR). 
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Soxhlet-apparatus 
The used Soxhlet-apparatus has a nominal chamber size of 30 mL, which was 
decreased to 15 mL by inserting a 22 mL vial inside the sample compartment (vial: 22 
mL (27172-U Supelco); Soxhlet: 30 mL (537-0047 VWR)). 

Sampling 
Two distinct sampling methods were used. One method for system sampling and one 
method for solid phase sampling. For both methods, samples are always taken at the 
end of each solvent cycle (i.e. directly after re-addition, when the solvent in the 
boiling $ask is at maximum). 

System sampling 

A 1 mL syringe !tted with a long needle is used to collect ~ 50 µL of slurry from the 
boiling $ask. This system sample is then dissolved in 7 mL of IPA. After brief 
ultrasonication (5 minutes), 1 mL is transferred to a 2 mL HPLC vial and directly 
submitted for HPLC analysis.  

Solid phase sampling 

A 1 mL syringe !tted with a long needle is used to collect ~ 250 µL of slurry from the 
boiling $ask. The collected suspension was cast on top of !lter paper laid down on 
glass !lter connected to a vacuum !ltration set-up (whilst under active vacuum). 
Two separate samples of the solids were taken using a Pasteur pipette, dissolved in 
1.5 mL of IPA by vortex and ultrasonication (10 minutes, 2 mL HPLC vial) and 
subsequently analysed by HPLC. 

Solvent Cycling-Induced Deracemization using a 
Soxhlet-Apparatus 

Preliminaries 

For the solvent cycling experiments, we use a two-neck round bottom $ask of 50 mL, 
to which we attach a Soxhlet-apparatus and a tap-water cooled condenser. The other 
neck is closed with a septum to allow sampling during the solvent cycling process. 
The Soxhlet-apparatus has a nominal volume of 30 mL, which is decreased to 15 mL 
by adding a closed glass vial to the sample compartment. Aluminium foil is used to 
prevent unwanted cooling of the glassware by air during the experiments. A batch of 
250 mL of the binary solvent mixture (225 mL diethyl ether and 25 mL acetone) was 
prepared for use throughout the various experiments. During the solvent cycling 
experiments, unless stated otherwise, 28 g of PTFE beads and a stirring bar are 
present in the round-bottom $ask (boiling $ask) and stirring is performed on the 
highest possible setting. Experiments are performed under slight nitrogen pressure 
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(Schlenk line) to reduce the possibility of solvent evaporation out of the system as 
far as possible.  

Slurry preparation 

Starting material of 1 of a certain enantiomeric composition was prepared by mixing 
the required amounts of enantiopure 1 and racemic 1 in a pestle and mortar and 
ground until homogenous. The resulting ee of the starting material was always 
con!rmed by HPLC (an example is shown in Fig. A30). 

To prepare the slurry, a 20 mL vial is charged with 800 mg of compound 1, in the 
desired enantiomeric composition. Subsequently, 10 mL of the solvent is added and 
the resulting suspension is sonicated for 30 minutes to obtain a homogenous slurry. 
The slurry is then transferred to the 50 mL round-bottom $ask and an extra 15 mL of 
solvent is added to the $ask. 

 
Figure A30. Typical solid phase chromatogram of the initial seed material (ee0 = 10%). 

Seminal solvent cycling experiment 

Starting material of 10% ee in (R)-1 was used to prepare the slurry. The round-bottom 
$ask was connected to the Soxhlet-apparatus and the condenser as described and 
lowered into a water bath set at 50 °C on a hotplate (maximum stirring setting). Once 
the solvent cycles attained a consistent time-interval (approximately 4 to 5 minutes 
per cycle), 40 μL of racemization catalyst (DBU) was added in 2.5 mL of solvent by 
syringe through the septum. After 18 hours, the solid phase and system were 
sampled as previously described. The seminal solvent cycling experiment was 
deemed successful, since virtually all material had converted to the major 
enantiomer. The !nal solid phase chromatogram is displayed as Figure A31 (>99% ee 
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in (R)-1). After cooling back to 20 °C, the contents of the boiling $ask were !ltered to 
a%ord virtually enantiopure material with 90% yield as a white residue. 

Kinetics of Solvent Cycling-Induced Deracemization 

Having demonstrated the potential of Solvent Cycling-Induced Deracemization, the 
experiment was repeated with starting material of 10%, 20% and 50% ee in (R)-1 and 
50% in (S)-1. At various points after starting the experiment, solid phase and system 
samples were taken (Fig. A32). These experiments show that full deracemization can 
be achieved within 2, 3.5, and 6 hours respectively.  

 
Figure A31. Typical final solid phase chromatogram following a successful solvent cycling-induced 
deracemization experiment (t = 18 hrs, ee0 = 10%). 

 
Figure A32. Deracemization kinetics of 1 by solvent cycling-induced deracemization. Initial ee: 10% 
(triangles), 20% (diamonds) and 50% (squares) in R (red) or S (blue). Exponential kinetic fits are represented 
by solid lines. The left graph shows the solid phase ee and the right graph shows the system ee. 
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N.B. The system phase ee is always lower than the solid phase ee since a number of 
molecules is in the racemic liquid phases (soluble). This is also a reason why solubility 
should not be too high while cyclic mass transfer should be optimized. 

Control experiments 

In order to con!rm that solvent cycling is the cause of the enantiomeric enrichment 
observed, and not–for example–attrition by the PTFE beads or stirring or ripening 
phenomena accelerated at higher temperatures, we conducted two speci!c control 
experiments. The kinetic solvent cycling experiment was repeated starting with 
material 10% ee in (R)-1.  

In both experiments, the Soxhlet-apparatus is removed and the condenser is placed 
directly on top of the boiling $ask. In this way, no–or only minimal trough re$uxing–
solvent cycling is achieved. These experiments were then performed in the presence 
of either the PTFE spheres or glass beads, since glass beads were used in the !rst 
demonstration of attrition-enhanced deracemization.16 

The results are shown in Figure A33. Comparing of these experiments clearly 
demonstrates that solvent cycling, using the Soxhlet-apparatus, is vastly superior in 
kinetics to the two control experiments. In fact, on the relevant timescales of 
deracemization through solvent cycling, almost no enrichment is produced by the 
control experiment with PTFE beads and re$uxing alone. This shows that it is the 
removal and re-addition of the solvent that is responsible for the enantiomeric 
enrichment reported here. Moreover, attrition by glass beads clearly outperforms 
the PTFE spheres (but still does not reach the kinetics of solvent cycling by any 
stretch). This shows that the soft PTFE beads are no strong source of attrition as 
compared to glass beads, the standard in attrition-enhanced deracemization 
experiments, and their impact is indeed minimal. 

 
16 Noorduin, Wim L., et al. "Complete Deracemization by Attrition‐Enhanced Ostwald Ripening 
Elucidated." Angewandte Chemie 120.34 (2008): 6545-6547. 
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X-Ray Powder Diffraction Analyses 
In order to exclude the presence of metastable polymorphs or solvates as key 
intermediates in the deracemization and con!rm that no new polymorphs were 
formed as a starting material or !nal product during solvent cycling in the designed 
solvent, X-Ray Powder Di%raction analyses were performed on racemic reference 
material of 1 (unexposed), the sonicated initial slurry (before starting the solvent 
cycling experiment, but having been exposed to the solvent) and the !nal 
deracemized product (having been exposed to the process). For each sample, 20 – 50 
mg of powder was placed on a 1 cm2 aluminium square and pressed into a cake. X-
Ray powder di%raction patterns of each sample were measured using a Bruker D2 
Phaser with a Cu X-ray source (Cu K-α, λ = 1.5418 Å). The resulting patterns are 
displayed in Figure A34. These patterns are identical for all three samples, indicating 
that the presence of metastable polymorphs or solvates as key intermediates in the 
deracemization can be excluded and no new polymorphs were formed as a starting 
material or !nal product during solvent cycling in the designed solvent. 

 

 
Figure A33. The deracemization kinetics were determined (starting with 10% ee in the solid phase) for 
three experiments: solvent cycling with a Soxhlet apparatus containing PTFE beads in the boiling flask 
(black diamonds), refluxing (no actual solvent cycling) with glass beads only (orange triangles), and 
refluxing with PTFE spheres only (blue circles). The solid lines are exponential kinetic fits. 
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Figure A34. XRPD patterns for the three samples of interest: reference material of (RS)-1, the sonicated 
initial slurry (before starting the solvent cycling experiment, but having been exposed to the solvent) 
and the final deracemized product (having been exposed to the process). We have also included a Single 
Crystal XRD (simulated XRPD) reference from the existing CSD entry OHODUL.17 

Simulations for the Design of the Binary Solvent Mixture 
In order to design a solvent with tailor-made composition which has a low boiling 
point and relatively low solubility at the boiling point, while still providing 
reasonably fast racemization kinetics, we use a binary solvent mixture of diethyl 
ether and acetone. To guide our choice in composition, we have simulated solvent 
cycles for various compositions, boiling points and solvent cycling geometries.  

Our model consists of two compartments: the boiling $ask, from which solvent is 
removed by evaporation, and the sample compartment, which adds all solvent 
condensed back to the boiling $ask once a critical volume is reached—analogous to 
the Soxhlet-apparatus set-up. 

 
17 Van der Meijden, Maarten W., et al., CCDC 734087: Experimental Crystal Structure Determination, 2010, 
DOI: 10.5517/ccsmw7h. 
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Premise and Assumptions 

In our model, we take a range of considerations into account. Not only the properties 
of the bare solvent are relevant. Since the solvent composition changes during the 
process, also the properties during the deracemization process should be considered. 
This means that: 

ü We consider that the composition of the vapour (the evaporated solvent) 

depends on the composition of the solvent that is boiling (in the boiling 

$ask). 

ü We consider that the composition in the boiling $ask changes as a result. 
ü We consider that the actual solubility of compound 1 and the boiling point 

of the solvent in the boiling $ask changes over time as the composition of 

the solvent changes. 

ü We consider that that changes in solubility and volume mean that crystals 

have to grow or dissolve, but these processes are not instantaneous and have 

a mass transfer rate. 

The relative amount of cyclic mass transfer is small compared to the total 
concentration in the solvent. We assume that changes in the boiling point and vapour 
pressure as a function of solute concentration can thus be neglected for these 
simulations. 

Underlying Datasets 

In order to accurately simulate the solvent cycling experiment for the binary diethyl 
ether – acetone system, we required solubility data as a function of solvent 
composition. Therefore, we determined the solubility for various compositions and 
temperatures of the solvent using the method previously reported in Chapter 4. The 
data, shown in Figure A35, were taken as empirical basis for the simulations. 

Apart from solubility, we also required knowledge on the composition of the vapour 
of solvent that is boiling and the actual boiling point as a function of solvent 
composition. This data is modelled based on literature values and visualized in Figure 
A36.18 

 
18 Sameshima, Jitsusaburo. "On The System Acetone—Ethyl Ether." Journal of the American Chemical Society 
40.10 (1918): 1482-1503. 
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Figure A36. The boiling point (left) and vapour-liquid equilibrium (VLE) (right) of the diethyl ether – 
acetone system are shown, calculated based on literature values from Sameshima (1918). 

