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ABSTRACT: Chiral amplification 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 find that the interplay between imbalances in size and mass
can yield positive, linear or even negative nonlinear chiral amplification.
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 amplification due to size effects can be further enhanced
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or dampened by controlling growth rates. Our findings 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
nonlinear amplification phenomena and offer practical guidance for competitive asymmetric crystallization and self-assembly

processes.

Asymmetric crystallization processes are of profound
importance for both fundamental science and practical
applications with wide use in the pharmaceutical and fine
chemical industries.'~* Especially interesting is the asymmetric
crystallization of chiral molecules into enantiomerically pure
crystals (so-called conglomerates).g_20 Under racemizing
conditions, the enantiomers can interconvert in the liquid
phase and thereby form a common resource pool for
asymmetric crystallization. An initial enantioenrichment in
the solid phase can then be amplified 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 nonlinear effects that can
occur during asymmetric crystallization, which profoundly
influence the selectivity and efficiency of chiral amplifica-
tion.”' ~**

In particular, differences in the growth rates of enantiomeric
crystal populations can spontaneously enrich one enantiomer
over the other. It remains unclear, however, where such
growth-rate asymmetries originate and how they can be
leveraged and 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
amplification.”*™*' Moreover, it is known that crystal
morphology and the evolution thereof can influence crystal
growth rates.””*® Although the kinetics of individual crystal
growth have been studied in detail,** our understanding of
how large, heterogeneous populations of interacting crystals
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behave collectively during crystallization is still limited. Such
insights are of key importance for chiral crystallizations, as even
minor differences in crystal size or morphology between
enantiomeric populations can lead to significant 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 specifically, how do differences
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 amplification 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.”>*® 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 essential not only to
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Figure 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 (via
mass), their size, and the crystallization conditions (supersaturation). (c) Racemizable conglomerate 1.
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Figure 2. Chiral crystallization for equal masses but different crystal sizes 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.

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 differences
in crystal size and population mass affect the outcome of
asymmetric crystal growth under racemizing conditions. By
carefully preparing enantiomeric seed mixtures that differ 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 effects
of crystal size disparities can be further manipulated through
the applied supersaturation. Collectively, our findings 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.

To investigate how size differences between two otherwise
identical crystal populations influence 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 (Figure 1c), a well-established racemiz-
able conglomerate.37 Small seed crystals (10—20 um) were
obtained by mechanical grinding assisted by ultrasonication in
the presence of glass beads.*® Large seed crystals (30—50 ym)
were obtained by growing the small crystals (detailed
procedures and characterization data for both small and large
seed crystal batches are provided in the Supporting
Information).

For our first 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 different 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 at 30 °C, containing 50 yL/mL basic
racemization catalyst 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU) (Figure 2a). Crystal growth was initiated by slowly
cooling the solution with 0.22 °C/min to 20 °C. To keep
attrition effects 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
filtration and their composition was 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
one with large seed crystals (Figure 2b). Hence, the population
of small crystals must have grown faster than the population of
larger crystals. This size dependency of enantioenrichment is
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nontrivial. The Gibbs—Thomson effect 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 area.””**

For populations of equal mass, we thus find that a disparity
in crystal size between two enantiomer populations breaks
symmetry in favor of the smaller crystals. Commonly, however,
chiral amplification 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 amplification 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, crystal sizes are important. Moreover, the imbalance
of populations in mass can differ from the imbalance in size.
We foresee the complex interplay of imbalances in mass and
size can thus enhance but also diminish chiral amplification of
the desired enantiomer.

To analyze how an interplay between size and mass affects
chiral amplification, we determine the mass that is grown onto
each population (m% and m3)), calculate the enantiomeric
excess of the crystallized material (ee, = (m} — m3)/(m} +
m%)), and define the amplification factor (a) as ee, relative to
the initial mass imbalance (ee,):

€ep

ee

a =

Akin to Kagan’s analysis of asymmetric catalysis,” this
amplification factor classifies asymmetric crystallization into
four distinct regimes. When a = 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
amplification. When a > 1, the major population in mass
grows faster than the minority population, resulting in
nonlinear amplification of the major enantiomer. When 0 <
a < 1, the major enantiomer grows faster than the minority,
but insufficiently as to maintain its starting enantioenrichment,
thus resulting in net erosion of the initial ee. When a < 0, the
minority enantiomer grows faster than the majority enan-
tiomer, resulting in negative nonlinear amplification.

Using a constant imbalance in seed mass (ee, = 20% in R),
we prepared five experimental imbalances in size by mixing
small and large crystals of the two enantiomers (see the
Supporting Information 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 (ie., 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 (Figure 3a). Subsequently, each
mixture was used to seed a racemizing clear supersaturated
solution to induce growth (see the Supporting Information for
details).

