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The formation of a crystal structure from molecules that self-assemble in solution until the final crystal
formation constitutes the construction of a supramolecular structure. In this process, molecules interact to
form a complex system. These self-organized systems, characterized as open, can organize spontaneously
when exposed to a given gradient. Because this gradient is information-neutral, the organization emerges
from within the system, resulting in “emergent” properties that are unpredictable and irreducible. This
highlight review provides a concise guide to understanding the fundamentals of a holistic approach, where
the emergent properties of the crystal system are considered in the study. It emphasizes that interactions
between molecules result from the interaction of their surfaces with complementary electrostatic
potentials; regions of high negative electrostatic potential on one molecule interact with regions of high
positive electrostatic potential on another. According to the non-classical theory of nucleation, these
complementary interactions between molecules lead to the formation of the “first building blocks” while
still in solution. As the process progresses, interactions among the more robust and cooperative building
blocks self-organize to form the three-dimensional supramolecular structure. Understanding the
complexity inherent in the formation of supramolecular structures poses a major challenge, beginning with
the difficulty of delimiting a portion of the supramolecular system that represents all the interactions
existing in the crystal. This study considers a demarcation based on the “supramolecular cluster” formed
by a central molecule (M1) and its neighbors (MN) in the first coordination sphere. Thus, the supramolecular
cluster is conceptualized as the smallest portion of the crystal that contains all the intermolecular
interactions present in the system. Through the concept of retrocrystallization, it is possible to identify the
main building blocks of the crystal. Utilizing the energetic and topological data of the intermolecular
interactions, we developed proposals for crystallization mechanisms. Some steps in these mechanisms are
confirmed by *H NMR and mass spectrometry, which identify initial nucleation blocks still in solution. In this
highlight review, we present proposed crystallization mechanisms for more than 200 organic compounds
with diverse molecular structures, identifying at least nine main crystallization mechanisms.

1. Introduction - general overview

Imagine a solution from which the solvent is being removed
by evaporation. As this occurs, the solute molecules begin to
draw closer due to intermolecular interactions, eventually
leading to the formation of aggregates. These aggregates
maintain equilibrium with other aggregates because of the
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lability of intermolecular interactions, allowing the exchange
of constituents and the formation of new supramolecular
structures. This process, known as self-organization by
design, aims to programmatically control the supramolecule.
Thus, we have self-organization by selection, meaning that by
acting on the dynamic constitutional diversity influenced by
internal and external factors, this process aims to achieve an
outcome comparable to Darwinian selection.*™* As the
solvent is gradually removed from the solution, the aggregates
serve as nucleation centers for the future crystal.

The supramolecular structure subsequently consolidates
into a crystalline structure, with fixed intermolecular
interactions and constituent positions. Interestingly, in self-
assembled crystalline structures, the structural and
functional properties of the supramolecular system are not
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solely depend on the properties of individual molecules.** "2
Certain properties, called “emergent”, can only be explained
by the organizational framework of the molecules and are
not predictable from a single component alone. These
properties arise from the interactions during the self-
assembly process, especially when nucleating aggregates
remain in solution. Thus, a supramolecule is defined as a
collective of interacting molecular entities. Although this
phenomenon has long been known in the study of complex
systems, it has recently gained attention in the natural
sciences."™

The formation of a crystal structure from molecules that
self-organize in solution, culminating in the final formation
of the crystal, constitutes the development of a complex
system. The emergent properties resulting from these
interactions are characterized by their unpredictability and
irreducibility."'* In other words, “emergent properties”
cannot be predicted; that is, we cannot describe in advance
their nature based solely on the characteristics of separate
structures—the parts (molecules) or the whole (crystal)—or
on the laws governing the interactions. Instead, attention
must be directed towards the interactions themselves,
specifically between the parts and between the parts and
the whole. This approach involves considering both
perspectives, parts and whole, with the aim of achieving a
comprehensive understanding. It is an interaction-driven
process that leads to emergence, wherein the whole
manifests as more (or less) than the sum of all the parts.
Thus, one of the main characteristics for adequately
understanding an emergent property is its inherent
unpredictability.'"> It is well known that self-organized
systems, characterized as open, can spontaneously organize
when subjected to a given gradient. Since the imposed
gradient is completely information-neutral, one can
conclude that the organization emerges intrinsically within
the system. Each molecule interacts with all its neighboring
molecules, and each neighboring molecule reciprocates
with its respective neighbors, and so on. Given that both
the parts and the whole play a role in this process, the
emergence of structural design occurs. Furthermore, it is
worth noting that, currently, the findings of many
researchers have suggested that understanding crystal
design hinges on understanding the emergent properties
involved during the formation process.'*?