 

 
Figure A35. The solubility of (RS)-1 was determined as a function of temperature (10 – 35 °C) and 
composition (0, 50, 75, 90, 100% diethyl ether in acetone; top graph). Data was fitted based on the Van ‘t 
Hoff equation (solid lines). As visualized in the bottom graph, the relationship as a function of composition 
is nonlinear: a certain degree of agonism is present. The grey dotted line indicates pure acetone. 
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Equations and Implementation 

The simulation was implemented in R by following a time-marching approach.19 To 
this aim, the following equations and methods were used to calculate the various 
variables at each time-step. 

Liquid-Vapour Equilibrium 

Composition of the vapour (solvent removed via evaporation) was calculated from 
the composition of the liquid (solvent in the boiling $ask) based on an interpolation 
of the VLE data shown in Figure A36. Interpolation was performed using the 
splinefun method in R using a monoH.FC method. 

Boiling point 

To calculate the boiling point of the solvent in the boiling $ask, we use the 
approximation: 

 boiling point = (H - L) . φ2 – 2 . (H - L) . φ + L 

where H is the boiling point of the high boiling solvent (acetone), L is the boiling 
point of the low boiling solvent (diethyl ether) and φ is the binary solvent 
composition (between 0 and 1). 

Solubility 

First, composition dependent ΔH and ΔS were extracted from the solubility data 
shown in Figure A35. Second, the ΔH and ΔS for the actual composition of the solvent 
in the boiling $ask was calculated by interpolation between the known values 
(similar method as above for VLE). Then, the solubility was predicted based on the 
calculated ΔH and ΔS for the actual composition. The relationship between solubility 
and the thermodynamic parameters ΔH and ΔS is given by the Van ‘t Ho% 
relationship: 

solubility = ρ . exp( (-ΔH/(R.T)) + (ΔS/R) ) 

where ρ is the density of the solvent (function of composition), R is the gas constant 
and T is the temperature in K. 

Removal and re-addition of solvent 

Material is removed from or re-added to the boiling $ask using the following mass 
transfer equation: 

 dV/dt = rate of mass transfer 

 
19 R Core Team (2021). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 
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where the rate is either that of removal or re-addition. The addition or removal in 
case of the sample compartment follows the negative sign to uphold the mass 
balance. 

Dissolution and Growth of crystals 

For crystal dissolution and growth, the supersaturation is !rst calculated based on 
solubility: 

 S = [(RS)-1] / solubility 

If S < 1, dissolution will take place. If S > 1, growth will take place. These processes are 
modelled following the approximation 

 dm/dt = rategrowth . (S - 1)/(Smax - 1)  [for growth, if S < Smax] 

 dm/dt = rategrowth    [for growth, if S > Smax] 

 dm/dt = ratedissolution . S   [for dissolution] 

where Smax is the so-called ‘maximum supersaturation’ at which the steady-state 
growth rate is reached and dm/dt is the mass transfer rate between solid and liquid 
phase. 

Time-marching implementation 

Separate volumes are tracked for acetone and diethyl ether for each of the two 
compartments in the implementation. At time-step 0, all parameters in the system 
are initialized and initial compositions are set. For each new time-step, the procedure 
is as follows.  

First, we calculate the boiling point. If the boiling point is below or equal to the 
system temperature, we execute a solvent removal step. The amount of solvent to be 
removed is calculated and the composition of the removed solvent is based on the 
VLE. The removed solvent is then added to the sample compartment.  

Second, we check whether the volume in the sample compartment is above the 
critical volume or if re-addition was busy in the previous step (if the volume of the 
sample compartment is at or below the ‘zero-volume’, we stop re-addition). If re-
addition is required, we move part of the solvent from the sample compartment back 
into the boiling $ask. 

Third, we recalculate compositions of the boiling $ask and the sample compartment. 
Based on this new data, we calculate the solubilities and execute crystal growth or 
dissolution. 
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Simulation parameters 

Simulations were nominally performed with the following parameters. Temperature 
of the system was set at 50 °C. We used a sample compartment of 15 mL, initial solvent 
volume in the boiling $ask of 25 mL and 1 mL of zero-volume (vapour lost in the 
system). We routinely used a maximum growth rate of 0.1 mg/s, dissolution rate of 1 
mg/s, maximum supersaturation of 1.5 (c/c*), 1 mL/s solvent re-addition rate and 
0.01 mL/s solvent removal rate. The amount of compound in the simulations was set 
at 800 mg. For time-marching, we used 15000 timesteps and each timestep was 0.5 
seconds.  

Remarks specific to Chapter 8 

General Materials & Methods 

Chemicals 

Library 1 was kindly provided by InnoSyn (Geleen, NL) in both racemic and 
enantiopure form and used as is. For the deracemization of 1d, the racemization 
catalyst was 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, Across Organics) and the 
solvent was methanol sourced from Thermo Scienti!c Chemicals (99.9%, for 
spectroscopy). Library 2 was kindly provided by Symeres (Groningen, NL) in both 
racemic and enantiopure form and used as is. For the preferential crystallization of 
2b and 2c, 2-propanol from VWR chemical (≥ 99%, HPLC grade) was used. 

DSC characterization method 

Thermal analyses were performed on a Netzsch DSC 214 Polyma or a DSC Q20 V24.11 
Build 124 apparatuses. DSC runs were performed with ∼4−5 mg of the solid sample in 
pierced aluminium pans and using heating rates of 5 or 10 K.min−1. The atmosphere 
of the analyses was regulated by a nitrogen $ux (40mL.min-1). The Netzsch Proteus 
Software was used for data processing. 

HPLC analysis method 

For the determination of enantiomeric composition of samples from library 1, chiral 
HPLC analyses were performed using an Agilent Technologies In!nity 1260 HPLC 
system. HPLC analysis was performed on a chiral column (CHIRALPAK IA (250 x 4.6 
mm, 5μm)) with a mobile phase consisting of n-heptane and 2-propanol, where the 
eluent is mixed in a 7:3 ratio (heptane:IPA). All solvents used in these HPLC analysis 
(n-heptane, 1-propanol) were HPLC grade (≥ 99%) and obtained from VWR chemicals. 
The $ow rate was 0.7 mL/min, injection volume 4 μL, and detection was performed 
by UV-detector (wavelength: 220 nm). Each run had a total time of 12 minutes. 
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For the determination of enantiomeric composition of samples from library 2, chiral 
HPLC analyses were performed using an Ultimate 3000 HPLC (ThermoFisher 
Scienti!c). HPLC analysis was performed on a Phenomenex Lux Cellulose 4 column 
(3.0 x 150 mm x 3 μm), Chiracel OJ-H,  OD-H columns (4.6 x 250 mm, 5μm) or 
CHIRALPAK IC column (4.6 x 250 mm, 5μm)  with a UV detection at a wavelength of 
220 nm with a mobile phase consisting of n-heptane and 2-propanol at $ow rate of 1 
mL.min−1. All solvents used in these HPLC analysis (n-heptane, 1-propanol) were 
HPLC grade (≥ 99%) and obtained from VWR chemicals. 

Computation of ∆"!  
Melting point temperature and enthalpy of fusion were measured for the racemic 
(55!#	and ∆76!#) and enantiopure crystals (55!	and ∆76!) using DSC. Using these data, 
the free energy di%erence (∆87) was computed following previously developed 
approaches by Collet and Wilen:20  

if:	55!# > 55! ⇒ ∆8 = >∆76!# ⋅ ? 8!
"

8!"#
− 1@A − [55! ⋅ C ⋅ ln 2]  (eq. 1a) 

else:	55! > 55!# ⇒ ∆8 = >∆76! ⋅ ?1 − 8!"#
8!"
@A − [55!# ⋅ C ⋅ ln 2],  (eq. 1b) 

where R is de!ned as the gas constant.  

Library 1 

Synthesis of library 1 

The library 1 composed of Schi%-base derivatives of phenylglycinamide was 
provided by Innosyn and synthesized following the literature procedure.21 In short, 
phenylglycinamide was !rst obtained from phenyl glycine. Subsequently, 
phenylglycinamide was reacted with a series of aldehydes to give library 1 (Table A7). 

DSC characterization of library 1 

Racemic and enantiopure solids from library 1 were analysed using DSC following 
the procedure described in a previous section. From the DSC measurements we 
obtained the melting point and enthalpy of fusion of the racemic solid (55!# and 
∆76!#) and the enantiopure solid (55! and ∆76!). Using equation 1, we computed the 
free energy di%erence (∆87) (Table A7). 

 
20 Jacques, J.; Collet, A.; Wilen, S. H. Enantiomers, Racemates, and Resolutions; Krieger Publishing Company: 
Malabar, 1994. 
21 Noorduin, W. L.; Izumi, T.; Millemaggi, A.; Leeman, M.; Meekes, H.; Van Enckevort, W. J. P.; Kellogg, R. M.; 
Kaptein, B.; Vlieg, E.; Blackmond, D. G. Emergence of a Single Solid Chiral State from a Nearly Racemic 
Amino Acid Derivative. J. Am. Chem. Soc. 2008, 130 (4), 1158–1159. https://doi.org/10.1021/ja7106349. 



 

  257 

A 

Table A7: DSC measurements of melting temperatures and enthalpies of fusion for racemates (!$%& and 
∆#'

%&) and enantiopure solids (!$%  and ∆#'
%) of library 1, and the computed free energy differences 

(∆$( ). 

Entry Compound !!"#		
(K) 

∆$$
"#  

(kcal/mol) 
!!" 		
(K) 

∆$$
"  

(kcal/mol) 
∆%%  

(kcal/mol) 

1b (E)-2-((2-fluorobenzylidene)- amino)-2-
phenylacetamide 403 - 430 8.39 0.03 

1a (E)-2-((2-methylbenzylidene)-amino)-2-
phenylacetamide 430 8.20 453 9.59 0.09 

1c (E)-2-((2-chlorobenzylidene)-amino)-2-
phenylacetamide 427 9.32 451 9.00 0.10 

1d (E)-2-((2-bromobenzylidene)-amino)-2-
phenylacetamide 413 - 436 8.57 0.11 

1e (E)-2-(benzylideneamino)-2-
phenylacetamide 399 7.63 419 7.40 0.19 

1o (E)-2-((4-bromobenzylidene)-amino)-2-
phenylacetamide 430 9.70 446 9.25 0.26 

1n (E)-2-((4-chlorobenzylidene)-amino)-2-
phenylacetamide 413 8.41 427 8.41 0.29 

1i (E)-2-((3-bromobenzylidene)-amino)-2-
phenylacetamide 396 8.41 407 8.34 0.33 

1h (E)-2-((3-chlorobenzylidene)-amino)-2-
phenylacetamide 390 8.80 397 7.89 0.39 

1f (E)-2-((2-methoxybenzylidene)- amino)-
2  phenylacetamide 461 7.31 462 10.07 0.62 

1j (E)-2-((3-fluorobenzylidene)- amino)-2-
phenylacetamide 393 7.26 386 7.26 0.66 

1s (E)-2-((4-hydroxybenzylidene)- amino)-
2-phenylacetamide 425 4.86 410 4.38 0.73 

1l (E)-2-((3-methoxybenzylidene)- amino)-
2-phenylacetamide 415 9.49 402 12.12 0.84 

1g (E)-2-((2-hydroxybenzylidene)- amino)-
2-phenylacetamide 429 7.90 413 7.78 0.86 

1r (E)-2-((4-methoxybenzylidene)- amino)-
2-phenylacetamide 404 6.86 364 5.58 1.17 

1p (E)-2-((4-fluorobenzylidene)- amino)-2-
phenylacetamide 427 9.40 394 9.40 1.26 

1q (E)-2-((4-methylbenzylidene)-amino)-2-
phenylacetamide 403 7.96 428 9.47 - 

 

Remarks on Table A7 

1b) Exothermic phase transition upon melting. ΔGΦ
 has been estimated following its 

linear correspondence to ΔT(RS-R), as shown in Figure A37. 

