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Mesoscale clusters of organic solutes in solution
and their role in crystal nucleation

It is becoming evident that primary nucleation of crystals of organic molecules from solution is often
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anything but ‘classical’ in its complexity. It is also becoming increasingly clear that mesoscopic clusters of
molecules are at least partly involved in the phenomenon. On-going advances are rapidly enabling these
clusters to be investigated with ever more accuracy. However, despite numerous recent studies,

fundamental knowledge of the properties, thermodynamics and kinetics of these clusters, and of their role

rsc.li/crystengcomm in nucleation, is still limited.

Crystal nucleation and mesoscale
clusters

Nucleation is the birth process of one phase in another,
driven by thermodynamics. Zooming in, primary crystal
nucleation specifically denotes the formation of particles of a
solid, long-range ordered phase from a less ordered phase,
which could be e.g. a melt or a solution. It is a key step in
many types of crystallization processes, natural as well as
industrial. It has long been the focus of experimental as well
as theoretical studies, perhaps most intensely for organic
molecules typical of active pharmaceutical ingredients. The
reason is most likely found in the particular role of
crystallization processes in the pharmaceutical industry,
where it is often the key production step rather than just an
intermediate purification step. Nucleation at least partly
governs properties of the resulting crystals such as size,
shape, crystal structure, and physicochemical and mechanical
properties derived therefrom. These include solubility and
dissolution rate which affect the bioavailability, physical
stability which determines storage conditions and shelf life,
and powder properties affecting the downstream formulation
and manufacturing process." Pharmaceutical manufacturing
is subject to regulations that mandate strict control of the
crystallization process,” particularly concerning the robust
production of the desired polymorphic form or solvate.’
However, crystallization of organic molecular compounds is
of importance in many other branches of fine- and specialty
chemical industry, e.g. in the food industry,’ and for
production of pigments and dyes.’
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Despite a long history of extensive research, the present
level of understanding of the thermodynamics, kinetics and
mechanisms responsible for primary nucleation is limited.
Empirically, it is a stochastic process, exhibiting a high
sensitivity to apparently minor changes in process
conditions.® Apart from temperature and supersaturation,
and the presence of surfaces which can template
heterogeneous nucleation, it can also be affected by the
volume and geometry of the crystallizing vessel, agitation
conditions, shear flow,” mechanical shock, and the
application of ultrasound, electromagnetic radiation and
electrical or magnetic fields. The tendency for a solute to
nucleate can also depend on the time and temperature of the
previous pre-treatment history of the solution® as well as on
whether the solution has been filtered. Primary nucleation is
characterized by notoriously low predictability, and typically,
each crystallization process has to be designed empirically
from scratch.

Crystal nucleation is inherently difficult to observe,
because it occurs as a singular event occupying a very short
time and a small volume, in a system defined by time and
volume scales that are, in relative terms, enormous. Until
recently these limitations have been prohibitive, and in the
absence of actual in situ techniques to observe nucleation of
crystals in solution, nucleation models have been based
chiefly on indirect observations and inferences from later,
observable stages of the crystallization process, e.g. by
measurement of the induction time, and by comparison of
crystal properties such as structure and size. For a long time,
the dominant descriptive theory of the mechanisms of solute
aggregation into crystal nuclei has been the classical theory of
nucleation (CNT),>'° originally designed for condensation of
vapour droplets, schematically indicated by path C in Fig. 1.
The CNT assumes that a nucleus is formed by a gradual
process of attachment and detachment of monomers (e.g.
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Fig. 1 Schematic representation of proposed pathways for primary
nucleation from solution: A - nucleation via nano- or microdroplets of
an amorphous or liquid-like phase; B - nucleation via mesoscale pre-
nucleation clusters; C - classical nucleation via ordered sub-critical
clusters.

molecules, ions) to a cluster having a crystalline structure but
a thermodynamically unstable size.

Recent advances in analytical techniques based on light
scattering, and the development of new in situ
implementations, are gradually - but at a rapid pace -
enabling aggregation and ordering phenomena of molecules
in solution to be studied directly.'"'*> Meanwhile, with the
gradual increase in computational power and the
development of new methods,”® accurate simulation of
nucleation from solutions is fast becoming possible. The
growing experimental evidence for the existence of mesoscale
aggregates in undersaturated as well as supersaturated
solutions,'** with sizes and structures exhibiting complex
dependencies on solution conditions — and apparently governed
by slow growth- and transformation kinetics - is driving the
development of a family of new, non-classical nucleation
theories, indicated by paths A and B in Fig. 1. One thing in
common for these theories is the emphasis on the role of
these mesoscale clusters in early aggregation and ordering.”
In the following, the history of experimental investigations of
mesoscale clusters from early indirect approaches to the
current state of the art, and the connection to crystal
nucleation, is summarized and discussed.