At this point, we should contemplate a future question:
what is the importance of investigating the nature and
characteristics of emergent properties appearing during
crystal formation? To assess the importance of this type of
discovery, we must consider two aspects of the object: the
molecule (the part) and the crystal (the whole).

There is no doubt that our understanding of molecules is
highly advanced; chemists are capable of synthesizing almost
any molecule with adequate stability and characterizing it
using various physical and chemical methods. Likewise, on
the other hand, when we consider a crystal possessing useful
properties classifiable as material, researchers can
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characterize, modify, and use the different properties of this
material.

By considering crystal as a material, we may already
possess part of the answer to our question. Hence, is it
possible to trace the origin of the properties of materials?
These properties are likely inherent in the supramolecular
system that makes up the material and thus are shaped by
the essence of emergent properties that arise from
intermolecular interactions.

Given this context, this article aimed to further advance
the understanding of emergent properties in complex
supramolecular systems, specifically, crystals of organic
molecules. To this end, classical and non-classical
nucleation, the characterization of intermolecular
interactions, and the notion of  intermolecular
complementarity from the perspective of molecular
electrostatic potential surfaces will be briefly discussed.
These discussions will serve as a foundation for presenting a
method utilizing the “supramolecular cluster” as a basic tool
for demarcating a part of the crystal, enabling access to all
interactions present within it. Subsequently, the data
obtained will be used to infer the crystallization mechanisms
involved in crystal formation.

2. Classical and non-classical
nucleation at the supramolecular
scale

Numerous studies in the literature, based on both theoretical
and experimental data, have examined nucleation processes
ranging from the supramolecular to the nanomaterial
scale.">?® These works discuss nucleation within the
framework of two primary theories: classical nucleation
theory (CNT) and non-classical nucleation theory (NCNT), as
illustrated in Fig. 1(a). In CNT, the size of unstable nuclei is
specific to each system and cannot be generalized. The
critical nucleus size at realistic supersaturation levels is
constituted by tens of molecules. CNT is grounded in the
early 20th-century thermodynamic work of Gibbs."® The
central principles of CNT include the existence of a critical
nucleus size: larger nuclei tend to persist, while smaller ones
dissolve, where the process is described by a single-step
barrier justified by thermodynamic arguments (Fig. 1).
Nevertheless, CNT has been questioned by simulations
demonstrating a multi-stage nucleation process, in which the
first blocks form and then joined together to form larger and
more ordered nuclei (i.e., NCNT). In NCNT, these first blocks
are of a similar size and thermodynamically stable, and in
many cases, detected in solution from experimental data.>***
Stable nuclei are 1D or 2D aggregates with fixed molecules,
which, when combined, form a 3D proto-crystal. Some
researchers'® have suggested that the term “non-classical”
should not be used, as this type of nucleation aligns with the
framework of Gibbs' theory.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Schematic illustration of the nucleation mechanism according to classical nucleation theory (top) and non-classical nucleation theory
(bottom); (b) thermodynamic allegory of different nucleation theories. Plots of the free energy change as a function of reaction coordinate in

classical (red) and non-classical (green) growth models.

NCNT merely proposes that the pathway from solution to
solid does not rely on the formation of a critical nucleus as a
fundamental and necessary transition state, which is
emphasized in CNT. In NCNT processes, growth units larger
than monomers (first blocks) or pre-nucleation clusters are
thermodynamically stable, meaning they possess negative
free energy of formation. These blocks then combine to form
larger stable nuclei that define the design of the proto-crystal
(Fig. 1).

Proponents of CNT have suggested that the
concentrations of first blocks and stable nuclei are very low
within the solution, reducing the likelihood of collisions
between these blocks or stable nuclei and similar species.'
Consequently, given the low concentration, classical theory
assumes that nucleation progresses through the successive
assembly of single molecules (Fig. 1, top). This assumption,
commonly referred to in the nucleation literature as the
Szilard postulate, is violated in non-classical nucleation
pathways involving intermediate aggregated phases, as
highlighted in Faraday Discussions on crystal nucleation.™
Recent evidence has indicated that crystals can nucleate
within liquid droplets, amorphous aggregates, mesoscopic
clusters, and other assemblies of solutes."* One potential
reason supporting multistep nucleation thermodynamically
is that stable blocks or nuclei in these droplets exist at high
concentration in this microsystem, making them preferable
to direct nucleation in dilute solution.>”*® It is important to
note that Gibbs proposed a thermodynamic framework for
nucleation in liquid droplets within supersaturated vapors
based on the second law of thermodynamics, which he
reformulated in terms of thermodynamic potentials,
providing guidance for systems under isothermal and
isobaric conditions commonly found in laboratories, nature,
and industry. Since all processes adhere to the second law,
it is no mystery that all nucleation processes align with
Gibbs' general theory.

