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Abstract: One of the most consequential assumptions of the classical theories of crystal nucleation
and growth is the Szilard postulate, which states that molecules from a supersaturated phase join a
nucleus or a growing crystal individually. In the last 20 years, observations in complex biological,
geological, and engineered environments have brought to light violations of the Szilard rule, whereby
molecules assemble into ordered or disordered precursors that then host and promote nucleation or
contribute to fast crystal growth. Nonclassical crystallization has risen to a default mode presumed
to operate in the majority of the inspected crystallizing systems. In some cases, the existence of
precursors in the growth media is admitted as proof for their role in nucleation and growth. With the
example of olanzapine, a marketed drug for schizophrenia and bipolar disorder, we demonstrate
that molecular assemblies in the solution selectively participate in crystal nucleation and growth.
In aqueous and organic solutions, olanzapine assembles into both mesoscopic solute-rich clusters
and dimers. The clusters facilitate nucleation of crystals and crystal form transformations. During
growth, however, the clusters land on the crystal surface and transform into defects, but do not
support step growth. The dimers are present at low concentrations in the supersaturated solution, yet
the crystals grow by the association of dimers, and not of the majority monomers. The observations
with olanzapine emphasize that detailed studies of the crystal and solution structures and the
dynamics of molecular association may empower classical and nonclassical models that advance
the understanding of natural crystallization, and support the design and manufacture of promising
functional materials.

Keywords: organic crystallization; crystal symmetry

1. Introduction

The formation of crystal nuclei in a supersaturated “old” phase overcomes a free
energy barrier due to the formation of a new surface [1]. A solution supersaturated with
respect to a crystal overcomes the nucleation barrier via fluctuations that bring the local
concentration and structure close to those of the incipient phase [1]. These basic views on
nucleation, complemented by a later kinetic model, constituted the “classical” nucleation
theory (CNT) [2,3]. Perhaps the most sequential assumption of the classical approaches is
the “Szilard postulate” [4], according to which crystals nucleate by association of single so-
lute molecules [5]. In the last two decades, elaborate experiments have gathered significant
discrepancies with the nucleation behavior predicted by classical theory [6–9]. Many of the
deviant features present violations of the Szilard rule, and involve mesoscopic crystalliza-
tion precursors, ordered or disordered, which assemble in the solution independently of
crystallization and may host and facilitate nucleation [6,9–12].
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Regarding the growth of the nucleated crystals, vigorous debate was waged on
whether the crystals grow by association of monomers [13] or the alignment of preformed
units [14,15]. Supported by analytical models [16,17] and careful experimentation [18], the
molecular viewpoint ascended to classical status. Recent observations have, as in the case of
nucleation, illuminated cases of non-classical crystal growth employing liquid, amorphous,
and crystalline precursors [9,19–23] that are similar to those that host nucleation and
embody another violation of the Szilard rule.

Here we examine the roles of two structures extant in olanzapine (OZPN) solutions,
mesoscopic solute-rich clusters and molecular dimers, in the nucleation, crystal form
transformations, and growth of OZPN crystals (Figure 1). OZPN is an antipsychotic
drug [24], which precipitates in more than 60 individual crystal forms, not including
salts and co-crystals [25]. Different solid-state forms have different crystallization free
energies and, consequently, different thermodynamic stabilities [26]. The crystal form
profoundly impacts the applications that rely on crystalline materials and their associated
properties [27,28]. As the crystal structure and composition dictate the solubility and
bioavailability of the drug, polymorphic transformations are responsible for a wide range
of engineering difficulties in the production of pharmaceuticals [29,30]. The mechanism of
transition between solid forms is among the major unsolved problems of modern materials
science [31,32]. To partially fill this knowledge gap, we demonstrate that the OZPN-rich
mesoscopic clusters facilitate the nucleation of a crystal hydrate, OZPN DD, during its
transformation from the anhydrous OZPN I. We then examine the role of the clusters
in crystal growth and, surprisingly, discover that the clusters integrate in the crystals as
foreign bodies and do not contribute to growth, either as preformed building blocks. nor
as a source of solute supply as they decay. In contrast to the clusters, the OZPN dimers are
essential for growth: we show that the crystals grow exclusively by incorporation of solute
dimers, the simplest preformed units, a growth mode which has been inferred from crystal
and solution structures, but has not been experimentally observed [33,34]. Spectroscopic
characterization exposes the olanzapine dimers as a minority solution component. To close
the loop from clusters to dimers and back, we find that that transient solute dimers are
likely essential building blocks of the clusters. In this way, the dimers not only underlie the
growth of crystals, but are also a precondition for the nucleation precursors.