Indirect experimental indications of
mesoscale clusters
Gravity and diffusion

There have been various attempts to study clusters indirectly
through changes in properties of the solution. As early as
1969, Mullin and Leci performed a famous experiment of
aqueous citric acid solutions in columns.>* At supersaturated
conditions, concentration gradients were developed in the
column over the course of hours or days, but no
concentration gradients were observed at saturated or
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undersaturated conditions. The explanation proposed was
that solute-rich clusters, of higher density than the bulk
solution, would gradually develop and settle in the
supersaturated solutions. Larson and Garside expanded this
line of investigation to more systems, and using densitometry
inferred the presence of aggregated entities whose size would
typically increase with increasing supersaturation.>® However,
analysis of the data suggests that the dominating size of
entities giving rise to concentration gradients for many
systems ranges from 2-3 molecules, corresponding to dimers
or other oligomers, up to ~100 molecules.’® Larger,
mesoscale aggregates were either not present, or not present
in significant concentrations, until close to the point of
nucleation.

Another property of a solution that can be affected by the
presence of clusters is its diffusivity. Cussler’” predicted that
the diffusion of clusters will be largely different from that of
individual molecules, as traditionally described by Fick's law.
Largely on the basis of this analysis, Gouy interferometry has
been used to investigate the time-dependence of diffusion
coefficients in supersaturated solutions. It was found for a
large number of compounds, including glycine and urea, that
the diffusion coefficient decreases rapidly towards zero with
increasing concentration, and this was attributed to the
formation and growth of clusters.*®>® Moreover, the
diffusivity was shown to decrease with increasing solution
age. For glycine in aqueous solutions at different levels of
supersaturation, the timescale for cluster sizes and diffusion
coefficients to reach stable values ranges between 10-100
hours.?®

Shear flow

Virtually all crystallizing systems are in motion, whether
applied mechanically or through convective processes.
Although the wunderlying mechanisms are not well
understood, the influence of shear flow on nucleation has
been the object of various studies. Early experiments on
inorganic molecules from aqueous solution showed that with
increasing agitation rate nucleation can be promoted, but at
higher agitation rates it can also be obstructed.*
Comparatively few studies have focused on smaller organic
molecules. Using Taylor-Couette flow cells operated under
moderate rotation rates, allowing experiments to be
conducted under well-controlled shear flows calculatable
using the Navier-Stokes equation, nucleation of e.g. glycine,*
butyl paraben,” and various pharmaceutical compounds®**’
has been investigated. In all these studies, the nucleation
induction time is found to be inversely related to the fluid
shear rate.

Several possible mechanisms have been proposed as
explanations for the effect of shear flow on nucleation.
Schmidt and Schmidt modelled clusters in turbulent eddies,
and suggested that clusters will concentrate at the periphery
of eddies under the influence of -centrifugal forces,
promoting aggregation.** Mullin and Raven proposed that

CrystEngComm, 2022, 24, 5182-5193 | 5183


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ce00718e

Open Access Article. Published on 25 Junie 2022. Downloaded on 2026-01-25 5:50:05 nm..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

the dependence of nucleation on agitation could be due to a
combined effect of diffusion and attrition on the growth of
clusters in solution; cluster growth is promoted by agitation-
enhanced diffusion at moderate agitation rates, while at
higher agitation rates attrition of the clusters leads to
obstructed nucleation.®®

There have also been reports of observations from
experiments under less controlled shear conditions with a
possible bearing on the relationship between shear and
nucleation. The means of stirring is well known to affect the
outcome of crystallization. Although it appears not to have
been the focus of systematic studies, the use of magnetic
stirrer bars is generally considered to promote nucleation.”
There are also reports of cases where the means of agitation
can affect the nucleating polymorph.*>** One intriguing
example is glycine, which can crystallize in three polymorphs.
Whereas the stable y-polymorph can be crystallized at high
supersaturation under quiescent conditions (non-stirred
solution), addition of stirring leads to predominant
nucleation of the metastable o polymorph.*® However, it is
less certain that such effects are directly related to shear, as
there could also be differences in attrition mechanisms and
overall different hydrodynamics involved.