This journal is © The Royal Society of Chemistry 2026

Our studies have demonstrated that first blocks (dimers
and tetramers, among others) or stable nuclei (1D) exist in
solution and can be detected using experimental methods
such as concentration dependent 'H nuclear magnetic
resonance (CD-NMR)*~” and mass spectrometry.*®

3. Intermolecular interactions

The nature of intermolecular interactions has been
extensively studied, leading researchers to classify these
interactions based on the interacting atoms or atomic
groups. Thus, several named interactions exist, including
hydrogen bonds, n-n, CH-m, Ip-c-hole, and H-H interactions,
among others (Fig. 2).>°7"

Despite major technological advancements in acquiring
structural data through single-crystal X-ray diffraction in
recent decades, self-assembled supramolecular systems
continue to be studied as simple systems under a Cartesian
reductionist conception. There is a plethora of papers
presenting the study of crystal structures based on the
principle that the “driving forces of defining crystal design”
lies in a few principal intermolecular interactions.

Generally, studies have systematically presented data on
these interactions across various molecular structures. It is
also important to note that some interactions, such as
hydrogen and halogen bonds, are presented as determinants
in directing the geometry observed in crystal structures.
These interactions are characterized by a range of angles and
distances, and in some cases, the energetic data of these
“main” interactions are included.**~>'

The reporting of many interactions identified in the
literature has led to the publication of numerous articles,
sometimes with repetitive approaches, emphasizing one or
another of these interactions as “directors” of the
crystallization of organic molecules. Many of these works,
which initially only considered distances and angles of

CrystEngComm, 2026, 28, 1565-1577 | 1567
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Fig. 2 A selection of intermolecular interactions.

interactions, were used to define the most important
interactions in the crystalline system. Based on this
prioritization, methods were developed to approach data
obtained by X-ray diffraction. Among such methods, the one
that defines supramolecular synthons should be
mentioned.”*>°

The supramolecular synthon is defined as a molecular
fragment linked by intermolecular interactions that
reasonably approximate the organization of the entire crystal.
The identification of supramolecular synthons arises from
distances predetermined by investigators based on the van
der Waals radii. Thus, it has been established that
intermolecular interactions, termed “non-covalent”, including
hydrogen bonds, tend to form robust supramolecular
synthons, which in turn direct the crystal packing.’>° This
approach, however, has proven to be insufficient because it
excludes interactions considered “weaker” than hydrogen
bonds. Generally, these so-called weak interactions, often
referred to as dispersive forces, were considered of minor
importance. Furthermore, topological factors were neglected
in the synthon approach, causing researchers to disregard
molecules that, although present in the crystal, were
misaligned with the “appropriate direction” indicated by
their respective molecular fragments. In essence, this
approach focused only on interactions that effectively
participate in the so-called “robust synthons” to form dimers,
chains, layers, or macrocycles.

In the early 21st century, a more complex approach began
to take shape, as some paradigms of the synthon approach
based only on distances and interaction angles underwent
revision.®®® For instance, atom-atom distances smaller than
the sum of the van der Waals radii did not imply large
stabilization energies. Likewise, distances larger than the
sum of the atomic radii could contain significant
stabilization energy.

Describing crystal interactions only in terms of short
interatomic contacts as the main component of structural
bonding was recognized as simplistic and insufficient.®”®
Unfortunately, most studies continued with a linear-
Cartesian perception of the phenomenon, innovating only by
including the stabilization energies of the so-called “robust”
intermolecular interactions. Consequently, these studies
continued to report the geometric data—now complemented
by energetic information—of the interactions present in
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Z=N,0

Lp-HC interaction

View Article Online

CrystEngComm

CH-mtinteraction

C-H-H-C

H-H interaction

supramolecular synthons, reaffirming the idea that such
interactions would be obligatory and sufficient for defining
the crystal design.

In parallel with this apparent evolution, our research
group has been developing a complex approach that
considers all interactions present in the crystal. In 2014, our
first results were published, which convincingly
demonstrated that crystal design depends on interactions
across the entire molecular surface.®” We demonstrated that
there was no scientific justification for “isolating” a certain
face of the molecule and claiming it is responsible for the
crystal design. Based on this principle, advances in our work,
which uses data on intermolecular interaction energies and
molecular topology, have demonstrated that the distances
and angles of interactions are, in fact, just consequences of
crystal design. This design results from the emergent
properties of the supramolecular system that derive mainly
from the energies of intermolecular interactions and
molecular topologies.>®3%5277¢

4. Molecular electrostatic potential
complementarity

The concept of electrostatic potential
complementarity®®®>’”77? is based on the principle that
crystal formation results from the exchange of
intermolecular interactions between solute and solvent
(which is displaced from the medium) by intermolecular
interactions of self-associating solute molecules. This
initially produces the “first blocks” in solution (Fig. 1),
where regions of high negative electrostatic potential on
the surface of one molecule interact with regions of high
positive electrostatic potential on the surface of another. As
the process continues, some “first blocks”, those most
robust and cooperative (reminiscent of Darwinian
selection), interact with neighboring blocks and arrange
themselves to form the 3D supramolecular structure (the
proto-crystal, Fig. 1). This perception aligns with a more
systemic and satisfactory approach to understanding crystal
structure formation, as a linear-Cartesian approach does
not consider only specific atoms of the molecule that
supposedly constitute the synthons and the named
interactions (Fig. 2).