Figure 1. OZPN and its crystals. (a) The OZPN molecule: Ph, benzene ring; DZP, diazepine ring; TPh, thiophene ring; PZ,
piperazine ring. (b) Optical micrograph of an OZPN crystal; the (002) face faces upwards. (c) The crystal structure of the
dihydrate ethanoate mixed solvate 2OZPN.EtOH.2H2O in space group P21/c (Cambridge Structural Database REFCODE
WEXQEW [35]). One centrosymmetric OZPN SC0 dimer is highlighted in blue.

2. Mesoscopic OZPN-Rich Clusters and Their Role in Nucleation of New
Crystal Forms

Classical theories envision two pathways by which a crystal polymorph may trans-
form into another, more stable structure [31]. In enantiotropic transitions, the molecules in
the crystal lattice rearrange to acquire a new more stable symmetry, whereas in monotropic
transformations the original crystal dissolves and the new structure nucleates in the so-
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lution [36]. The enantiotropic pathway is more likely in crystals of isotropic molecules or
particles, interacting with a “soft” potential, in which the attractive minima are flat, broad,
and conducive of molecular motion [37]. For molecular crystals, in which the attractive
forces are reasonably strong, short-ranged, and anisotropic, a more common option is
dissolution of the metastable polymorph, along with crystallization of a more stable, less
soluble, form.

AFM observations reveal that the transition between a non-solvated polymorph
(OZPN I) [24] and two dihydrates (OZPN DD and DB) follows a mechanism distinct from
these two pathways [38]. The OZPN transformation engages an intermediate, liquid-like
phase, that deposits on {100} faces of OZPN I (Figure 2a) and assists the nucleation of OZPN
DD (Figure 2c,d) [38]. Complementary experiments reveal that, when dispersed into the
solution bulk by stirring, the liquid clusters transform to an another metastable dihydrate
polymorph, OZPN DB [38]. Furthermore, computational modeling established that the
(100) surface of OZPN I templates the nucleation of dihydrate D [38]. The reasons why the
liquid clusters support fast crystal nucleation are largely elusive. Numerous investigations
that document the role of liquid and amorphous mesoscopic precursors in the nucleation of
various materials have stopped short of providing detailed mechanistic explanation [5,8].
Analytical models predict controlling roles for the elevated solute concentration in the
clusters and the lower surface free energy of the interface between the nucleus and the
cluster phase, which have not been tested in critical experiments [39–41].

Figure 2. Mesoscopic OZPN-rich clusters on the surface of an OZPN I crystal host the nucleation of a new crystal forms,
OZPN DD. AFM monitoring of the cluster evolution. (a) Clusters on a (100) face 2 h after introduction to solution. Arrows
indicate cluster coalescence, evidence for the liquid composition of the clusters. (b,c) Further coalescence of clusters and
emergence of facets indicate the nucleation and growth of an underlying crystal. (d) A fully developed OZPN DD crystal.