History of solution, filtration and nucleation

There are some peculiarities of nucleation that still have not
been satisfactorily explained, most notably the so-called
history of solution effects.®*” It has long been known that the
propensity for nucleation can depend on the thermal history
of the system; decreasing with increasing time and
temperature of superheating during pre-treatment. The
phenomenon, initially described for -crystallization from
melts,*® was later systematically studied for crystallization
from solution.’*™*® Nakai® proposed a cluster distribution
model to explain the kinetics behind the thermal history
effects.

More recent work on the nucleation of typical APIs (active
pharmaceutical ingredients) and related molecules from
organic solutions has shown a systematic dependence of the
nucleation propensity on the time and temperature of
solution pre-treatment.*”** The phenomenon appears to also
have a structural dimension, and the time scale of the kinetic
processes behind the observed effects is of the order of hours
or even days. It has been proposed that, after dissolution,
solute-rich aggregates could be present which, to a certain
degree and for a certain time interval, could retain some
structure remnants from the dissolved phase. With time,
clusters in solution will rearrange in size and structure to
approach an asymptotic steady-state distribution. A practical
conclusion of this hypothesis is that, in order to study
nucleation, the history of the solution first has to be
standardized, by keeping it at a set temperature for a set
length of time.

Besides thermal pre-treatment, several studies have shown
that the propensity for nucleation can be adversely affected
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by filtration of the solution. Javid et al.™ investigated
the effect of nanofiltration through 0.2 um filters on laser-
induced nucleation of glycine in aqueous solutions at various
supersaturations. Filtration resulted in a reduced nucleation
tendency overall, and was also shown to affect the
polymorphic outcome. Hirschler et al*® investigated
crystallization of lysozyme from solutions under various
combinations of filtration and ageing, and found that
filtration reduced the tendency to crystallize. However, in
some cases the effects of filtration were absent if followed by
a subsequent period of ageing, suggesting a time-dependent
aggregation process with slow kinetics is affecting the
crystallization.

Direct experimental investigation of
mesoscale clusters

There are a number of techniques where the state of the art
allows mesoscale clusters to be detected and studied directly
in solution. These techniques come with their individual pros
and cons, imposing different possibilities as well as
limitation on what information they can provide, with regard
to e.g. cluster size and size distribution, shape, structure and
concentration. Some techniques provide various types of
averaged information while others are able to resolve
information for each individual cluster or particle. For this
reason, many recent studies feature combinations of more
than one technique. Such an approach is promising as the
use of complementary techniques can provide a clearer, more
complete picture, but also because e.g. size information from
two different techniques can be compared, improving the
confidence in the results.

Most of the direct analytical techniques for detecting and
studying clusters in solution can be groups into two main
groups: techniques that rely on the scattering of a focused
beam of light, and techniques based on electron irradiation.
To the former belong static and dynamic light scattering
(SLS, DLS), nanoparticle tracking (NTA; also known as
Brownian microscopy), and small angle X-ray and neutron
scattering (SAXS, SANS). The latter include variants of
transmission electron microscopy (TEM). Apart from these
main techniques, some studies have also reported detection
and analysis of organic mesoscale clusters using electrospray
ionization techniques (ESI),>>*849 analytical
ultracentrifugation (AUC)***® and atomic force microscopy
(AFM).22’49'50

DLS has possibly been the most frequently used technique
for detection of clusters of organic solutes. It is relatively
inexpensive and readily available in many labs. Moreover, it
is rapid, and has a wide size range. Among its drawbacks is
the fact that it is an averaging technique, poorly suited for
investigating details of size distributions for polydisperse
samples.”’ SAXS, an important part of the toolbox for
studying proteins and other macromolecules, has
occasionally been tried as a complementary technique to
detect, measure the size of, and probe the structure of

This journal is © The Royal Society of Chemistry 2022
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mesoscale clusters. It can be combined with wide-angle X-ray
diffraction, to evaluate the occurrence of regions of long-
range order within the scattering entities.”> Although the
principle of SAXS is straightforward, the technique suffers
from some serious practical problems. Because of similar
electron densities of the clusters and the surrounding
solution, the scattering contrast is weak. The resulting part of
the signal emanating from scattering from clusters has very
low signal-to-background and signal-to-noise ratios. This
necessitates a highly brilliant light source, such as a
synchrotron, and finely tuned, high-quality optics.