This journal is © The Royal Society of Chemistry 2026
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Over the past decade, our research group has been
dedicated to developing a systemic approach toward
complexity in crystal studies.***®®>7® From a linear-
Cartesian perspective, the crystal is considered from its
constituent parts (i.e., the molecules), which present regions
with varying magnitudes of negative and positive electrostatic
potentials. In this view, attention tends to focus solely on the
so-called “robust” synthons, apparently responsible for the
strongest interactions.

Conversely, from a systemic perspective, the crystal must
be understood as an integrated whole, where regions of
different electrostatic potentials of a given molecule
participate in a harmonious network of complementary
interactions. This network, along with neighboring
molecules, results in a stabilizing equilibrium. Furthermore,
from the formation of the first stable blocks and nuclei to
the proto-crystal (Fig. 1), the supramolecular system becomes
increasingly complex as emergent properties begin to arise.
In this process, molecules continuously interact, leading to
the redistribution of molecular electrostatic potentials up to
the proto-crystal stage. For example, when a molecule
aggregates with another to form a dimer, all regions of the
two molecules have their potential redistributed, and this
process continues (Fig. 3). As an example of this behavior,
3-amino-4-iodo-5-methylisoxazole was used to represent the
redistribution of electrostatic potential during the formation
of molecular aggregates.

Therefore, it is important for scientists to consider that
interactions between electrostatic ~ potential  surfaces
constitute a dynamic process. Each potential, when
interacting with a neighboring electrostatic potential, induces
a rearrangement of the entire potential surface of the two
molecules involved, and the site of interaction tends toward

Supramolecular cluster

Complementary interactions

Fig. 3 Molecular electrostatic potential (MEP) and complementary
interactions in the 3-amino-4-iodo-5-methyisoxazole.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Correlation between calculated normalized energy interaction
(NGm1-.mn)  and  normalized contact surface (NCpmi..mn) in the
supramolecular cluster. Each point corresponds to an intermolecular
interaction between the central molecule (M1) and a neighboring
molecule (MN), interactions in organic compounds that do not present
intermolecular interactions of the interaction bond type. (NGm1..mn =
1.150 NC - 0.154; R? = 0.670; r = 0.820; N = 638; NGuy..mn = 1.146
NC - 0.217; R? = 0.820; r = 0.906; N = 624).

neutrality of potential. This differentiation begins between
the electrostatic potentials of individual molecules and those
continuously modified by the addition of new molecules and/
or molecular blocks. Here, the emergent property begins to
direct the nucleation process until the formation of the
proto-crystal, thereby marking the commencement of
crystalline design.

One of the factors supporting the approach that considers
intermolecular interactions based on the complementarity of
electrostatic potential is the correlation between the contact
area data between the molecules and the interaction energy
(Fig. 4). The data showed that it is reasonable to assume that
the magnitude of the stabilization energy between each
neighboring molecule MN, and the central molecule M1
should be proportional to the contact surface area between
the two molecules.®” To verify this assumption in our
experiment, we analyzed the correlation between the
normalized stabilization energy of the intermolecular
interactions (NG) and the respective normalized contact areas
(NC) for approximately 700 dimers.>**”°*7® The use of
normalized data takes into account the value of N (number
of MN molecules neighboring M1) and is necessary to ensure
that each molecule contributes proportionally to the
formation of the crystal, allowing direct comparisons and
consistent interpretations between different molecular
systems. Considering the total interaction energy of the
cluster (Geuster) to be 1.0 and imagining the interaction
energy to be homogeneous for the whole surface, the
interaction energy between M1 and any of the neighboring
molecules would be the same. In other words, each molecule
in the first coordination sphere would contribute with a 1/N
fraction of the total stabilization energy (Gepuster)- But we
understand almost all organic molecules do not have the
same contact surface with every neighboring molecule and
do not interact with the same energy with all of them.