The crystallized solid was analyzed as before and a was
determined (Figure 3b). For crystals of equal sizes, we observe
near-linear amplification (@ =~ 1). Although nucleation and
small inherent size disparities between seed crystals slightly
suppress amplification (see the Supporting Information for
details), the populations grew with rates that are approximately
proportional to their initial mass—as expected in the absence
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Figure 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 nonlinear chiral amplification, linear
amplification, erosion, or even negative nonlinear amplification,
characterized by amplification factor a.

of any size imbalance. When all majority crystals are smaller
than the minority crystals, we observe strong positive nonlinear
amplification (@ > 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 nonlinear amplification
(a < 0): the minor enantiomer—through its larger collective
surface area—has now completely outgrown the majority
enantiomer. Despite the same significant initial ee in R by mass,
switching the size imbalance from majority smaller to majority
larger crystals thus fully reverses the outcome of chiral
amplification: from amplifying the major (a & + 2, final ee =
80% in R) to amplifying the minor enantiomer (& ~ — 2, final
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 findings, selectively changing only the
size of the crystals constituting the excess (i.e., excess smaller
vs excess larger), yields similar relative effects of the size
imbalance on chiral amplification, although less pronounced
(Figure 3). Smaller excess crystals still give positive nonlinear
amplification (@ ~ 1.5), but larger excess crystals now yield
erosion (a &~ 0.5), a much weaker effect than the negative
nonlinear amplification previously observed when all majority
crystals were larger. These weaker effects on amplification
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 prepara-
tion of the initial solid phase—specifically, incorporating many
small enantiopure seed crystals with large cumulative surface
area—can achieve higher chiral amplification efficiency and
thereby accelerate deracemization kinetics.
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Fundamentally, the outcome of asymmetric crystallization is
governed by differences in the growth rates of competing
enantiomeric crystal populations. These growth rates are not
only influenced by differences 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 attach-
ment 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 (k, ~ N ~ 1/r°).*" 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 ~ 3A ~ 1/r). Indeed, calculations suggest that
high supersaturation dampens the effects of size imbalances on
population growth rates (Figure 4a, details in the Supporting
Information).”" Furthermore, these calculations show that a
small initial size disparity ratio between seed crystal
populations has disproportionately large effects on the
outcome of asymmetric crystallization (Figure S-9).
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Figure 4. Asymmetric amplification as function of the crystallization
rate (through supersaturation). (a) Calculations suggest that, for low
supersaturation (slow growth, gray), 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.

To test how these distinct growth regimes influence the
effects of crystal size disparity, we performed asymmetric
crystallization experiments under both low supersaturation
(achieved by slow cooling from 30 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 4b,
under slow cooling strong size-dependent chiral amplification
is observed, with populations of small crystals growing
significantly faster and dominating the solid phase composi-
tion. However, under fast cooling, this amplification effect is
markedly dampened. This confirms that size disparity effects
are more pronounced under surface-integration-limited growth
at low supersaturation compared to high supersaturation.

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 nonlinear amplification.

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 influence the
degree of amplification, especially across different super-
saturation regimes.“’“’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.****

Although we here only study chiral amplification during
crystal growth, these results may also help to rationalize
empirical trends in deracemization by growth/dissolution
cycles such as temperature cycling-induced deracemization.*®
With each cycle, ripening phenomena shift the population size
distributions, potentially giving rise to antagonistic size
disparities that slow the exponential deracemization kinetics.
Different routes exist to counteract this deceleration of
deracemization. One known route to maintain the deracemiza-
tion rate is progressively dampening the temperature swing
with every cycle.” Our findings 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 effectively converted. Counterintui-
tively, we propose exponential deracemization kinetics may
also be maintained by progressively increasing crystallization
rates during later cycles, as faster crystallization dampens
antagonistic size-disparity effects.

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 beneficial. The reverse is
true for dissolution: small crystals dissolve faster than a
population of large crystals and will thus experience negative
amplification. A cyclic process starting with racemization
during dissolution would thus benefit from an enantiopure
excess comprised of large crystals and racemic bulk material
comprised of small seed crystals. This lesson is also grounded
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in theory: if ee; = 0, the population with the greatest size
deviation is enriched.”” Similar is true for attrition-based
deracemizations (Viedma ripening): if ee, = 0, the population
with the larger crystals determines the outcome of deracemiza-
tion."® Our results further imply that intermittent grinding
could be effective to mitigate undesired ripening by resetting
the crystal size distribution, which is even more powerful when
combined with monitoring the crystal size distribution.””’
Finally, the use of small crystals may mitigate undesired growth
inhibition from impurities.”">

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 because of their high
collective growth rate.”” We also 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 effects, this
omission in reporting prevents comparing between studies and
hampers benchmarking crystallization processes. At best,
deracemization is faster and completely reproducible. At
worst, neglecting seed design may lead to confusing,
inexplicable or irreproducible results. 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 findings on thermodynamically equal pop-
ulations prompt a broader question: how does the kinetic
domination of the fastest-growing population influence
crystallization when the competing phases differ in thermody-
namic stability?>*>> This principle could be harnessed to
deracemize the many chiral molecules that crystallize not as
conglomerates but as racemic compounds.”®>* 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 here. 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.”” ™%
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