In comparison, NTA is emerging as a promising
alternative. Like DLS, it is based on evaluating scattering of
laser light in terms of diffusion coefficients which are
translated into cluster sizes. The principal difference is that
it allows individual scatterers to be tracked, Fig. 2, enabling
size distributions to be measured and number concentrations
to be estimated directly. As the technique is still immature,
measurements are comparatively time-consuming, and not
many models are available, which has restricted its use with
regard to e.g. solvents and measurement cells.

Direct in situ application of imaging techniques based on
TEM have long been impracticable. By cooling the sample to
cryogenic temperatures (Cryo-TEM), a still image of the
solution structure can be obtained. This technique has been
used to study non-classical nucleation of organic molecules™
and to visualize pre-nucleation clusters of CaC0;.>**° Liquid
cell TEM is a promising, recently developed technique that
combines scanning TEM with a microfluidic cell, which
offers high resolution in combination with the possibility to
directly capture dynamic events in solution.”® The equipment
is not generally accessible and its operation requires some
training. However, it has recently been successfully applied to
observe non-classical nucleation and growth of flufenamic
acid in an organic solvent.”” The authors hypothesize that
ethanol molecules, undergoing radiolysis from the incident
electron beam, promote nucleation.

The example of glycine

The majority of direct experimental investigation of
mesoscale clusters of organic solutes has targeted rather
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small molecules, with few studies focusing on larger and
more flexible molecules, such as typical pharmaceuticals. A
selection is shown in Fig. 3. In particular, glycine and other
simple amino acids in aqueous solution have been the object
of a large number of studies using various analytical
techniques to probe the degree and type of self-association,
at supersaturation prior to nucleation as well as in
undersaturated solutions. As previously mentioned, early
work using diffusivity and gravity-based analysis found
evidence of clustering of entities larger than a dimer in
supersaturated solutions.”® By means of electrospray
ionisation mass spectrometry (ESI-MS), clusters of up to 30
molecules could be detected from solutions under a large
range of conditions, for glycine as well as other amino
acids.”®*® The analysis indicated that these aggregates could
have a preferred size, with a stability exceeding that of both
smaller and larger aggregates. Direct in situ measurements of
glycine clustering in aqueous solutions of various amino
acids at undersaturated conditions have been accomplished
using AUC,*® showing that the cluster concentration is
typically very low; involving less than 0.2% of the glycine
molecules. Studies using small angle neutron and X-ray
scattering'®®®  have found evidence of clustering at
supersaturation, and analysis of the power law behaviour of
X-ray scattering indicates that glycine dimers organise into
larger amorphous clusters on nucleation."®

Perhaps the most interesting contributions to the
clustering of amino acids are the comprehensive studies
incorporating more than one technique to study the same
system and conditions.>>***°"*> The combination of more or
less complementary techniques allows a more robust picture
of the system to be obtained. Using a combination of NTA,
AFM and ESI-MS, Hagmeyer et al.*’ report that spherical
clusters of amino acids with a diameters between 100-200
nm spontaneously arise upon dissolution in water,
apparently to exist in a dynamic equilibrium with dissolved
molecules. Researchers from Jan Sefcik's lab at Strathclyde
(Jawor-Baczynska et al.*>* and Zimbitas et al.®") in a series
of studies investigated clustering in aqueous solutions of
glycine and DL-alanine using a combination of techniques,
DLS, NTA, SAXS, NMR and Cryo-TEM. They detected two
distinct populations of aggregates, present in supersaturated
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Fig. 2 a) An example of a colour-inverted still frame obtained by NTA, showing scattering species as dark points; b) an example of a trajectory of
a scatterer tracked by NTA; c) an example of a cumulative cluster size distribution obtained from averaged NTA runs.
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Fig. 3 A selection of organic molecules investigated in clustering studies; glycine
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as well as undersaturated solutions. Molecular clusters of
around 1 nm in diameter, consistent with hydrated dimers,
exist in combination with significant concentrations of
liquid-like mesoscale clusters, “nanodroplets”. The latter are
reported to be distributed in size with mean diameters
between 100-300 nm, in detectable amounts in solutions at
all concentrations, even well below the solubility limit at
1 mg g ' of water, with larger aggregates appearing with
increasing concentration. They report that the clusters do not
constitute a separate phase, describing the solution structure
as “a thermodynamically stable mesostructured liquid
containing solute-rich domains dispersed within bulk solute
solution”.®