CrystEngComm, 2026, 28, 1565-1577 | 1569
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Therefore, to determine which molecules have the most
important interactions for the stabilization of the cluster, we
search for a set of parameters from the ideal contribution of
1/N of the energy and 1/N of the contact surface. Given that
NGpg...my and NCyy..mny are the normalized energy and
normalized surface, eqn (2) and (3), respectively, in a
supramolecular cluster with N molecules, the robustness of
the interaction between M1 and any MN molecule can be
estimated from the contributions of these normalized
parameters. As a result, after observing the NC and NG
correlation between the 700 dimers, we observed that 67%
of the points demonstrate the correlation trend (Fig. 4, R*> =
0.670). It is worth mentioning that the NC and NG data
used for the dimers were obtained from models previously
reported by our own research group. The NC or NG values
of a dimer can be higher than 1, since certain dimers have
very high NC or NG contributions to the cluster formation.
Thus normalized data can be greater than 1.0 because, as
mentioned earlier, normalization is on the scale of N (e.g,
N = 14, 16, etc.). We observed that some outliers may
emerge from interactions in dimers that present, the first
being (i) energies much higher than expected when
compared with the contact surface between the molecules.
Generally, this is associated with small areas possessing
high electrostatic potential (e.g., interactions primarily
resulting from hydrogen bonds).®* The second, (ii) contact
surfaces larger than expected given the detected energy,
which can be attributed to the cancellation of interaction
energies due to electrostatic potentials of equal sign in the
interaction regions of the same molecule.”” Thus, when we
disregard 2% of the points (Fig. 4, marked in the blue
circle) that have (NG - NC) > 175, the points
demonstrating the NG vs. NC correlation trend increase to
over 82%.

5. Supramolecular cluster - a
demarcation tool

In the 2010s, our research group demonstrated the necessity
of demarcating a minimal portion of the crystal where it
would be feasible to determine all pertinent information
regarding intermolecular interactions within the crystal
lattice. In the literature, several approaches to demarcation
within the crystal system have been identified, more notably
with: (i) unit cells; (ii) a set of unit cells; (iii) supramolecular
synthons, motifs, among others.>*>°

Although the unit cell is a fundamental mathematical
component for constructing the crystal structure, the cell
parameters themselves do not constitute an adequate
demarcation. This is because a unit cell does not contain
enough molecules to fully describe the phenomenon under
study: intermolecular interactions. Employing a set of unit
cells can be a suitable demarcation for lattice energy
calculations, proving useful in determining the average
stabilization of a molecule when immersed in the crystal
compared to the same molecule in vacuum. Conversely,
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supramolecular  synthons are suitable for specific
comparative studies of recurring intermolecular interactions
in several crystal structures. However, synthons do not
provide a sufficient demarcation for studying the
phenomenon as they only include interactions deemed
stronger by the observer, such as intermolecular interactions
of an electrostatic nature.**™°

Conversely, it is important to remember, in accordance
with the scientific method,®® that when delineating the
phenomenon to be studied, one must ensure the
representation of both the parts and the whole of the
phenomenon. This includes a linear-Cartesian perspective
(the part) and a systemic perspective (the whole); it should
not be overlooked that the crystal structure constitutes a
complex system, which, as such, presents emergent
properties.*™**

Hence, we conclude that it is imperative to extend this
demarcation: consider a molecule M1 and its first
coordination  sphere; this ensemble embodies a
“supramolecular cluster”, representing the smallest segment
that contains comprehensive information on the existing
intermolecular interactions within the crystal.

Based on these premises, in 2014,%% our research group
proposed a demarcation utilizing the supramolecular
cluster, consisting of an M1 molecule and the MN
molecules that form the first molecular coordination sphere
of M1. These are the molecules that maintain contact, as
determined by the van der Waals radius, with this
molecule. The first coordination sphere of a molecule had
previously been delineated by Kitaigorodskii and
others.**™®  Additionally, Russian researchers®™®® had
already demonstrated that most organic molecules
presented a first coordination sphere predominantly
composed of 14 molecules (in over 50% of compounds),
followed by 12 or 16 molecules.

Thus, we conceptualize this supramolecular cluster (M1
+ MN neighboring molecules) as the smallest unit of the
crystal that contains all topological and energetic
information. With this in mind, we applied the Voronoi-
Dirichlet polyhedron method (VDP, calculated with the
ToposPro software®’) to define the first coordination sphere
of an M1 molecule (symmetry code x, y, z). The VDP

(a) (b)

Fig. 5 Cluster of first coordination sphere around M1 is formed by MN
molecules for a compound with N = 14: (@) M1 (red), six in-plane
molecules (pink), four above-plane and four below-plane molecules
(green); (b) supramolecular cluster for 3-amino-4-iodo-5-
methyisoxazole (Mercury software, spacefill).

This journal is © The Royal Society of Chemistry 2026
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concept was introduced by Fischer and Koch®® to determine
the number of neighboring molecules in contact with a
given central molecule (M1).