1d) Exothermic phase transition upon melting. ΔGΦ
 has been estimated following its 

linear correspondence to ΔT(RS-R), as shown in Figure A37. 

1k) Could not be crystallized, was not characterized by DSC, and is therefore not 
included in Table A7. 

1m) Could not be crystallized, was not characterized by DSC, and is therefore not 
included in Table A7. 
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1q) Stable racemic compound which shows non-ideal thermodynamic behavior due 
to interactions between the two enantiomers in the melt and solution phase. This 
non-ideality invalidates the assumptions made underlying eq. 1 so that ∆87 would 
not re$ect the actual energy di%erence between the crystal phases.  

 
Figure A37:  Difference in free energy between the racemate and the enantiopure form (ΔGΦ) as a 
function of the difference in the temperature between the racemate and the enantiopure form ΔT(RS-R) 

(°C) showing a linear relationship. Fitted equation: ΔGΦ ≈ 0.02.ΔT(RS-R)  + 0.6. 

Deracemization of 1d 

A 7 mL vial (27150-U Supelco, Merck) was charged with 20 mg of (R)-1d and 100 mg 
of racemate (Fig. A38a), to yield a starting composition of the solid with 17% 
enantiomeric excess in R. Subsequently, a stirring bar (6x3mm cylindrical PTFE 
stirring bar, VWR), 1 g of glass beads (borosilicate, 2 mm diam.), and 1 mL of methanol 
(MeOH) were added to the solid, and the vial was brie$y vortexed. To start the 
conversion, 20 μL of DBU was added and the slurry was stirred vigorously for 3 hours. 
After these 3 hours, the enantiomeric excess of the solid was determined by casting 
the slurry on top of !lter paper laid down on a P5 glass !lter connected to a vacuum 
!ltration set-up (whilst under active vacuum). A sample of the solid (~1 mg) was then 
taken using a Pasteur pipette, dissolved in 1.5 mL of 2-propanol by ultrasonication, 
and submitted to HPLC analysis (Fig. A38b). The HPLC analysis showed a !nal 
composition of the solid of 97.9% enantiomeric excess in R, implying virtually full 
deracemization of 1d towards the desired R-enantiomer. 
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Figure A38:  HPLC chromatograms of (a, top) the racemate of 1d, showing peaks for both (R)-1d and 
(S)-1d in equal amounts, and (b, bottom) the solid obtained after the deracemization procedure, 
showing virtually only (R)-1d remaining. 

Library 2 

Synthesis of Library 2 

The library 2 composed Praziquantel derivatives was provided by Symeres and 
synthesized following the literature procedure.22 In short, di%erent library entries 
were created by reacting praziquanamine with various acyl chlorides to give library 
2 (Table A8). 

DSC characterization of library 2 

Racemic and enantiopure solids from library 2 were analysed using DSC following 
the procedure described in a previous section. From the DSC measurements we 
obtain the melting point and enthalpy of fusion of the racemic solid (55!# and ∆76!#) 
and the enantiopure solid (55! and ∆76!). Using equation 1, we compute the free 
energy di%erence (∆87) (Table A8). 

 

 
22 Valenti, G.; Tinnemans, P.; Baglai, I.; Noorduin, W. L.; Kaptein, B.; Leeman, M.; ter Horst, J. H.; Kellogg, R. 
M. Combining Incompatible Processes for Deracemization of a Praziquantel Derivative under Flow 
Conditions. Angew. Chem. 2021, 133 (10), 5339–5342. https://doi.org/10.1002/ange.202013502. 
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Table A8. DSC measurements of melting temperatures and enthalpies of fusion for racemates (!$%& and 
∆#'

%&) and enantiopure solids (!$%  and ∆#'
%) of library 2, and the computed free energy differences 

(∆$( ). 

Entry Compound !!"#		
(K) 

∆$$
"# 

(kcal/mol) 
!!" 		
(K) 

∆$$
" 

(kcal/mol) 
∆%%  

(kcal/mol) 

2a 2-pivaloyl-1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-a]isoquinolin-4-one 

425 7.94 
454 8.79 

0.03 

428 7.30 0.08 

2b 2-isobutyryl-1,2,3,6,7,11b-hexahydro-
4H-pyrazino[2,1-a]isoquinolin-4-one 

388 5.54 
419 7.42 

-0.02 

391 6.25 0.03 

2c 2-acetyl-1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-a]isoquinolin-4-one 

415 6.14 
454 6.28 

0.03 
417 6.60 0.06 
421 5.36 0.13 

2d 2-propionyl-1,2,3,6,7,11b-hexahydro-
4H-pyrazino[2,1-a]isoquinolin-4-one 421 8.54 423 7.67 0.53 

2e 
2-(2,2-dimethylbutanoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

438 8.51 400 6.62 1.30 

2f 
2-(cyclopropanecarbonyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

400 4.95 
422 5.57 

0.25 
418 9.81 0.51 
422 5.89 0.58 

2g 
2-(cyclopentanecarbonyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

407 7.88 413 6.18 0.47 

2h 
2-(cyclohexanecarbonyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

414 8.14 384 5.64 1.11 

2i 
2-(4-(tert-butyl)benzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

476 8.59 458 8.07 0.96 

2j 
2-(4-methoxybenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

491 9.78 482 12.5 0.85 

2k 
2-(2-methylbenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

390 5.25 379 4.01 0.67 

2l 2-benzoyl-1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-a]isoquinolin-4-one 438 8.27 408 4.88 1.14 

2m 
2-(2-phenylacetyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

394 6.06 389 4.88 0.61 

2n 
2-(4-methylbenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

460 8.70 459 8.96 0.65 

2o 
2-(4-ethylbenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

447 9.15 414 6.07 1.24 

2p 
2-(4-fluorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-onecc 

460 7.35 479 9.78 0.24 

2q 
2-(4-chlorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-onebbr 

491 11.7 510 12.4 0.21 
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2r 
2-(4-bromobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

487 10.8 511 8.55 0.27 

2s 
2-(2,4-dichlorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

411 5.90 431 7.39 0.24 

2t 
2-(4-nitrobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

485 9.58 498 9.84 0.41 

2u 
2-isonicotinoyl-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

413 6.90 437 6.13 0.24 

2v 
4-(4-oxo-1,3,4,6,7,11b-hexahydro-2H-
pyrazino[2,1-a]isoquinoline-2-
carbonyl)benzonitrile 

490 8.25 458 6.53 1.18 

2w 
2-(3-chlorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

457 8.88 435 7.53 1.02 

2x 
2-(2-fluorobenzoyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

401 6.64 436 6.14 0.06 

2y 
2-(2,2,2-trichloroacetyl)-1,2,3,6,7,11b-
hexahydro-4H-pyrazino[2,1-
a]isoquinolin-4-one 

459 8.29 416 5.50 1.35 

Remarks on Table A8 

2a) A racemic compound with a higher melting point than the reported 
conglomerate was detected. Further experiments highlighted the thermodynamic 
stability of the conglomerate at room temperature while the racemic solid phase 
becomes thermodynamically stable at elevated temperatures. ΔGΦ has been 
calculated for the two solid phases. 

2b) The racemic conglomerate and the racemic compound could be grown from its 
racemic mixture. Further experiments highlighted the thermodynamic stability of 
the racemic compound, at least for temperatures greater than -30 °C.  ΔGΦ has been 
calculated for the two solid phases. 

2c) Two polymorphic forms of the racemic compound and the racemic conglomerate 
could be crystallized and characterized by DSC. ΔGΦ has been calculated for the three 
solid phases. 

2f) Three polymorphic forms of the racemic compound exhibiting an enantiotropic 
relationship.23 ΔGΦ has been calculated for the three solid phases. 

 
23 Pinètre, C.; Ritou, L.; Gerard, C. J. J.; Cercel, H.; Leeman, M.; Kellogg, R. M.; Tinnemans, P.; Sanselme, M.; 
Brandel, C.; Dupray, V.; ter Horst, J. H. Rare Case of Polymorphism in the Binary System of Enantiomers of 
a Praziquantel Derivative. Org. Process Res. Dev. 2024. https://doi.org/10.1021/acs.oprd.4c00035. 
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Resolution of 2b and 2c 

SIPC method 

∼ 800 mg of racemic 2b and 2c was dissolved in 10 mL and 30 mL IPA using a 20 mL 
and 50 mL vials respectively by heating the resulting stirred mixture (cross-shaped 
PTFE magnetic stirring bars (BOHLC369-25, VWR) and standard stirring plate at 
700rpm) until a clear solution is obtained (double-jacketed $asks connected to a 
circulating cryostat (F34-HE, Julabo)). The clear solution was then !lter through 0.22 
µm syringe !lter and cooled to reach a supersaturation β = 2 (15 °C and 20 °C 
respectively) with respect to the solubility of the racemic compound (Fig. A39) and 
seeded with 40 mg of pure enantiomer.   

 
Figure A39: Temperature dependent solubility of 2b (circle) and 2c (triangle) in IPA. Solubility lines are 
theoretical modelling using Van’t Hoff equation. 

Sampling methods and sample preparation 

For compound 2b and 2c, the chiral resolution via preferential crystallization was 
monitored by sampling ∼ 0.5mL of the slurry from the crystallization $ask using a 
single channel mechanical pipettor (613-0155, VWR). The solid and liquid phases 
were isolated from the collected suspension following two procedures :  

• By casting it on top of !lter papier laid down on glass !lter connected to a 

vacuum !ltration setup 

• By centrifuge !ltration using standard micro centrifuge (Fisherbrand) and 

0.22µm cellulose acetate centrifuge tube !lter (525-0017, VWR)  
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∼1.5 mg of the solid phase was dissolved in 1.5 mL of a n-Heptane/IPA mixture 
(80/20; v/v) with subsequent ultrasonication while the liquid phase was diluted 9 
times with the same solvent mixture prior to HPLC analyses.    

HPLC methods and SIPC monitoring 

Enantioselective HPLC analyses for compound 2b and 2c were performed on a 
Chiracel OD-H column (4.6 x 250 mm, 5μm) with a mobile phase consisting of n-
heptane and 2-propanol (85/15 and 60/40 v:v respectively) at $ow rate of 1 mL.min−1 
with a UV detection at 220 nm. Each run had a total time of 60 minutes (Fig. A40).  