Sedlak carried out a large, systematic study of the scattering
from mesoscale clusters in aqueous solutions of various small
molecules, including citric acid, acetic acid, glucose and
urea.**®* Using a combination of DLS and SLS on carefully
prepared and filtered solutions, he reports the presence of
close-to-spherical regions within a broad size range up to several
hundred nm. By combining analysis with a centrifugation
technique, it could be established that the density of the
clusters exceeded that of the bulk solution. The kinetics
involved in the cluster development process are reported to be
very slow; time scales for the development of the clusters was
found to range from minutes to weeks, depending on the
system. The growth of clusters with time was generally observed
to lead to a broadening of the size distribution.

More complex organic compounds

Although the number of studies is still low, the situation
appears similar for more complex organic molecules in
organic solvents. Using a combination of SAXS, DLS and
NTA, clustering in the system fenoxycarb/isopropanol was

5186 | CrystEngComm, 2022, 24, 5182-5193
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recently investigated over a wide range of concentrations,
covering the range from dilute, undersaturated to
supersaturated  solutions. The study revealed that
distributions of clusters ranging in size up to a micrometer
are established in stagnant solutions, with mean sizes
adjusting to conditions of temperature and conditions, but
governed by slow kinetics (of the order of days).®®
direction of the phenomenon as well as the slow kinetics
involved agree well with the observed dependence of
nucleation on solution history for this system."*

For the pharmaceutical intermediate 2-cyano-4'-
methylbiphenyl (OTBN), clustering in two organic solvents
(methanol and chloroform) was investigated by DLS, NTA
and SAXS.*® Mesoscale clusters were detected in
undersaturated solutions above a certain concentration
threshold in both solvents, with mean sizes showing only a
slight or no dependence on the concentration above this
threshold. An intriguing dependence of cluster size and
agitation was observed; in solutions subjected to a period of
agitation before analysis, mean clusters sizes increased by an
order of magnitude. The exact mechanism behind this
observation is not understood. Similar observations have
been made for the API olanzapine.”® Using NTA and AFM,
mesoscopic clusters of a disordered nature, as verified by the
absence of rotation of polarized light, were observed in
aqueous-ethanol solutions. Cluster sizes were comparatively
small, 35 nm on average, and exhibited no dependence on
the solute concentration within the investigated range.
However, the concentration of clusters was found to increase
both with the bulk solute concentration and time, with a
time scale of the order of hours. Moreover, the same
dependencies were observed when the solvent composition
was varied; the mean size remaining the same, but the
concentration of clusters changing with the ethanol content.

This journal is © The Royal Society of Chemistry 2022
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Properties of mesoscale clusters

The various indirect observations of mesoscale clusters of
organic molecules in solution, as well as the growing
direct experimental evidence of their existence, have
actualized a large number of fundamental questions as to
the nature of these species. Examples of major questions
- by no means all the relevant questions that could be
posed - could be: i) how big are they, and do they have
an equilibrium size or size distribution? ii) What is their
composition and structure? iii) At what concentrations are
they present in solution? iv) Do they represent a generally
occurring phenomenon? v) How do the size and
concentration depend on bulk properties, such as
temperature, solute concentration and solvent? And vi)
what kinetics control the dynamics and establishment of
steady state cluster populations? Various studies have tried
to answer some of these questions. To some extent, the
picture is starting to clear, and some consensus is
developing, but in other areas very little is still known. It
should be stressed that the majority of studies have
focused on a small set of molecules (¢f Fig. 3). To what
extent observations of mesoscale clusters in the
investigated systems can be generalized to other systems
is still not clear. This is partly due to selection and
publication bias. A broader survey of the generality of the
phenomenon, and a more systematic investigation of its
manifestation, is sorely needed.

Size. The mean size reported for clusters of different
organic compounds varies in the range tens to hundreds of
nm. The mean size is however not a very good descriptor of
these entities except as a simple response variable. Rather, it
has been repeatedly shown that the clusters can occur in
rather broad distributions. There is a notable consensus in
the literature that mesoscale clusters constitute a distinct
population, separate from the smaller molecular clusters (e.g.
dimers and other oligomers).