Nucleation of OZPN DD and OZPN DB from the dense liquid droplets challenges
the assumptions of the monotropic pathway, according to which nuclei of the new poly-
morph emerge in the solution by ordered assembly of solute molecules, as proposed
by classical nucleation theory [16,42–44]. By contrast, the observed process follows the
two-step nucleation mechanism, according to which crystals nucleate within dense liquid
precursors [10,45–49]. This mechanism has been observed with protein [10,11,45,49–55],
colloid [56–58], inorganic [59–61], and organic [46,62,63] molecules. Macroscopic dense
liquid stable with respect to the solution and appearing after the liquid-liquid phase sepa-
ration (LLPS), has been observed with organic molecules [64] Cluster growth by merging
with other clusters (Figure 2a–c) [38], rather than by addition of solute molecules from the
solution, however, suggests they do not represent an ‘oiling out’ phase.

3. The Mechanism of Formation of the Mesoscopic OZPN-Rich Prenucleation Phase

To understand the puzzling leck of growth by association of solute monomers of
mesoscopic OZPN-rich clusters, we monitor the properties of the cluster population and
its evolution and deduce the cluster formation mechanism. We draw an analogy to the
protein-rich clusters of similar size, which assemble owing to the dynamics of formation
and decay of transient dimers [65]. We examine the cluster population with oblique
illumination microscopy (OIM). This method relies on light scattered at wave vectors of
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order µm−1 and probe lengthscales in the range 10 nm–10 m. The Rayleigh law, according
to which the scattered intensity scales as the sixth power of the scatterers’ sizes, makes this
technique particularly well suited to study the mesoscopic clusters, which are 50–100 nm
large, but are present at a very low concentration. A green laser (532 nm) illuminates a
500 µm solution layer at an oblique angle such that the incident beam avoids the lens of
a microscope positioned above the sample (Figure 3a) [66,67]. The light scattered by the
solution inhomogeneities is seen as dark speckles in the negative image (Figure 3b,c); if the
scatterers are smaller than the diffraction limit, ca. 200 nm, the speckle size accounts for
the deviation of the cluster position from the microscope focal plane.

Figure 3. The mesoscopic OZPN rich clusters. (a) Schematic of oblique illumination microscopy (OIM). (b,c) Typical
images, shown as negatives, in which the clusters appear as dark speckles, of OZPN-rich clusters in undersaturated OZPN
solutions in H2O, in (b) and in 80/20 (v/v) EtOH/H2O, in (c) The observed volumes are 120 × 80 × 5 µm3 (L ×W × H).
(d) The trajectory of a cluster in the plane of the image. (e,f) Distributions of cluster sizes obtained from five OIM movies
recorded at distinct solution locations in undersaturated OZPN solutions in H2O, in (e) and in 80/20 (v/v) EtOH/H2O,
in (f,g) The time evolutions of the average cluster radius R in OZPN solutions with three concentrations in 80/20 (v/v)
EtOH/H2O solutions. (h) The average cluster radius R in EtOH/H2O solvents of different composition. (i) Schematic of
formation of mesoscopic OZPN-rich clusters (highlighted in blue spheres) owing to the accumulation of transient dimers.

To avoid interference from nucleating crystals, we tested undersaturated solutions of
OZPN. They are expected to be homogeneous at all lengthscales, including the molecular.
Surprisingly, OIM observations revealed the presence of randomly diffusing particles
(Figure 3b,c). To test if the units are crystals, we supplemented the OIM setup (Figure 3a)
with a polarizer at the optical window of the cuvette and an analyzer in front of the objective



Crystals 2021, 11, 738 5 of 16

lens. If the two polarizers are crossed, crystals, which rotate the plane of light polarization,
would produce bright speckles. Our tests revealed that the field of view was completely
dark, proving that the speckles seen without the polarizer (Figure 3b,c) are disordered.
We recorded the Brownian trajectory of each cluster in the image plane (Figure 3d) and
calculated the correlation between the mean squared displacement

〈
∆x2〉 and the lag time

∆t. We used the diffusion coefficient D of individual clusters calculated from the slope of
the

〈
∆x2〉(t) correlation [68] and the Stokes-Einstein relation, R = kBT/6πηD to obtain the

average cluster radius of ca. 35 nm (Figure 3e,f). This size is similar to the prenucleation
phase observed on (100) surfaces OZPN crystals in aqueous solutions (Figure 2). The
coalescence of two or more clusters (Figure 2b,c) implies that the clusters are liquid.