The crystallized mass was obtained by (i) weighing the total amount of enantiopure 
solid recovered or (ii) determining the concentration of the solute based on the 
calibration curve in Figure A41. The evolution of the crystallized mass and its 
associated enantiomeric excess (e.e.) are summarized in Table A9. 

 

 
Figure A40: Typical chromatogram of racemic 2b (top) and racemic 2c (bottom). Retention time (min) 
for 2b: (R)-2b: 27.38 (S)-2b: 37.83 and 2c: (R)-2c: 16.32 (S)-2c: 25.32.  
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Figure A41: Calibration curve for derivative 2b. 

Table A9: SIPC monitoring result of compounds 2b and 2c giving the crystallized mass (mass of initial 
seed already deducted) and the enantiomeric excess of both the solid and liquid phases. The e.e. 
positive sign is arbitrary attributed to the (R) enantiomer. 
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Literature dataset 

Thermochemical data compiled from literature 

The melting point and enthalpy of fusion of racemic solids (55!# and ∆76!#) and 
enantiopure solids (55! and ∆76!) were obtained from literature.24,25,26 Using equation 
1, we computed the free energy di%erence (∆87) (Table A10). 

Table A10: Literature dataset of melting temperatures and enthalpy of fusion for racemates (!$%& and 
∆#'

%&) and enantiopure solids (!$%  and ∆#'
%), and computed difference in free energy (∆$( ). 

No. Compound 9!"#		
(K) 

∆<!"# 
(kcal/mol) 

9!" 		
(K) 

∆<!"  
(kcal/mol) 

∆=$ 	

(kcal/mol) 

Conglomerates 

1 (3S)-(3-Fluorophenyl)-3-hydroxy propanoic acid (3-(3-
fluorophenyl)hydracrylic acid) 290 4.90 311 5.80 0.008 

2 (+)-3-(4-chlorophenyl)-3-hydroxypropanoic acid (3-(4-
Chlorophenyl)-hydracrylic acid) 357 6.70 385 7.10 -0.025 

3 (S)-3-(4-Bromophenyl)-3-hydroxypropanoic acid (3-(4-
Bromophenyl)-hydracrylic acid) 371 6.90 398 8.50 -0.066 

4 1(R),2(R)-1,2-diphenylethane-1,2-diol (Hydrobenzoin) 394 7.20 420 8.00 0.056 

5 (S)-Fluoro-methyl-naphtalen-phenyl-1-ysilane 312 5.40 341 5.60 -0.039 

6 (R,S)-N-Methylephedrine (Methylephedrine) 336 6.36 361 7.30 -0.049 

7 (S)-2-Hydroxy-3-phenylpropanoic acid  
(3-Phenyllactic acid) 368 7.29 395 7.29 0.003 

8 (2S)-1-butyl-N-(2,6-dimethylphenyl)piperidine-2- 
carboxamide (Levobupivacaine/Bupivacaine) 376 4.62 413 6.27 -0.044 

9 2-(4-methoxyphenyl)-1-phenylpropan-1-one (a-methyl-
4-methoxydeoxybenzoin) 326 5.20 353 6.30 -0.033 

10 (1S,2S)-1,2-dichloro-1,2-dihydroacenaphthylene 339 4.90 375 5.10 -0.023 

11 (R)-3-Hydroxy-3-phenylpropanoic acid  
(3-Phenyl hydracrylic acid) 366 7.10 391 7.80 0.005 

12 
1,7,7-trimethyl-3-[(4-
methoxyphenyl)methylidene]bicyclo[2.2.1]heptan-2-one 
(Anisylidene-camphor) 

372 6.30 400 7.20 0.007 

13 (S)-4-Hydroxy-2-pyrrolidone 395 6.39 430 6.81 -0.011 

14 (3S)-3-hydroxy-2,2-dimethyl-3-phenylpropanoic acid 407 8.90 431 9.50 0.032 

15 (2S,3S)-2acetamido-N,3-dimethylpentanimde (N-acetyl-
isoleucine-N’-methylamide) 482 6.48 525 9.11 -0.082 

 
24 Jacques, J.; Collet, A.; Wilen, S. H. Enantiomers, Racemates, and Resolutions; Krieger Publishing Company: 
Malabar, 1994. 
25 Li, Z. J.; Zell, M. T.; Munson, E. J.; Grant, D. J. W. Characterization of Racemic Species of Chiral Drugs Using 
Thermal Analysis, Thermodynamic Calculation, and Structural Studies. Journal of Pharmaceutical Sciences 
1999, 88 (3), 337–346. https://doi.org/10.1021/js980205u. 
26 Charpentier, M. D. Crystallization in Multicomponent Chiral Systems: Thermodynamic Characterization 
and Guidelines for Chiral Resolution of Racemic Compounds with Cocrystallization, University of 
Strathclyde, 2023. https://stax.strath.ac.uk/concern/theses/6q182k65j. 
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16 (1S,2S)-2-methylamino-1-phenylpropan-1-ol; 
hydrosulfide (Pseudoephedrine) 381 7.77 404 8.75 0.027 

17 (S)-1-[2-(3,4-dimethoxyphenyl)ethylamino]-3-(3- 
methylphenoxy)propan-2-ol; hydrochloride (Bevantolol) 408 9.68 428 11.0 0.041 

Racemic Compounds 

18 (2S)-2-acetamido-3-methylbutanoic acid (N-acetyl-
valine-N’-methylamide) 497 8.90 531 8.14 0.154 

19 (-)5-(2-Hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-
ol (cis-Sobrerol) 379 6.18 383 5.54 0.464 

20 (2R)-2-(4-Fluorophenyl)-2-hydroxyacetic acid  
(4-Fluoro mandelic acid) 406 7.08 426 6.90 0.235 

21 2-(4-(2-methylpropyl)-phenyl) propanoic acid 
(Ibuprofen) 346 6.06 320 4.47 0.903 

22 (1R,2S)-2-amino-1-phenyl-1-propanol (Norephedrine) 374 6.24 324 3.79 1.279 

23 (1S,4S)-4-(3,4-Dichlorophenyl)-N-methyl-1,2,3,4- 
tetrahydronaphtalen-1-amine (Sertraline) 343 5.12 340 5.86 0.513 

24 1-Naphthalen-1-yloxy-3-(propan-2-ylamino)propan-2-ol 
(Propranolol) 367 9.75 344 8.37 1.072 

25 (2R)-2-Phenoxypropionic acid 388 7.90 359 5.40 1.085 

26 (2R)-(2-Fluorophenyl)-2-hydroxyacetic acid (2-
fluoromandelic acid) 389 7.30 362 4.78 1.002 

27 (2R)-(2-Chlorophenyl)(hydroxy)acetic acid (2-
chloromandelic acid) 392 5.70 363 5.98 0.914 

28 (-)-2-hydroxybutanedioic acid (Malic acid) 402 7.63 373 6.33 1.055 

29 (S)-(3-chlorophenyl)(hydroxy)acetic acid  
(3-chloromandelic acid) 389 6.25 380 5.92 0.668 

30 (3R)-3-(4-Fluorophenyl)-3-hydroxypropanoic acid (3-
(4-fluorophenyl)hydracrylic acid) 362 6.60 381 7.40 0.130 

31 (S)-2-(2-oxopyrrolidin-1-yl)butanamide (Levetiracetam) 393 7.44 389 6.51 0.597 

32 (2R)-2-(3-fluorophenyl)-2-hydroxyacetic acid  
(3-Fluoromandelic acid) 369 5.46 394 5.56 0.157 

33 (S)-(+)-2-Hydroxy-2-phenylacetic acid  
(Mandelic acid) 393 6.18 405 5.86 0.377 

34 (+)-2-(6-methoxynaphthalen-2-yl) propanoic acid 
(Naproxen) 429 7.93 429 7.58 0.584 

35 (S)-7-(2,3-Dihydroxypropyl)-1,3-dimethylpurine-2,6-
dione (Diprophylline) 433 7.84 438 7.58 0.520 

36 4-[(2S)-2-(3,5-dioxopiperazin-1-yl)propyl]piperazine-
2,6-dione (Dexrazoxane) 507 10.75 468 9.04 1.487 

37 (2R)-1-Naphthalen-1-yloxy-3-(propan-2- 
ylamino)propan-2-ol . HCl (Propranolol) 436 7.13 468 7.96 0.057 

38 (1R,2S)-2-(Methylamino)-1-phenylpropan-1-ol 
(Ephedrine) 351 6.95 313 4.14 1.180 

39 (2S)-2-(3-benzoylphenyl)propanoic acid (Ketoprofen) 367 5.01 345 3.51 0.773 

40 (+)-(2S,3S)-Phenylglyceric acid 395 7.50 372 5.60 0.958 

41 (+)-2-Methylamino-1-phenylpropan-1-ol 
(Pseudoephedrine) 391 8.15 392 7.64 0.513 

42 N-[[(2S)-1-ethylpyrrolidin-2-yl]methyl]-2-methoxy-5-
sulfamoylbenzamide (Sulpiride) 451 11.03 460 10.04 0.433 

43 1-(Propan-2-ylamino)-3-(2-prop-2-enyphenoxy)propan-
2-ol (Alprenolol) 331 8.51 299 5.68 1.249 

44 alpha-2-(1-Naphthyl)propanoic acid 423 7.30 342 3.40 1.862 

45 (3R)-(2-Fluorophenyl )-3- hydroxy propanoic acid 342 6.50 348 5.40 0.378 

46 (-)-1-[2-(3,4-Dimethoxyphenyl)ethylamino]-3-(3- 
methylphenoxy)propan-2- ol (Bevantolol) 361 10.97 348 10.57 0.854 
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47 3-(3-Bromo-3-phenyl)-3-hydroxy propanoic acid (3-(3-
Bromophenyl)hydracrylic acid) 349 6.40 350 5.70 0.464 

48 1,5-Dichloro-9,10-dihydro-9,10-ethano anthracene 424 6.60 354 3.00 1.584 

49 (S,S)-3,5- Dimercaptoheptanedioic acid  
(2',6'-pipecoloxylidide) 429 9.40 355 5.00 2.110 

50 beta-3-Hydroxy-3-phenylbutanoic acid 330 4.70 357 5.40 0.046 

51 2R-Chloro-3-methyl-2-phenoxy propionic acid 392 7.30 360 5.30 1.092 

52 4-Nitro 2-phenoxy propionic acid 412 7.70 362 5.00 1.425 

53 9,10-Dihydro-9,10ethano-11,12-
dicarbomethoxyanthracene 380 5.60 363 4.00 0.750 

54 2-(3-Chlorophenyl)-2-hydroxy acetic acid  
(3-chloromandelic acid) 380 5.01 367 5.07 0.674 

55 2-(m-Chlorophenoxy) propanoic acid 386 7.90 368 7.10 0.885 

56 3-(m-Chlorophenyl)-3-hydroxy propanoic acid  
(3-(m-Chlorophenyl)hydracrylic acid) 340 5.70 368 6.70 -0.041 