Structure and composition. Here, the main question is
whether the clusters contain regions of long-range order, or
whether they are best characterized as amorphous or liquid-
like. There are indirect indications that clusters could
contain some kind of structure, either reminiscent of a
previously dissolved phase or which can at least template
nucleation of a particular structure, but this requires further
study. A range of spectroscopic and scattering-based
techniques have been employed to obtain information about
molecular interactions in clusters, and how they relate to
different crystal structures. In a novel approach, Ward et al.®’
measured the level of second-harmonic scattering from
concentrated aqueous urea solutions at under-as well as
supersaturated conditions. This type of scattering is
produced by certain crystal symmetries (typically non-
centrosymmetric), to which the known polymorph of urea
belongs. The measurements indicated that the -clusters
feature at least some degree of order resembling the final
crystal structure. As to the composition, several studies

This journal is © The Royal Society of Chemistry 2022
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suggest that the clusters could contain a significant amount
of solvent molecules. Overall, there seems to be agreement
that they have a higher solute density than the bulk solution.

A related question is whether the clusters are smooth and
uniform in shape, or whether they comprise loose aggregates
of smaller entities. For glycine, this has been investigated
through the fractal dimension, using information from SAXS
measurements.™® The tentative conclusion is that clusters are
initially mass fractals (loose aggregates or liquid-like clusters)
which transform via surface fractals to smoother non-fractal
entities.

Concentration. The number concentration of mesoscale
clusters is not typically reported in studies, as it is not
straightforward to measure with DLS. However, based on
NTA measurements, it seems clear that in the majority of
cases, the fraction of solute molecules involved in mesoscale
clustering is very small. As an example, it has been reported
that about 1077 to 10 (ie. less than 0.001%) of all
olanzapine molecules are part of mesoclusters in aqueous or
aqueous-ethanol solutions.*’

Dependence on solute concentration and temperature. A
diverging picture is emerging over how the cluster size
depends on the solute concentration. Some studies have
found virtually no such dependence, with mean cluster sizes
remaining steady over a wide range of concentrations,>”®®
while others indicate that the steady state hydrodynamic
diameter increases with solute concentration.®>®® A third
possibility is that the size distribution broadens to include
larger clusters with increasing solute concentration. As to the
number concentration of clusters, however, it seems well
established that it increases with solute concentration. The
dependence on temperature seems to have been explored to
a lesser extent, and with partly contradictory indications.
Given the importance of temperature in connection with
solution history effects, it is clear that this needs to be
systematically investigated.

Kinetics of clustering processes. Perhaps the most
intriguing aspect of mesoscale clustering is the strikingly
slow kinetics involved in the establishment or readjustment
of steady state cluster populations. Some studies suggest that
time constants involved are of the order of hours or days. If
this is indeed so, it needs to be clearly established, as it has
important implications for crystallization. The propensity of
nucleation as well as growth, and the possibility to crystallize
different polymorphs, could have a non-negligible
dependence on the pretreatment of solutions, which is
connected to mesoscale clustering, as has indeed been
suggested for some systems.*”®®

Diversity and evolving theory: beyond
classical nucleation

There is no doubt that the classical nucleation theory is an
oversimplification, even for cases where it works reasonably

well. It is well known that theoretically calculated nucleation
rates and kinetic factors based on the classical theory can

CrystEngComm, 2022, 24, 5182-5193 | 5187
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deviate significantly from experimental values.®”’® During
the last decade, a family of new, non-classical theories have
emerged (Fig. 1). These theories, acknowledging the existence
and important role of mesoscale entities for the nucleation
process, attempt to address a number of major issues with
the CNT:

i) that it does not separate the processes of increasing
density and increasing order (assuming fully crystalline
clusters and a single thermodynamic barrier);

i) that it does not allow for sufficient flexibility regarding
the growth units of the pre-critical cluster (assuming growth
proceeds through attachment of monomers);

iii) that a steady-state distribution of clusters and a steady-
state nucleation rate is immediately established, and

iv) that the thermodynamic treatment, at least in its most
simple form, assumes that the surface tension of the nucleus
is equal to that of a completely flat interface, neglecting its
shape or curvature.