Solution concentration does not affect the cluster radius, and the size is steady in
time for up to three hours (Figure 3g). This behavior is opposite to the evolution of a
newly formed phase in which the domain size grows in time [69]. This size is much greater
than estimated from colloid particles condensation models [70] that are often applied to
aggregation in solution [71–78]. As the cluster population contains a minor fraction of the
dissolved OZPN, the effect on initial concentration is minimal. The concentration of the
solution in contact with the clusters is close to the initial 3, 8, or 10 mM. This observation is
beyond the reported behaviors of micelles, which equilibrate with solutions of constant
critical micelle concentration (CMC). Thus, the OZPN clusters are not micelles.

Instead, these unique properties are typical of the mesoscopic solute-rich clusters,
found in solutions of many proteins at varying conditions [19,52,65,79–81]. Similar to
OZPN prenucleation phase, the protein cluster size is steady and independent of the pa-
rameters that dictate the solution thermodynamics, such as pH, ionic strength, and protein
concentration [66,79,80,82]. According to recent models the mesoscopic clusters form due
to accumulation of transient dimers (Figure 3i) [55,65,83]. The propensity of OZPN to
dimerize is evinced form the prevalence of dimers in the known crystallographic structures
of this compound [25,84]. Importantly, the dimers that support cluster formation should
only exist for a limited lifetime [65,83,85,86] and may be distinct form the crystallographic
units. In the clusters, the transient dimers co-exist with monomers [87,88]. This kinetic
model accounts for the conversion of monomers to transient dimers, the diffusion of
monomers to fill the void created by this conversion, and the outflow and decay of the
transient dimers [65,86,89]. The cluster size appears as a square root of the product of
the diffusivity of the dimers and their lifetime and is, hence, independent of the solute
concentration and steady in time [65,86,89]. The mesoscopic clusters of OZPN appear to
agree with the predictions of this model remarkably well. In further compliance with the
transient dimer model to the OZPN clusters, the cluster radius, R, does not depend on the
EtOH concentration in the range 20–90% (Figure 3h).

4. The Mesoscopic OZPN-Rich Clusters Do Not Contribute to Crystal Growth

Classical theories of crystal growth presume that solute monomers sequentially incor-
porate into the crystals leading to their growth [17,90–95]. The association of mesoscopic
OZPN-rich clusters to crystal surfaces could contribute to three nonclassical modes of
growth. First, clusters may acquire the structure of the underlying crystal lattice and
convert to a stack of new layers, which then grow laterally by incorporation of solute
monomers. The enhanced generation of new crystal layers may be very significant for
crystals for which few or no dislocation outcrop on the crystal faces and two-dimensional
nucleation of new layers is stunted, as seen with the protein lumazine synthase [19,96].
Second, the numerous landing clusters may merge into new crystal matter and directly
contribute to the mass of the crystal [9,20,97,98]. Third, the clusters could dissolve and feed
proximal steps.

To test whether clusters partake in the growth of OZPN crystals in any of the three
ways, we used AFM to monitor the growth of 2OZPN·EtOH·2H2O crystals [38]. We did not
observe integration of the clusters with crystal layers in any way. Clusters deposited on the
surface (Figure 4b) retain their distinct structure and can be removed from the surface by
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scratching using increased force on the AFM tip (Figure 4c). Additionally, after removing
clusters from the solution by filtration, the step velocities remained unchanged. These two
results suggest that the cluster contribution to growth is negligible.

Figure 4. Contribution of mesoscopic solute-rich clusters to OZPN crystal growth. (a) Schematic of. Schematic of the
potential contribution. (b) Clusters (indicated with a red arrow) formed in OZPN EtOH/H2O solution land on OZPN
crystal surface at C ==2.68 mM. (c) Scanning with increased tip force reveals that clusters partially incorporated into the
crystal (indicated with a red arrow) etch faster than the underlying crystal, revealing that they do not integrate into the
crystal lattice.