57 (+)-2-(2-Chlorophenoxy)-propionic acid 388 7.70 369 6.40 0.885 

58 
(1S,3E,4R)-3-benzylidene-1,7,7- 
trimethylbicyclo[2.2.1]heptan-2-one  
(Benzylidene camphor) 

351 5.50 371 5.60 0.173 

59 2S-Dimethyl-diacetyl tartaric acid 358 6.60 378 6.50 0.148 

60 (3R)-3-Hydroxy-3-phenylpentanoic acid 384 8.40 379 7.40 0.631 

61 2-(4-Chlorophenyl)-2-hydroxy acetic acid  
(4-chloromandelic acid) 384 5.48 379 4.69 0.585 

62 2-(2-Chlorophenyl)-2-hydroxy acetic acid  
(2-chloromandelic acid) 346 4.76 380 4.94 0.028 

63 (2R)-2-(4-bromo phenoxy) propanoic acid 385 7.60 380 6.60 0.622 

64 
(R,S)-2-[(2-aminoethoxy)methyl]-4-(2- 
chlorophenyl)-ethoxycarbonyl-5-methoxycarbonyl-6-
methyl-1,4-dihydropyridine (Amlodipine) 

414 4.83 384 4.03 0.880 

65 9,10-Dimethyl-9,10 dihydro-9,10- ethano-11,12- 
dicarbomethoxyanthracene trans 465 9.80 393 4.50 2.059 

66 2-(2-chlorophenyl)-2-hydroxy acetic acid  
(2-chloromandelic acid) 364 5.70 394 5.97 0.047 

67 (2R)-2-(4-Chlorophenyl )-2-hydroxy acetic acid  
(4-chloromandelic acid) 395 6.51 395 5.03 0.544 

68 (S)-N-(2,6-dimethylphenyl)-1-piperidine-2- 
carboxamide 385 5.53 403 5.78 0.272 

69 11,12-Di(hydroxymethyl)-9,10-dihydro-9,10- 
ethanoanthracene 475 9.85 406 5.70 1.991 

70 (2S)-N-(2,6-dimethylphenyl)-1-ethylpiperidine-2- 
carboxamide 405 4.33 408 4.76 0.523 

71 Dibenzoylmethyl-tartaric acid 423 11.70 409 11.00 0.937 

72 (2S)-N-(2,6-dimethylphenyl)-1-propylpiperidine-2- 
carboxamide (Ropivacaine) 391 5.69 414 10.64 -0.051 

73 1,2-Dibromoacenaphtene/5,6-Dibromoacenaphthene 397 6.00 416 6.30 0.259 

74 
5-O-ethyl 3-O-methyl (4R)-4-(2,3-dichlorophenyl)-2,6-
dimethyl-1,4-dihydropyridine-3,5-dicarboxylate 
(Felodipine) 

417 7.53 417 6.07 0.566 

75 5-(2-Hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-ol 
(trans-Sobrerol) 405 8.22 424 8.29 0.191 

76 1,5-Dichloro-9,10-dihyro-9,10 ethano- 11,12- 
dicarbomethoxyanthracene (exo) 465 8.80 424 5.55 1.360 
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77 (2R)-N-(2,6-dimethylphenyl)-1-methylpiperidine-2-
carboxamide (Mepivacaine) 423 4.05 426 4.25 0.553 

78 1,5-Dichloro-9,10-dihyro-9,10-ethano- 
11,12dicarbomethoxyanthracene (endo) 436 6.30 427 5.90 0.718 

79 (S)-2-acetamido-N,4-dimethylpentanamide (N-acetyl-
leucine-N’-methylamide) 432 6.49 428 5.54 0.648 

80 
(2R)-5-[2-(3,4-Dimethoxyphenyl)ethyl](methyl)amino}- 
2-isopropyl-2-(3,4,5-trimethoxyphenyl)pentanenitrile 
(Gallopamil) 

427 12.27 434 13.00 0.357 

81 1,5-Dichloro-11,12-dihydroxymethyl-9,10-dihydro-
9,10ethanoanthracene trans (endo) 441 7.90 435 4.70 0.707 

82 (2R)-2-[(3-amino-2,4,6- 
triiodophenyl)methyl]butanoic acid (Iopanoic acid) 427 6.62 439 6.21 0.421 

83 (3R)-2,2,3-Triphenylpentanoic acid 480 8.90 442 6.40 1.322 

84 2-acetamido-N-methylacetamide  
(N-acetyl-alanine-N’-methylamide) 412 3.80 455 5.65 0.034 

85 (2R)-2-(1-Nitronaphthalen-2-yl)oxypropanamide 431 7.00 462 7.30 0.111 

86 1-(1-Phenylethyl)thiourea 411 7.90 472 8.60 -0.547 

87 (2S)-2-[4-(3-oxo-1H-isoindol-2-yl)phenyl]butanoic acid 
(Indobufen) 455 9.42 472 7.98 0.346 

88 Naphtoxy-2 propionamide 445 9.00 475 9.10 0.038 

89 (2R)-2-[4-(3-oxo-1H-isoindol-2-
yl)phenyl]propanoicacid (Indoprofen) 486 10.02 483 12.35 0.711 

90 11,12-Di(iodo-methyl)-9,10-dihydro-9,10- 
ethanoanthracene 469 8.00 491 8.40 0.260 

91 1,5-Dichloro-11,12 dihydroxymethyl-9,10 dihydro-
9,10ethanoanthracene trans (exo) 520 12.80 527 12.80 0.533 

92 2-Amino-1-phenylpropan-1-ol; hydrosulfide 
(Norephedrine) 391 7.12 375 5.56 0.808 

93 
(2S)-2-(3,4-Dimethoxyphenyl)-5-[2-(3,4- 
dimethoxyphenyl)ethyl-methylamino]-2-propan-2- 
ylpentanenitrile . HCl (Verapamil) 

417 15.39 408 9.72 0.873 

94 2-(Methylamino)-1-phenylpropan-1-ol; napsylate 
(Ephedrine; napsylate) 444 9.20 444 7.88 0.607 

95 (1S,2S)-2-amino-1-phenyl-1-propanol . HCl  
(Norephedrine) 469 6.92 446 4.84 0.955 

96 (+)-2-methylamino-1-phenylpropan-1-ol . HCl 
(Pseudoephedrine) 439 5.24 456 5.45 0.403 

97 2-(Methylamino)-1-phenylpropan-1-ol (Ephedrine) 464 8.35 492 7.58 0.202 

98 2-(cyclohexanecarbonyl)-3,6,7,11b-tetrahydro-1H- 
pyrazino[2,1-a]isoquinolin-4-one (Praziquantel) 409 6.15 384 4.42 0.913 

 

Fitting of the gamma distribution  

The CDF of the literature data were !tted to a cumulative gamma-distribution (Fig. 
A42). The gamma-distribution was !rst corrected for the physical reality that ∆87 
protrudes in the negative domain. Therefore, we establish the adapted gamma-
distribution γ (eq. 2): 

γ "∆$& , k, θ(   =   '
(!  +(-)  (∆$

& + δ)-/' e/(∆0"12)/(  where  ∆$& + 3  >  0 
        (eq. 2) 
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wherein γ is the probability density, Γ is the gamma function, k and θ serve as !tting 
parameters and K provides the introduced o%set. The cumulative gamma-
distribution (CDF) then is calculated as eq. 3: 

CDF(∆$& , k, θ) = ∫ γ($, k, θ)∆0"
/4 dG    (eq. 3) 

We subsequently !tted the cumulative gamma-distribution (CDF, eq. 3) to the 
literature data by minimizing the sum of errors (least squares) through GRG 
nonlinear gradient descent. This provided the !nal !t shown in Figure A42 for which 
we found k = 12.15, θ = 0.138, K = 1.03. 

 
Figure A42:  The cumulative probability distribution of the literature dataset of ∆$(  (black circles) fitted 
with an adapted gamma-distribution (eq. 2) through a GRG nonlinear gradient descent algorithm (red 
line). 

Statistical tests 

First, a Goodness-of-Fit analysis (Chi-Square) was performed to assess whether the 
gamma-distribution accurately !tted the CDF of the combined dataset. The 
calculated value of  χ2 = 0.723 under 80 degrees of freedom led to a p-value < α = 0.01 
(***). Therefore, we have established that the !t is good. 

Second, two-sided Kolmogorov-Smirnov tests were performed to assess whether the 
data from the individual ∆87-distributions (library 1, library 2, literature dataset) 
could indeed be inferred to originate from the !tted gamma distribution. Here, we 
found: D = 0.267 and a p-value of 0.1478 for library 1, D = 0.224 and a p-value = 0.0765 
for library 2, and D = 0.056 and a p-value = 0.9519 for the literature dataset. Under a 
typical α of 0.05, these results signi!cantly accept the null-hypothesis, to mean that, 
indeed, all three individuals ∆87-distributions can be inferred to match the !tted 
gamma distribution and could originate from this mother distribution. 
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Summary. 
Introduction 
Just like our hands, many molecules occur in two mirrored forms called enantiomers. 
Molecular chirality is concerned with discriminating such three-dimensional 
stereochemical molecular forms. The ampli!cation of molecular chirality is at the 
core of discussions on the origin of life and is key in the production of essential 
enantiopure pharmaceutical and agrochemical building blocks. Indeed, 
administering the wrong enantiomeric form of a drug can have no therapeutic e"ect 
or, at worst, even cause severe side-e"ects. 

One of the most promising methods to achieve full chiral ampli!cation is 
crystallization-induced deracemization, in which even minute chiral imbalances can 
already be ampli!ed to complete enantiomeric purity. This process relies on three 
elements: (i) enantiomers self-sort into enantiopure crystals called conglomerates, 
providing a physiochemical mechanism for stereochemical speci!city; (ii) 
enantiomers racemize in solution, providing a pathway for interconversion that is 
required in deracemization; (iii) the crystalline solid-phase undergoes repeated 
cycles of growth and dissolution to drive the solid-state deracemization.  

This thesis will explore the fundamental mechanism of this crystallization-induced 
deracemization process, provide tangible guides for its practical implementation, 
and pave the way to expanding its scope beyond the statistically limited group of 
thermodynamically favoured conglomerates. A theoretical background on chirality, 
crystal growth, and chiral crystallization is presented in Chapters 1, 2, and 3 
respectively. The Summary Figure provides a graphical collection of the main 
!ndings presented in this work, which will now be textually elaborated. 