The two-step theory

Observations of crystallisation of macromolecules and
colloids, for which nucleation can be orders of magnitude
slower than for smaller molecules, has resulted in the
proposal of a two-step theory of nucleation.®®’>”> In the first
step, local fluctuations in concentration result in the
formation of clusters. The clusters have an amorphous, or
liquid-like structure, an elevated solute concentration, and
can range in size from 10" to 10° nm.”® Nucleation of the
crystal phase can then take place within the clusters. The
lifetime, composition, internal and interfacial structure of
the clusters or dense liquid droplets is a subject of debate.*®

The two-step theory separates nucleation into two order
parameters, local concentration and local structure, where
the CNT assumes fluctuations in both
parameters. In free energy terms, shown schematically in
Fig. 4, the two-step nucleation pathway features not one
minimum as in the CNT, but two; the first corresponds to
the formation of the dense, amorphous clusters and the
second the nucleation of a periodically ordered solid phase
inside the clusters. Two cases can be distinguished. If the
dense liquid is thermodynamically stable with respect to the
bulk solution, the phenomenon corresponds to a liquid-
liquid phase separation (LLPS, or oiling out).">’*”"> If the
macroscopically stable state of the solution is as one liquid
phase, the amorphous clusters are metastable.”®

Evidence for two-step-type nucleation is not limited to
macromolecules and colloids, however. For example,
fluorescence spectroscopy has been used to show that the
compound 4,4'-di-tert-butyldibenzoylmethanatoboron
difluoride nucleates in a two-step process from dense,
amorphous clusters.”” Alison et al.,>® using a combination of
SAXS and WAXD, showed that the compound 2,6-dibromo-4-
nitroaniline nucleated in two steps, initially as a non-
diffractive (amorphous) phase that subsequently became
diffractive (crystalline). Based on molecular dynamics

simultaneous
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Nucleation coordinate

Fig. 4 Gibbs energy profiles for classical nucleation (a), and two-step
nucleation with metastable clusters (b) and stable clusters (c).

simulations, two-step nucleation has been predicted for
several systems, including glycine during antisolvent
crystallization,”® and acetic acid from tetrachloromethane
during evaporative crystallization.”®

Nucleation from pre-nucleation clusters

An alternative, but in many ways similar and at least partly
overlapping theory, was developed for nucleation of calcium
carbonate in biomineralization processes. According to this
theory, nucleation will proceed from aggregation and
ordering processes involving pre-nucleation clusters (PNCs). A
significant body of work has been contributed by the Colfen
group from Konstanz, Germany.'**"®" Although the lion's
share of studies has concerned inorganic systems, the
mechanism has also been proposed for organic systems such
as amino acids. Unlike the case for proteins, the PNCs are
postulated to be thermodynamically stable entities, lacking a
defined phase boundary, and to be present in solutions at
undersaturated as well as supersaturated conditions in a
distribution governed by a dynamic equilibrium with the
solution. They are proposed to be amorphous or nano-
crystalline, often containing significant amounts of solvent
molecules, and with variations in size and structure
occurring on timescales of hundreds of picoseconds. In
addition, they are postulated to be able to have structural
motifs resembling the structure of a bulk crystal
polymorph.®® Cluster formation has been proposed to be
driven by the entropy gain from reduced solvation.®!
Nucleation is thought to occur via aggregation, interface
elimination and growth, either by classical mechanisms or by

This journal is © The Royal Society of Chemistry 2022
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oriented attachment. Crystalline particles may then form
within the aggregates, in analogy with the two-step theory.

Interestingly, the average size of mesoscale clusters, as
discussed in a previous section, has repeatedly been shown
to be either independent of the supersaturation, or even
increase as a function of supersaturation. Inasmuch as these
mesoscale clusters can be considered pre-nucleation clusters,
this appears to contradict the classical theory, which states
that the size of a critical cluster should become smaller with
increasing supersaturation.®> However, given the differences
between the two theories, and the fact that little is actually
known about the mechanism of PNC aggregation and growth,
the comparison is not straightforward.

It must be stressed that there is a significant amount of
terminological overlap or even confusion in the literature,
where terms like ‘clusters’ or even ‘prenucleation clusters’
are used to describe stable as well as metastable entities by
proponents of both two-step and PNC theories. Moreover, the
terms are frequently used to denote a range of different types
of aggregates, ranging from smaller aggregates of the order
of molecules, such as dimers, through larger mesoscale
aggregates up to liquid droplets. This reflects the complex
energy landscape of clusters, with many minima
corresponding to various entities deviating from the concept
of monomers in the CNT. As will be discussed in the
following, there is an emerging debate over to what extent
either of these nucleation theories are universally applicable,
to what extent they in fact overlap, and to what extent, as
some recent studies suggest, a more versatile view of
nucleation should be recognized.®*

Emerging diversity

Recently, there is a trend in the field of nucleation research
towards recognizing the possibility for more complex and
system-specific nucleation mechanisms. This development
accompanies the increased capabilities of — and the increased
output from - scattering- and electron-based, and
spectroscopic, imaging and analysis techniques, as well as
computational modelling. For example, liquid cell TEM was
recently used to show that nucleation of flufenamic acid from
ethanol appears to involve elements of both the PNC and
two-step theories.?”