From constructing the supramolecular cluster, data on
the contact area (Cpy..mn, in A%) and stabilization energy
(Gmi--mn, in kcal mol™) were obtained for each dimer
formed between the M1 molecules and the neighboring
MN molecules (Fig. 5). The number of MN molecules
determines the molecular coordination number (N). The
VDP was used to obtain the contact area for each dimer,
and this data was provided by the software used. The
intermolecular stabilization energy of each dimer was
determined following eqn (1), where Gyyauny is the total
stabilization energy of the considered dimer, Gy is the
stabilization energy of the M1 molecule, and Gyy is the
stabilization energy of the neighboring MN molecule. To
standardize all contact area and energy data on the same
scale, thereby allowing the comparison of two or more
compounds, it is necessary to normalize the data to
obtain NCy...my and NGy ...mn, according to eqn (2) and
(3), respectively. Lastly, from the contact area and
interaction energy data, it is possible to determine the
cluster contact area (Ccuuster) and the cluster interaction
energy (Gguuster) (€qn (4) and (5)). Importantly, the Ggpyster
demonstrated a strong correlation with properties such as
the experimental enthalpy of fusion and sublimation for
some compounds studied in our laboratory.>®*"%*

Gmi--mn = Gursmn — (Gvr + Guin) (1)

SR S S =

3D Crystal '
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NCpi-my = (232“4““’) XN (2)
M1---MN

NG = |=—"—]| XN 3
M MN (ZGM1-~MN) ( )
Ccluster = ZCMIMMN (4)
Gcluster = ZGMlmMN (5)

With this approach, we have demonstrated in recent
years*®7%277¢ that the demarcation of the supramolecular
cluster is sufficient to obtain important information such as:
(i) the total stabilization energy of the cluster, which provides
valuable data  for  comparisons of  polymorph
stabilities,®*7%7%7% comparison with experimental data of
fusion and sublimation enthalpy;***"®* (ii) the energies and
contact areas of each M1---MN dimer, which form the
supramolecular cluster, enabling a hierarchical analysis of
the interactions from both energetic and topological
perspectives. Standardizing these data allows comparison
between compounds with different crystalline designs and
varying coordination numbers (N).

These data are then organized in decreasing order of
energy (ie., from the dimers with the highest stabilizing
energy contributions to those with the lowest), as illustrated
in Fig. 6. This method enables one to identify the first blocks
and stable nuclei in the crystallization process (Fig. 1),
highlighting a possible crystallization pathway,>?37:6%67:69-76

3D Nuclei 1D Nuclei Dimer Monomer
(Crystalline Lattice) (Supramolecular Cluster)
(@ (b) () (d) (e)
BB =0 A / DIMER
al /\ I NH,
[ \

4.0 \ [\ \

\‘ {‘/ k\ HC g N

L ‘ \ 1D NUCLEI
= 2.0 ‘a\
\ a 2D/3D NUCLEI

1.0 // I
0.0

7 8 9 10 11 12 13 14
Dimer

Fig. 6 Retrocrystallization scheme (top) and the normalized energies showing the crystallization process of 3-amino-4-iodo-5-methyisoxazole

(bottom).
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To aid in proposing crystallization mechanisms, two
parameters are used: NG/NC (eqn (6)) and Ncg% (eqn (7)).
The first indicates the dominant factor in crystal formation,
with values above 1.0 suggesting energetic dominance, below
1.0 implying topological dominance; and values of 1.0
indicating a balance between the two factors. Ncg% evaluates
the energetic and topological contributions at each stage of
crystallization, as defined in the proposed mechanisms.

E o EGstage (6)
NC zCstage
(ZNCMl---MN stage + ZNGleMN stage)
Negowo = ( IXN %100 (7)

What is more, our studies have revealed that uncharged
organic molecules present only stabilizing intermolecular
interactions within all molecules of the supramolecular
cluster,?9343637,62,65,67,69-72,74,76  Recently, we applied this
method to the study of crystals of di-, tri-, and tetraalkyl
ammonium  halides,”> mesoionic compounds,®® and
ammonium carboxylates,”> making it possible to verify, in
addition to stabilized intermolecular interactions, the
existence of destabilizing intermolecular interactions.

With the aim of deepening the discussion on the
crystallization process in light of the supramolecular cluster
concept, this work limits our discussions to mainly single-
component models, reported from 2014 to 2025. However, as
mentioned earlier, we emphasize that the concept of
supramolecular clusters is applicable to systems containing a
series of organic molecules (see Table S1, ref. 29-37, 63-65,
67 and 69-76), which also included examples of molecular
systems containing two molecules in the asymmetrical unit
(see Table S1, ref. 30, 33, 37 and 65), including salts (see
Table S1, ref. 73 and 75), cocrystals (see Table S1, ref. 34),
mesoionic compounds (see Table S1, ref. 35), polymorphs
(see Table S1, ref. 36, 64, 70, 71 and 74) and molecules
containing mechanical bond, e.g., 2-rotaxanes (see Table S1,
ref. 38 and 68-70). A detailed discussion of each of these
systems would require a separate chapter, which cannot be
included in this article. However, the reader can check our
discussions on the crystallization results of each system in
the cited references.