Chiral Amplification through Asymmetric Crystal 
Growth under Racemizing Conditions 
A poor mechanistic understanding of crystallization-induced deracemization deters 
further advances and e"ective implementation of the process. Up to now, there has 
been a widespread general consensus that enantiomeric enrichment occurs during 
the dissolution of crystals, while crystal growth may give undesired erosion of 
enantiopurity. This assumption, stemming from equilibrium thermodynamics, has 
led crystal growth to be disregarded and unstudied as a source of enantioenrichment 
by itself. 
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Summary Figure. Asymmetric Amplification and Deracemization during the Reactive Crystallization of 
Chiral Molecules. (a) Chiral amplification can occur during crystal growth under racemizing conditions, so 
that tiny amounts of low enantiopurity seeds yield high enantiopurity products. (b) The number and size 
crystals decisively govern asymmetric crystallization: subtle size-disparities in seeds exert strong non-
linear effects that outweigh initial enantioenrichment in directing the outcome of chiral amplification. (c) 
Deconvoluting the roles of growth and dissolution in asymmetric crystallization uncovers a fundamental 
hysteresis effect driving ratcheted deracemization: growth-driven enantioenrichment consistently exceeds 
dissolution-induced erosion. (d) Conglomerate crystals are generally (90-95% of cases) less stable than 
their racemic compound equivalents, but a directed evolution strategy that systematically introduces 
chemical modifications can rapidly favour enantiopure crystallization over the formation of racemic 
crystals. Moreover, non-equilibrium conditions may allow obtaining kinetically stable conglomerates for 
ca. 50% of all crystalline chiral organic molecules. 

asymmetric
crystallization

(a)

(b)

(c)

(d)

enantiopurityenriched mixture
(unequal populations)

enrichment during growth

erosion during dissolution
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In Chapter 4, we answer a question of both fundamental and practical importance: 
is enantiomeric ampli!cation during crystal growth really to be discounted? For the 
!rst time, we study crystal growth under racemizing conditions for seed crystals of 
low enantiopurity and demonstrate that, defying currently prevalent views, 
ampli!cation of enantioenrichment can occur during crystal growth. Guided by a 
mechanistic framework, we show that the interplay between racemization and 
crystallization rates can result in either erosion, consolidation or ampli!cation of 
the enantiomeric excess of the seed crystals. We identify that the faster growth of 
the majority population of enantiomorphic seed crystals is at the core of this 
remarkable chiral ampli!cation mechanism. Moreover, contrary to the common 
belief that large amounts of seed crystals are generally bene!cial, we demonstrate 
that the level of chiral ampli!cation can be further increased by decreasing the 
amount of seed crystals: small amounts of seeds of only 60% ee can already result in 
virtually exclusive growth of the enantiomer that constitutes the majority 
population of the solid phase. 

How Crystal Size and Number steer Asymmetric 
Crystallization 
Having revealed complex non-linear e"ects during crystal growth that can greatly 
a"ect the outcome of chiral crystallization under racemizing conditions, we now 
know that di"erences in the growth rates of enantiomeric crystal populations are 
essential in our understanding and control of chiral ampli!cation. So far it has 
remained unclear, however, where such growth rate asymmetries originate and how 
they can be leveraged and controlled. 

In Chapter 5, we investigate how size and mass imbalances between two 
enantiomeric crystal populations translate to asymmetric growth rates that 
determine asymmetric crystal growth. By carefully preparing enantiomeric seed 
mixtures with controlled imbalances in size and mass, we were able to disentangle 
their contributions and quantify their impact on the extent and direction of 
ampli!cation. We !nd that the interplay between imbalances in size and mass can 
yield positive, linear or even negative, non-linear chiral ampli!cation. Consequently, 
though small crystals have a thermodynamically higher solubility than large ones, 
we show that a minority population of small crystals can collectively outgrow and 
ultimately dominate a majority of larger crystals. Furthermore, by tuning the 
crystallization rate through supersaturation, we demonstrate that these size-
induced e"ects can be enhanced, dampened, or even inverted, depending on the 
fundamental mechanism of crystal growth. 

These results provide a conceptual advance in understanding the kinetic drivers of 
symmetry breaking and o"er a practical guide for controlling deracemization 
processes. We can now rationalize several existing empirical strategies for the 
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execution of crystallization-induced deracemizations, suggest novel approaches, and 
provide ideas that extend asymmetric ampli!cation to stable racemic compounds 
(i.e. molecules that thermodynamically do not favour conglomerate crystallization). 
These !ndings further apply beyond chirality in other asymmetric crystallization 
processes of profound importance to industry. 

On Mechanistic Ratchets driving Crystallization-
Induced Deracemization 
So far, we have focussed on asymmetric crystal growth under racemizing conditions 
to study chiral ampli!cation. Full crystallization-induced deracemization processes, 
however, combine crystal growth and dissolution steps. The cyclic interplay between 
crystal growth and dissolution ultimately drives deracemization, urging the 
experimental study of their individual contributions to further elucidate the 
mechanistic details of crystallization-induced deracemization. 

In Chapter 6, we dissect the individual contributions of asymmetric crystal growth 
and dissolution on chiral ampli!cation and use a mass-balance to expose the 
underlying crystal dynamics. Regardless of the racemization rate, we consistently 
!nd a dissymmetry between the growth and dissolution of the enantiomer 
populations: despite the major enantiomer growing and dissolving faster than the 
minor enantiomer, growth-driven enantioenrichment consistently surpasses 
dissolution-induced erosion. This dissymmetry between chiral crystal growth and 
dissolution enables a ratchet e"ect that drives chiral ampli!cation. Contrary to the 
prevailing view in the !eld, we also show that dissolution can even reduce initial 
enantioenrichment of the solid phase, whereas crystal growth can absolutely 
increase it—in agreement with our !ndings presented in Chapter 4 and 5. 

The experiments reported in Chapter 6 suggest that a fundamental di"erence 
between the mechanisms of crystal growth and dissolution underpins the 
fundamental workings of crystallization-induced deracemization. Besides 
fundamental impact, these insights provide further guidance for optimizing 
crystallization-induced deracemizations, particularly by separately optimizing 
growth and dissolution steps to maximize chiral ampli!cation and deracemization 
e#ciency. Speci!cally, we demonstrate how switching o" racemization during 
crystal dissolution maximizes the hysteresis between growth and dissolution, 
thereby maximizing chiral ampli!cation e#ciency. 

Deracemization through Solvent Cycling  
Whereas the previous Chapter was concerned with the fundamental roles of crystal 
growth and dissolution in chiral ampli!cation, it only marginally discussed how 
di"erent conditions for growing and dissolving crystals may have a profound impact 
on the e#ciency and application potential of this chiral ampli!cation. So far, 
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attrition (i.e. continuous dissolution and growth through size-dependent solubility 
and ripening) and spatiotemporal temperature cycling have been the two approach 
for achieving repeated growth and dissolution cycles. 

In Chapter 7, we present a novel method for implementing such growth-dissolution 
cycles that seeks to exploit the insights derived in previous Chapters. By now, we 
have established that slow growth but fast dissolution of crystals is ideal for stark 
non-linear chiral ampli!cation and reduced antagonistic e"ects from dissolution. 
Moreover, Chapter 6 explained that the racemization rate should ideally be equal or 
lower during dissolution than during growth. Chapter 7 introduces a novel method 
for deracemization that implements all these lessons: growth occurs through slow 
solvent removal and instantaneous dissolution is achieved through re-addition. This 
approach of solvent cycling-induced deracemization is achieved autonomously by 
repurposing a Soxhlet apparatus and designing a binary solvent with desirable 
boiling point, racemization kinetics, and solubility (i.e. cyclic mass transfer).  

As a proof-of-principle, we use the solvent-cycling approach to fully deracemize a 
chiral building block of blockbuster pharmaceutical Clopidogrel within 3.5 hours 
(20% initial enantiomeric excess), which is—even in its nonoptimized form—much 
faster than state-of-the-art crystallization-induced deracemization methods. 

Enantiopurity through Nonequilibrium Crystallization  
Crystallization is clearly a powerful and cornerstone method for isolating 
enantiopure molecules, but it relies on the rare and unpredictable self-sorting of 
enantiomers into separate enantiopure crystals (i.e. conglomerates). Critically, this 
only occurs in 5-10% of all cases. The vast majority of chiral mixtures (90-95%) 
crystallize together into racemic compounds, making the separation of enantiomers 
extremely challenging. 

Although cumbersome workarounds have been developed, these approaches fail to 
directly address the fundamental thermodynamic challenges underlying this low 
success rate in desirable crystallization behaviour. Recognizing this gap, we end this 
thesis by exploring the possibility that non-equilibrium crystallization conditions, 
which favour kinetic over thermodynamic stability, can overcome these challenges 
and potentially increase the likelihood of enantiopure crystal formation. 

In Chapter 8, we systematically characterize energy di"erences (ΔGΦ) between 
racemic and enantiopure crystal phases for libraries of target molecules 
(phenylglycine, praziquantel) with di"erent chemical modi!cations. Surprisingly, 
these libraries reveal wide but similar continuous distributions of ΔGΦ, wherein 
similar chemical modi!cations group together. This grouping allows a directed 
evolution strategy to discover crystals with low ΔGΦ for isolating desired 
enantiomers by crystallization under non-equilibrium conditions. By coupling 
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directed evolution, non-equilibrium strategies, and emerging AI-driven tools, our 
study paves a promising pathway toward scalable, automated isolation of essential 
enantiopure molecules in both academic and industrial applications. 

To examine how broadly this strategy might apply, we analysed the energy 
di"erences between racemic and enantiopure crystal forms for ca. 100 previously 
reported chiral molecules. This analysis suggests that as many as half of all chiral 
molecules may kinetically form enantiopure crystals. Our !nding that 40 to 50% of 
chiral molecules are potentially accessible by applying non-equilibrium conditions 
opens an exciting new pathway for accessing essential enantiopure compounds by 
pairing non-equilibrium crystallization with rational design grounded in crystal 
stability analysis. 
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Samenvatting. 

Reactieve Kristallisatie van Chirale Moleculen:  
Asymmetrische Aanwas en Deracemizatie  

Inleiding 
Net zoals onze handen, komen ook veel moleculen in twee vormen voor die elkaars 
spiegelbeeld zijn; zulke moleculaire spiegelbeelden worden enantiomeren1 genoemd. 
Het begrip chiraliteit2 op moleculaire schaal draait dan ook om het onderscheiden 
van dergelijke driedimensionale stereochemische varianten van sto!en. Aan de ene 
kant speelt het ontstaan en versterken van de chiraliteit van een chemisch systeem 
op fundamenteel niveau een rol, bijvoorbeeld rond de oorsprong van het leven. Aan 
de andere kant is er ook een praktisch belang bij de vraag hoe de chiraliteit van een 
moleculair systeem kan worden versterkt: het is essentieel voor toepassingen van 
moleculen als geneesmiddel of als bioactieve stof in de land- en tuinbouw om een 
zuivere vorm van het juiste spiegelbeeld te produceren. Het gebruik van het 
verkeerde enantiomeer kan er namelijk toe leiden dat een middel geen werking heeft 
of kan zelfs de oorzaak zijn van (dodelijke) bijwerkingen. 

Een veelbelovende methode om absolute chirale versterking te bewerkstelligen is 
deracemizatie3 op basis van kristallisatie, waarbij zelfs een kleine onbalans tussen 
twee enantiomeren kan worden uitversterkt. Bij een dergelijke deracemizatie vindt 
een volledige omzetting van een (enigszins) verrijkt mengsel van enantiomeren 
plaats met een enantiozuiver product als resultaat. Het proces stoelt op drie 
belangrijke pijlers: (i) de enantiomeren scheiden zichzelf door te kristalliseren als 
aparte enantiozuivere kristallen (conglomeraten genoemd), hetgeen een intrinsiek 
fysisch-chemisch mechanisme voor stereoselectiviteit oplevert; (ii) de enantiomeren 
racemizeren in de oplossing, hetgeen een chemische route biedt voor de 
noodzakelijke uitwisseling tussen de twee enantiomeerpopulaties; (iii) de kristallen 
ondergaan voortdurend cycli van groei en oplossen, hetgeen de drijvende kracht 
vormt voor de deracemizatie van de vaste stof. 