Innovative experimental studies of inorganic, metal-
organic and macromolecular systems indicate that nucleation
of the final crystalline particle can occur along surprisingly
complex and hierarchical pathways. For example, using in
situ liquid cell TEM, nanocrystals of palladium have been
shown to emerge after a series of steps involving highly
hydrated atomic, amorphous clusters of a size around 1 nm,
aggregating to form so-called cluster clouds, from which a
nucleus emerges. The crystallinity of the nucleus is then
gradually improved through a rearrangement process
involving interaction with the cluster cloud.*® In another
example, where high-res TEM was used to sample quenched
solutions at various points along the nucleation coordinate,

This journal is © The Royal Society of Chemistry 2022
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is has been shown that gypsum originally nucleates as
bassanite nanocrystals at undersaturated conditions, which
transform into gypsum by hydration in a multi-step
process.”> A three-step mechanism (liquid-liquid phase
separation into dense clusters, condensation into larger
aggregates, and crystallization of the aggregates) has been
observed for nucleation of the metal-organic framework
material ZIF-8.%°

One particularly well-studied system is calcium carbonate,
CaCO;, with three polymorphs (vaterite, aragonite and
calcite). Different studies have suggested that this compound
nucleates through a two- or a multi-step process from dense,
amorphous or liquid-like phases,®” or mediated by pre-
nucleation clusters."* MD simulations predict the emergence
of a stable population of liquid-like hydrated CaCO; clusters
in solutions where pre-nucleation clusters have been
reported.®® In one well-cited study, liquid-cell TEM studies
covering the entire nucleation process have shown competing
nucleation mechanisms in play simultaneously. Calcite
appears to nucleate only via direct association of ions, ie.
through a classical mechanism, while e.g. vaterite is observed
to nucleate from spherical amorphous aggregates.®* The
study, like others, also suggests that there could be added
diversity as regards the degree of hydration of clusters and
the mechanisms whereby crystal nuclei are formed from
amorphous clusters.

It has even been reported that the predominant nucleation
mechanism in a system can shift depending on the
conditions. Using AFM, the 2D nucleation of glucose
isomerase has been shown to depend on the solute
concentration. At low concentrations, a classical mechanism
is observed, while at higher concentrations a two-step
pathway is followed, as is typically observed for 3D nucleation
of this compound.”® For heterogeneous nucleation of ice,
Markov state MD modelling suggests that the relative rates of
classical and two-step nucleation can depend on temperature,
with a transition point above which classical mechanism is
predicted to dominate.”

Conclusions and outlook

It is clear that the general trend in nucleation research is
moving towards diversification. The classical nucleation
theory has in its extended form long been treated as a
universal, all-encompassing model. More recent non-classical
theories have gradually allowed for a mechanistically more
complex process, but also opened up for higher diversity. It is
indisputable that some systems are better described by two-
or multi-step theories while for many others the classical
approach works better. In some cases, competing
mechanisms can apparently either coexist or exist in separate
occurrence domains. Recent advances in experimental as well
as modelling capabilities are continually extending the
boundaries of possibilities for studying solution structuring,
uncovering a complex landscape of diverse aggregated
entities, whose size and structure and growth- and
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transformation kinetics exhibit diverse, system-specific
dependencies on conditions such as temperature,

concentration and bulk supersaturation. This is starting to
be mirrored in the diversity of nucleation mechanisms
proposed under the umbrella term of non-classical
nucleation.”*

As regards mesoscale clusters of organic molecules in
solution, there is a great need for further exploration,
involving a systematic study of the dependence of different
variables, and for a much wider range of systems than have
so far been studied. Very little is still known about the
steady-state properties of these clusters, such as structure,
composition and shape, and how they depend on conditions
in the solution, such as concentration, temperature and
chemical environment. Even less is understood about the
dynamics of these clusters, their lifetime, and the kinetics of
dissolution, growth and aggregation. It is becoming
increasingly clear that mesoscale clusters can play a decisive
role in crystal nucleation. This should make the study of
these intriguing entities a top priority for the crystallizing
community. The tools for this are already available, and they
are rapidly getting more accurate.
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