5

6. The concept of retrocrystallization

E. J. Corey®” established his concept of retrosynthetic analysis
in the 1960s, revolutionizing both the practice and teaching
of organic chemistry. The numerous synthetic methods
developed by him and his co-workers have proven invaluable
in organic synthesis. The application of the retrosynthesis
concept remains current with the development of useful
software for synthetic planning. In this method, the chemist
seeks to identify bonds formed between preexisting synthesis
blocks in complex molecules obtained through natural or
artificial synthesis to pinpoint the types of reactions involved
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in each step. In this way, step by step, the chemist can trace
back to the synthesis blocks used to obtain the target
molecule.

By comparing the synthesis of an organic compound to
the “synthesis of a crystal”, one can observe that: (i) in
organic synthesis, covalent bonds are broken and formed at
each reaction step; (ii) in the synthesis of a crystal, molecules
come together due to stabilization energies from
intermolecular interactions as well as topological factors,
leading to the formation of first blocks and stable nuclei
during the nucleation process for crystal formation.
Therefore, by considering crystal formation as a synthesis
process, we can suggest its retrosynthesis, which, in the case
of the crystal, can be called retrocrystallization. In this
process, retrocrystallization involves breaking intermolecular
interactions until reaching a molecule representing the first
synthesis block.

The information obtained from the supramolecular
cluster, defined previously, has facilitated the adaptation of
Corey's retrosynthesis method®” into a retrocrystallization
approach, where the main “synthesis” blocks of the crystal
are determined. The retrocrystallization data have allowed
proposals to be made regarding what we call the
crystallization =~ mechanism  of  compounds.  These
crystallization mechanisms have been corroborated by
experimental data (e.g.,, "H NMR and mass spectrometry)*® >’
that allow information to be obtained about the first
nucleation blocks of the crystal that were formed while still
in solution.

The use of mass spectrometry (MS) has provided clear
examples of the observation of initial crystallization nuclei,
as in the case of mesoionic compounds.’® In one of our
studies, we investigated a compound exhibiting a three-step
crystallization mechanism, the first step being characterized
by the formation of a dimeric nucleus. The dimer formed in
this initial crystallization stage had a stabilization energy of
approximately -17 kcal mol™. The existence of this dimer
throughout the crystallization process was experimentally
confirmed by LC-MS/MS. In the LC-MS/MS experiment
(positive mode, scan method), it was observed that the dimer
has practically the same relative intensity as the molecular
ion.*” In addition to this model, other models from the group
have been observed and will be published soon.

Fig. 6 shows the retrocrystallization process of 3-amino-4-
iodo-5-methylisoxazole: (a) the crystal or crystalline lattice, is
a three-dimensional (3D) block; (b) supramolecular cluster, a
sample of the crystal, is also a 3D block composed of a
central molecule M1 (in red) surrounded by 14 molecules
that form the first molecular coordination sphere; (c) the
energy data allows deconstructing the supramolecular cluster
into a one-dimensional (1D) block; (d) reducing further into a
dimer; (e) and, finally, into the monomer M1. Additionally,
Fig. 6 also shows the energy data of 3-amino-4-iodo-5-
methylisoxazole,> revealing a non-classical nucleation
process that occurs in three stages: (i) in the first stage,
dimer 1, possibly representing the first block, forms as a
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closed dimer involving hydrogen bonds; (ii) in the second
stage, this dimer participates in stacking to constitute a
stable 1D nucleus; (iii) in the third stage, stable 2D and 3D
nuclei form, exhibiting small stability differences that
obscure view of the 2D — 3D sequence.

The influence of concentration on the chemical shifts of
the amino and methyl groups was evaluated* in CDCl; and
CD;0D solvents. In CDCl;, the signal of the 3-NH, hydrogens
shows a large downfield shift as the concentration increases,
indicating the formation of a hydrogen bond. The 5-CH;
hydrogens show an upfield shift as concentration increases,
which is attributed to the anisotropic magnetic effect due to
the proximity of the aromatic ring of another heterocyclic
molecule. The same titration experiment was performed in
CD;OD. The pattern of chemical shift changes in the signals
due to the 5-CH; group was similar to that observed in
CDCl;. Nonetheless, the chemical shift changes in the 3-NH,
hydrogens signal were negligible. These results were
expected, indicating a tendency for weak dimerization
through the N-H---N (NH,) interaction in CD;0D. The protic
solvent competes with the hydrogen bonds of the dimer,
whereas the same solvent does not interfere with the n-n
interactions responsible for the anisotropic magnetic effect
on the 5-CH; hydrogens.