 
1 Enantiomeren zijn dus elkaars spiegelbeeld, maar passen niet op elkaar. Vaak is een asymmetrisch 
koolstofatoom met 4 verschillende substituenten de oorzaak. Omdat enantiomeren in principe dezelfde 
fysische eigenschappen hebben, zijn ze niet met conventionele scheidingsmethoden uit elkaar te halen! 
2 Deze term is afgeleid van het Grieks voor ‘hand’ (GR: chier). 
3 Een racemaat is een 1:1 mengsel van beide enantiomeren. Met deracemizeren bedoelen we dus het 
omzetten van 1:1 of verrijkt mengsel naar een 100% enantiozuivere toestand. Racemizeren is het 
tegenovergestelde. 
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Samenvattend Figuur. Asymmetrische aanwas en deracemizatie bij de reactieve crystallizatie van chirale moleculen 
(enantiomeren: S en R). (a) Versterking van chiraliteit kan plaatsvinden tijdens kristalgroei onder racemizerende 
reactieomstandigheden, zodat kleine hoeveelheden kiemkristallen met lage enantiozuiverheid reeds tot producten 
met een hoge enantiozuiverheid kunnen leiden. (b) Het aantal en de grootte van kiemkristallen zijn doorslaggevend in 
het sturen van asymmetrische kristallisatie: subtiele grootteverschillen tussen kiemkristallen geven non-lineaire 
effecten die sterker wegen bij het bepalen van de uitkomst van het kristallisatieproces dan de aanvankelijke 
enantiomeersamenstelling van de kiemkristallen. (c) Het experimenteel ontwarren van de individuele rollen van groei 
en oplossen in asymmetrische kristallisatie legt een fundamentele hysterese bloot als drijvende kracht achter 
deracemizatie via een ratelmechanisme: enantioverrijking verkregen tijdens groei weegt consequent op tegen de 
afname tijdens oplossen. (d) De ‘conglomeraat’ kristalvorm is in het algemeen (nml. 90—95% van de gevallen) minder 
stabiel dan de ‘racemische’ kristalvorm van een chiraal molecuul. Een strategie van gestuurde evolutie, die systematisch 
chemische modificaties aanbrengt, kan in enkele generatiecycli tot een thermodynamisch begunstigde enantiozuivere 
kristalvorm leiden. Daarnaast kunnen procesomstandigheden die het systeem buiten evenwicht drijven vaak (~50%) 
ook kinetisch stabiele conglomeraatvormen geven van chirale organische moleculen. 
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Dit proefschrift onderzoekt fundamenteel het mechanisme van deze 
kristallisatiegedreven deracemizatie (in het Engels: ‘Crystallization-Induced 
Deracemization’, afgekort tot CID). Daarnaast bieden de resultaten in dit proefschrift 
praktische handvatten voor de implementatie van CID-processen. Tot slot bespreekt 
dit proefschrift hoe het bereik van CID kan worden uitgebreid voorbij de kleine klasse 
moleculen die kristalliseren als conglomeraat; deze groep is immers zowel statistisch 
als thermodynamisch in het nadeel, hetgeen het toepassingsbereik van CID beperkt.  

Een theoretische achtergrond over chiraliteit, kristalgroei, en de kristallisatie van 
chirale moleculen is gegeven in resp. Hoofdstuk 1, 2 en 3. Het Samenvattend Figuur 
biedt een gra"sche collage van de belangrijkste bevindingen die in dit proefschrift 
worden gepresenteerd. Deze samenvatting zal nu de inhoud van de verschillende 
experimentele hoofdstukken verder bespreken. 

Asymmetrische kristalgroei versterkt chiraliteit onder 
racemizerende reactieomstandigheden 
Ons beperkte begrip van de mechanismen die ten grondslag liggen aan CID-
processen belemmert zowel het e!ectief praktisch implementeren als verder 
innoveren op deze deracemizatiemethode. Tot op heden was er een brede consensus 
dat de verrijking van een gewenst meerderheidsenantiomeer4 plaatsvindt tijdens het 
oplossen van kristallen uit de vaste stof, terwijl kristalgroei juist een 
contraproductieve daling van de enantiozuiverheid tot gevolg heeft. Deze aanname, 
die voortkomt uit de evenwichtsthermodynamica, heeft ertoe geleid dat kristalgroei 
als bron van enantioverrijking nagenoeg geheel is afgeschreven. 

Hoofdstuk 4 beantwoordt de vraag of verrijking van het meerderheidsenantiomeer 
ten gevolge van kristalgroei inderdaad buiten beschouwing mag worden gelaten—
een vraag die zowel van praktisch als fundamenteel belang is. Voor het eerst 
bestuderen we kristalgroei van kiemkristallen5 met een lage enantiozuiverheid6 
onder racemizerende reactieomstandigheden. We tonen aan dat—in strijd met de 
heersende opvatting—verrijking van het meerderheidsenantiomeer wel degelijk kan 
plaatsvinden door asymmetrische kristalgroei. Aan de hand van een mechanistisch 
raamwerk laten we daarnaast zien dat de dynamische wisselwerking tussen de 
kinetiek van racemizatie en kristallisatie tot verschillende regimes kan leiden: 

 
4 Er is in chirale kristallisatie niet altijd per de!nitie sprake van een meerderheidsenantiomeer, maar vaak 
wordt van het gewenste enantiomeer in ieder geval een overmaat toegevoegd waardoor zo’n 
meerderheidsenantiomeer ontstaat. Op fundamenteel niveau is het daarnaast welhaast onmogelijk om 
géén meerderheidsenantiomeer te hebben: dan zou men immers van elk enantiomeer exact evenveel 
moleculen moeten hebben! 
5 Kiemkristallen zijn kristallen die – vaak aan het begin – worden toegevoegd aan een (over)verzadigde 
oplossing om als startpunt voor kristalgroei te dienen. Dit is een belangrijke manier om kristallisatie te 
sturen. 
6 Formeel de!niëren we dit als e.e. (EN: “enantiomeric enrichment”). Bij 100% is er maar één enantiomeer, 
bij 0% is het mengsel racemisch (d.z.w. het bestaat uit gelijke hoeveelheden van beide enantiomeren). 
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daling, behoud, of verrijking van de initiële enantiozuiverheid van de kiemkristallen. 
Snellere groei van de meerderheidspopulatie enantiozuivere kristallen is de kern van 
dit fenomeen, hetgeen tot asymmetrische aanwas leidt. Een verdere bevinding gaat 
in tegen het veelgehoord mantra dat meer kiemkristallen altijd beter zijn; dit 
hoofdstuk laat namelijk zien dat de mate van waargenomen verrijking toeneemt 
wanneer het aantal gebruikte kiemkristallen afneemt. Tot slot toont dit hoofdstuk 
de kracht van kristalgroei voor de versterking van chiraliteit: kleine hoeveelheden 
kiemkristallen met 60% enantiozuiverheid kunnen in de vaste stof reeds absolute—
d.w.z. enantiozuivere—groei van het meerderheidsenantiomeer opleveren. 

De bepalende invloed van de kristalgrootte en het aantal 
kiemkristallen op de uitkomst van asymmetrische 
kristallisatie 
In hoofdstuk 4 hebben we laten zien dat complexe niet-lineaire e!ecten tijdens 
kristalgroei een grote invloed kunnen uitoefenen op de uitkomst van chirale 
kristallisatie onder racemizerende reactieomstandigheden. Daarnaast is duidelijk 
geworden dat verschillen tussen de groeisnelheden van de enantiomere 
kristalpopulaties essentieel zijn in ons begrip van asymmetrische kristalgroei en 
voor controle over de versterking van chiraliteit. Tot dusverre is echter onduidelijk 
waar de verschillen in die groeisnelheden precies vandaan komen, hoe ze vervolgens 
te sturen, en te benutten. 

In Hoofdstuk 5 onderzoeken we het e!ect van ongelijke grootte en/of massa van 
twee enantiomere kristalpopulaties op hun relatieve groeisnelheden en het gevolg 
daarvan voor de uitkomst van asymmetrische kristalgroei. Door nauwkeurig 
mengsels van kiemkristallen te maken met een bepaalde grootte, massa, en 
zuiverheid, kunnen we de individuele en gezamenlijke invloed van de kristalgrootte 
en het aantal kiemkristallen op de richting en mate van chirale versterking bepalen. 
De experimenten laten zien dat de wisselwerking tussen de grootte van en het aantal 
kiemkristallen per populatie doorslaggevend is voor het bewerkstelligen van daling, 
behoud, of verrijking van de enantiozuiverheid van de kiemkristallen. Hoewel kleine 
kristallen thermodynamisch minder stabiel zijn en sneller oplossen, toont dit 
hoofdstuk aan hoe een collectief van kleine kristallen—zelfs als dit qua totale massa 
in het nadeel is—netto sneller kan groeien dan de andere enantiomeer die bestaat uit 
een populatie grotere kristallen; de snelstgroeiende kristalpopulatie domineert de 
uitkomst van het proces. Door experimenten te herhalen onder een andere 
oververzadiging7, observeren we voorts dat de balans tussen de groeisnelheden van 

 
7 Met oververzadiging wordt het getal bedoeld dat weergeeft hoeveel meer moleculen er van een stof zijn 
opgelost dan volgens de thermodynamica in evenwicht in de oplossing passen (d.w.z. conform 
oplosbaarheid). De oververzadiging van een systeem is rechtstreeks gekoppeld aan de drijvende kracht 
voor kristallisatie. 
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ongelijke populaties kan worden gematigd, versterkt of zelfs omgekeerd door 
verandering van het vigerende kristalgroeimechanisme8. 

De resultaten in dit hoofdstuk geven een duidelijk inkijkje in de kritieke kinetische 
concepten die leidend zijn in asymmetrische kristallisatieprocessen. Deze concepten 
bieden een helpende hand bij het ontwerpen, implementeren en controleren van 
kristallisatiegedreven deracemizaties. Deze theorie stelt ons nu ook in staat een 
aantal empirische strategieën uit de literatuur en praktijk te verklaren. Tot slot geeft 
het gepresenteerde denkkader een richting voor geheel nieuwe vormen van 
asymmetrische kristallisatie, die mogelijk ook kunnen worden toegepast op 
thermodynamisch stabiele racemische kristallen, waarvoor CID-processen in 
principe ongeschikt zouden zijn. Daarnaast zijn deze bevindingen conceptueel ook 
van belang voor andere asymmetrische (kristallisatie)processen waarbij meerdere 
populaties in competitie zijn voor dezelfde bouwblokken, zowel in toepassingen 
binnen de industrie als op fundamenteel niveau binnen het academisch onderzoek. 