7. Proposals for crystallization
mechanisms

Once the energetic and topological parameters of the
supramolecular cluster have been defined based on the
retrocrystallization data of the cluster, mechanistic proposals
for the crystallization of the substance under study can be
inferred. Several crystallization mechanisms for different
organic compounds have been reported by our research
group®®?*% (Fig. S1). These studies have demonstrated that
the formation of crystal nuclei can occur through pathways
alternative  to  classical nucleation and involving
supramolecular intermediates. These mechanisms vary
significantly depending on the predominant intermolecular
interactions, including n-n stacking and, especially, hydrogen
bonds, as well as the influence of specific functional groups.
Identifying these alternative pathways broadens our
understanding of crystallization processes and is
fundamental for developing strategies to control crystal
growth in complex systems.

Our studies, involving over 200 crystalline substances,
suggested the definition of nine main crystallization
mechanisms (CR).>?737:6376%67:69776 A]] of them begin with the
monomer (M), which can then form a stable 1D nucleus, a
2D nucleus, and reach the 3D proto-crystal. This
crystallization process is called the CRy,3 mechanism. Next,
the routes can start from the monomer and go to the 1D
nucleus and then directly to the 3D proto-crystal. This
process appears to be the most common among the
compounds studied and is referred to as the CRyys
mechanism. In the third type of mechanism, the monomer
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directly forms a 2D nucleus and then reaches the 3D proto-
crystal (CRyps; mechanism). There is a fourth type of
mechanism, in which crystallization starts from the
monomer and directly forms the 3D proto-crystal, defined as
CRy3. To illustrate each of these types of mechanisms
mentioned, Fig. S1 represents the retrocrystallization scheme,
showing the crystallization process for the compounds
reported by our research group. Five other mechanisms
follow similar paths to the mechanisms described above;
however, they stop at first blocks such as closed dimers (e.g.,
CRmp123, CRvpb13, CRupas, and CRyps) and closed tetramers
(CRMTt123)-

Table S1 lists the crystallization mechanisms of crystalline
compounds that were studied by our group from 2014 to
2025,29737:63765,67,7076 The numbers of compounds in the
table correspond to those in the original reference. In some
instances, the mechanisms detailed in the table were revised
and may differ from those proposed in the original
references. Fig. 7 shows the distribution of crystallization
mechanism types for the organic compounds studied.
Table 1 summarizes the nine types of crystallization
mechanisms previously described in the literature for the
models studied, providing the symbol of each pathway and
the number of associated compounds.

8. Conclusions and future
perspectives

This highlight presents methods that aimed to systematize
supramolecular structural data of crystalline compounds in order
to better understand and interpret the design and crystallization
mechanisms of crystalline supramolecular structures. Our
research group has developed these studies since 2014,%* and
there are no similar studies in the literature. Consequently,
several concepts and parameters have been necessarily developed
under the rigor of the scientific method, including (i) using the
supramolecular cluster to define the smallest crystal unit that
presents the structural and energetic information of the entire
crystal; (ii) determining normalized interaction energies and

Number of Compounds

Crystallization Mechanism

Fig. 7 Distribution of the types of crystallization mechanisms of the
213 organic compounds studied.
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Table 1 Crystallization mechanisms of organic compounds
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Path Mechanism abbreviation No. of compounds studied
Monomer — 1D — 2D — 3D CRum123 37
Monomer — 1D — 3D CRui3 74
Monomer — 2D — 3D CRp23 49
Monomer — 3D CRy3 5
Monomer — dimer — 1D — 2D — 3D CRump123 3
Monomer — dimer — 1D — 3D CRup13 18
Monomer — dimer — 2D — 3D CRmp23 22
Monomer — dimer — 3D CRmp3 4
Monomer — tetramer — 1D — 2D — 3D CRMTt123 1

normalized contact areas between molecules, which allows for
comparisons between crystalline supramolecular structures of
different compounds; (iii) developing proposed crystallization
mechanisms based on energetic and topological data, enabling
the establishment of stages in the crystal formation process,
corroborated by NMR and MS data of molecular blocks detected
in solution; and (iv) developing a specific nomenclature for the
main crystallization mechanisms observed in a sample space of
two hundred crystalline compounds.

Future perspectives for this study include increasing the
number of crystal structures studied; conducting a more
detailed analysis of new structures to consolidate the number
of possible crystallization mechanisms; seeking additional
experimental data to corroborate these proposals; and
introducing machine learning algorithms to learn from the
systems already studied, thereby advancing automated
processes using the available big data.
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