Ratelmechanismen als drijvende kracht achter 
kristallisatiegedreven deracemizatie 
Tot dusverre heeft dit proefschrift een nadruk gelegd op het bestuderen van 
asymmetrische kristalgroei ten behoeve van de versterking van chiraliteit. In een 
volledig kristallisatiegedreven deracemizatieproces worden echter groeistappen 
gecombineerd met oplosstappen. Cyclische opeenvolging van dergelijke groei- en 
oplosstappen is uiteindelijk essentieel om deracemizatie te bewerkstelligen, hetgeen 
de experimentele vraag oproept wat hun beider rol in het mechanisme van 
kristallisatiegedreven deracemizatie precies is. 

Hoofdstuk 6 ontleedt de individuele bijdragen van asymmetrische kristalgroei en 
oplossen aan de versterking van chiraliteit en legt middels een massabalans de 
onderliggende kristaldynamica bloot. Ongeacht de snelheid van de 
racemizatiereactie meten we consistent een dissymmetrie tussen het groei- en het 
oplosgedrag van de twee enantiomeerpopulaties. We zien dat enantioverrijking 
verkregen tijdens groei consequent opweegt tegen de afname tijdens oplossen; dit 
ondanks de zowel snellere groei- als oploskinetiek van het 
meerderheidsenantiomeer vergeleken met het minderheidsenantiomeer. Deze 
dissymmetrie tussen het asymmetrisch groeien en oplossen van de chirale 
kristalpopulaties leidt tot een ratelmechanisme9 dat de volledige deracemizatie van 
de gemengde enantiomeren tot gevolg heeft. In afwijking van de gangbare gedachte 
dat het oplossen van kristallen gunstig is voor enantioverrijking, laten we hier zien 

 
8 Zie Hoofdstuk 2 voor een toelichting op de mechanismen achter kristalgroei. 
9 Met een ratelmechanisme bedoelen we hier een proces dat tijdens de eerste helft van een cyclus meer 
stapjes vooruit beweegt dan het tijdens de tweede helft terugdoet. Concreet: kristalgroei doet de nadelige 
e"ecten van oplossen op de enantiozuiverheid van de kristallen dus meer dan teniet. 
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dat dit oplossen zelfs in absolute zin de enantiozuiverheid van de vaste stof kan doen 
dalen; in vergelijkbare zin laten we zien—in lijn met hoofdstuk 4 en 5—dat 
kristalgroei een absolute toename van de enantiozuiverheid van de vaste stof kan 
bewerkstelligen. 

De experimenten die in hoofdstuk 6 worden gepresenteerd impliceren dat een 
intrinsiek verschil tussen de mechanismen waarmee kristallen groeien en oplossen 
als fundament dient voor de werking van kristallisatiegedreven deracemizatie. Naast 
een duidelijke invloed binnen het academisch onderzoek hebben de inzichten uit dit 
hoofdstuk ook een toepassing als handvat bij het optimaliseren en implementeren 
van kristallisatiegedreven deracemizatieprocessen. In het bijzonder de notie dat 
groei- en oplosstappen elk individueel bezien en geoptimaliseerd moeten worden om 
de deracemizatie-e!ectiviteit te optimaliseren is vernieuwend. Een voorbeeld 
hiervan uit hoofdstuk 6 is het uitschakelen van de racemizatiereactie tijdens de 
oplosstap; het verschil tussen de chirale versterking tijdens groei- en oplossen wordt 
dientengevolge maximaal, met een uitzonderlijke mate van asymmetrische aanwas 
over de gehele cyclus tot gevolg. 

Deracemizatie via een oplosmiddelkringproces 
Waar het voorgaande hoofdstuk gericht was op de fundamentele rollen van 
kristalgroei en oplossen bij het uitversterken van chiraliteit, is tot op heden slechts 
marginaal beschouwd hoe de verschillende praktische procesomstandigheden voor 
het groeien en oplossen van die kristallen invloed uitoefenen op de e#ciëntie en het 
toepassingspotentieel van kristallisatiegedreven deracemizatieprocessen. In de 
literatuur zijn twee methodieken bekend om het kringproces van afwisselende groei- 
en oplosstappen te bewerkstelligen: (i) zgn. afslijten (EN: ‘attrition’), waarbij grootte-
afhankelijke oplosbaarheid en een soort Ostwald-rijping10 de cycli e!ectueren; (ii) 
zgn. temperatuurschommelingen11 (EN: ‘temperature cycling’), waarbij de 
temperatuur-afhankelijke oplosbaarheid de cycli drijft. 

In Hoofdstuk 7 introduceren we een nieuwe methode voor het e!ectueren van 
groei/oplos-cycli, gebaseerd op de fundamentele inzichten die in de voorgaande 
hoofdstukken zijn opgedaan. In hoofdstuk 4, 5 en 6 is vastgesteld dat langzaam 
groeien en snel oplossen ideaal is voor een e!ectieve non-lineaire versterking van de 
chiraliteit van een systeem en voor het mitigeren van het inherent tegenwerkende 
karakter van het oplossen. Daarnaast liet hoofdstuk 6 zien dat de 
racemizatiesnelheid tijdens oplossen idealiter lager ligt dan tijdens groeien en in 
ieder geval niet hoger moet zijn. Hoofdstuk 7 presenteert een nieuwe aanpak voor 

 
10 Ostwald-rijping is een proces, gedreven door thermodynamica, waarbij kleine kristallen door hun 
hogere oppervlaktespanning oplossen en hun materiaal “afgeven” aan stabielere grotere kristallen. Het 
resultaat is dat de kleine deeltjes verdwijnen en de grote deeltjes nog groter worden. Chemische pac-man 
dus! 
11 In Hoofdstuk 2 en 3 worden zulke temperatuurschommelingen toegelicht. 
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kristallisatiegedreven deracemizatie waarin we streven al deze lessen ter harte te 
nemen: het groeien doen we middels het langzaam verdampen van oplosmiddel, en 
het oplossen vervolgens middels het in één keer terug toevoegen van het verdampte 
oplosmiddel. Een dergelijk oplosmiddelkringproces kan autonoom worden 
uitgevoerd met een Soxhlet-apparaat12 in combinatie met een binair oplosmiddel dat 
gunstig gebalanceerde eigenschappen heeft t.a.v. kookpunt, racemizatiekinetiek, en 
(schommelingen in absolute) oplosbaarheid. 

Als eerste bewijs dat dit principe werkt gebruiken we een oplosmiddelkringproces 
om het chirale bouwblok van medicijn Clopidogrel volledig te deracemizeren: binnen 
3,5 uur gaan we vanuit 20% aanvankelijke naar 100% uiteindelijke enantiozuiverheid. 
Dit resultaat, zelfs in niet-geoptimaliseerde vorm, is reeds sneller dan diverse 
vooraanstaande implementaties van de CID-technologie. 

Enantiozuiverheid via kristallisatie ver uit chemisch 
evenwicht 
Het moge inmiddels duidelijk zijn dat kristallisatie een krachtige methode is om 
enantiozuivere moleculen te verkrijgen—een aanpak die tot het chirale 
kerngereedschap behoort. Problematisch is echter dat chirale kristallisatie als 
scheidingstechnologie uiteindelijk behoorlijk afhankelijk is van 
conglomeraatvorming, d.w.z. dat chirale moleculen zich scheiden in enantiozuivere 
kristallen, terwijl dat onvoorspelbaar en zeldzame gedrag is (5—10%). Veruit de 
meeste chirale moleculen kristalliseren racemisch (90—95%), wat een fundamenteel 
thermodynamisch obstakel oplevert om enantiomeren met kristallisatie te scheiden; 
een intrinsiek stereoselectiemechanisme ontbreekt dan immers. 

Alhoewel er bewerkelijke en soms ook zeer moeizame alternatieven bestaan voor 
directe kristallisatie als chirale scheidingsmethode, wordt in dergelijke sluiproutes 
niet de fundamentele thermodynamische beperking aangepakt die hen wegens het 
natuurlijk spaarzame voorkomen van conglomeraten noodzakelijk maakt. Om dit 
gebrek te adresseren, eindigt dit proefschrift met een verkenning van het potentieel 
van niet-evenwichtsomstandigheden binnen chirale kristallisatie, waarbij kinetische 
factoren belangrijker zijn dan thermodynamische gegevens. De hoop is dat een 
dergelijke herbalans de statistische patstelling kan openbreken en de mogelijkheden 
om enantiozuivere kristallen te isoleren verruimt. 

Hoofdstuk 8 begint met een systematische analyse van de energieverschillen (ΔGΦ) 
tussen de racemische en enantiozuivere (‘conglomeraat’) kristalvormen van twee 
derivatenbibliotheken van doelmoleculen (fenylglycine en praziquantel). We 
vormen zulke bibliotheken door systematisch diverse chemische veranderingen aan 
die doelmoleculen aan te brengen. Onverwachte bevindingen in dit hoofdstuk zijn de 

 
12 Een bijzonder stuk laboratoriumglaswerk dat normaal wordt gebruikt voor extracties met oplosmiddel. 
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brede maar onderling vergelijkbare verdeling van ΔGΦ voor de beide bibliotheken en 
de binnen die verdeling de clustering van derivaten met gelijksoortige chemische 
modi"caties. Deze clustering staat een gestuurde evolutiestrategie toe, die 
systematisch chemische modi"caties aanbrengt en in slechts enkele generatiecycli 
tot een derivaat met lage ΔGΦ kan komen13, waarvan de enantiozuivere kristalvorm 
onder niet-evenwichtsomstandigheden zou kunnen worden geïsoleerd. Door 
gestuurde evolutie te koppelen met niet-evenwichtsomstandigheden en opkomende 
technologieën zoals AI wordt een beloftevolle weg gebaand naar schaalbare en 
geautomatiseerde scheiding van chirale moleculen met relevantie voor zowel de 
academische als industriële toepassingssfeer. 

Om te onderzoeken hoe breed deze strategie zou kunnen worden toegepast hebben 
we de verdelingen in energieverschillen tussen racemische en enantiozuivere 
kristalvorm van onze experimentele bibliotheken vergeleken met data van circa 100 
chirale moleculen uit de literatuur. Onze experimentele bevindingen blijken te 
veralgemeniseren en impliceren dat meer dan de helft van alle chirale moleculen 
kinetisch stabiele conglomeraten zouden kunnen vormen. Cruciaal is het inzicht om 
niet-evenwichtskristallisatie te combineren met principes voor molecuulontwerp 
gestoeld op een grondige analyse van kristalstabiliteit. Meer dan 50% van chirale 
moleculen zouden aldus onder niet-evenwichtsomstandigheden enantiozuiver 
kunnen worden geïsoleerd of zelfs gederacemizeerd. Deze beloftevolle conclusie 
besluit dit proefschrift. 

 
13 Lage energieverschillen tussen de kristalvormen laten het makkelijker toe om de metastabiele vorm te 
isoleren. Deze methode geeft een hogere kans om het conglomeraat als zo’n metastabiele vorm te pakken 
te krijgen. Daarnaast is het ook makkelijker om een absoluut stabiel conglomeraat te verkrijgen via deze 
methode. 
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