5. Crystal Growth by Incorporation of Preformed Solution Dimers

Over 60 solvated and non-solvated forms of OZPN have been identified to date; in
all of them, save one grown in a polymer dispersion [99], OZPN molecules are organized
in a centrosymmetric dimer motif SC0, comprised of two enantiomers (Figure 5a) [25].
The overwhelming dominance of the dimeric unit has spurred speculation that the dimers
could form in solutions and serve as a growth unit for OZPN crystal forms [38,100].

To test whether OZPN crystals grow via the incorporation of dimers, we monitored
the growth of 2OZPN·EtOH·2H2O crystals from a 1/1 (v/v) ethanol/water mixture using
time-resolved in situ AFM [38]. The {002} faces grow by incorporation of solute into
steps produced by screw dislocations (Figure 5b) [38]. The velocity, ν, of evolving steps
was determined from the slope of step displacement measured as a function of time as
OZPN steps grew at steady rates over extended periods. Assuming that steps grow by
incorporation of solute monomers [17] implies monomolecular reaction, and gives rise
to a linear correlation between v and the solute concentration C, v = βΩ(C− Ce), where
subtracting the solubility Ce accounts for the reversibility of molecular attachment. Here,
Ω is the molecular volume in the crystal, and β is an effective kinetic coefficient, which
includes the kinetic parameters for the selected growth mechanism, direct incorporation or
via adsorption on the terraces [93,101]. Linear v(C) correlations have been observed for nu-
merous solution-grown crystals [19,102–117]. Unexpectedly, OZPN displays a superlinear
v(C) dependence, which extends to concentrations greater than than twice the solubility
Ce (Figure 1c,d).

One potential scenario for accelerated step growth at elevated concentration, i.e., that
mesoscopic OZPN-rich clusters may contribute to faster growth at higher supersaturation
by providing additional OZPN molecules to the step, is rejected by the observations that
the cluster contribution to growth is minimal (Figure 4). We eliminated three additional
probable scenarios of apparent growth acceleration at high supersaturation [118]: inac-
curate solubility, increasing kink density at higher supersaturation [17,114,119], and step
pinning by impurities [102].
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Figure 5. The growth of OZPN crystals. (a) The structure of the SC0 OZPN dimer. (b) In situ AFM
image of the surface of a (002) face of an OZPN crystal at C = 3.87 mM. New crystal layers are
generated by a screw dislocation. (c) The velocity ν of steps in the [109] direction as a function of
OZPN concentration C in 1/1 (v/v) EtOH/H2O. (d) The linear correlation between ν and (C2 − C2

e )
has R = 0.95. Dotted lines in (c,d) depict the relation v = βDKDΩD

(
C2 − C2

e
)
, where βD is the kinetic

coefficient for growth by dimer incorporation, ΩD = 2ΩM = 0.94 nm3 is the volume occupied by a
dimer in the crystal, and KD is the dimerization equilibrium constant. Error bars in (c,d) indicate the
standard deviation of v determined as the slope of the displacement-time correlations. (e) Schematics
of two alternative growth mechanisms. Upper path: two OZPN monomers form a dimer in the
solution, which incorporates into the crystal as a whole. Lower path: the two monomers incorporate
sequentially, forming a SC0 dimer in the crystal.

We propose that the superlinear v(C) is a consequence of crystal growth by incor-
poration of dimers, that are a minor component of OZPN solution (Figure 5e). Elevated
OZPN concentrations shift the dimerization equilibrium towards dimers and nonlinearly
enhance the dimer concentration. Towards an analytical relation between the total solute
concentration and the step velocity, which accounts for partial or total dimerization of the
solute, we consider the equilibrium between two monomers M and a dimer D

2M � D, for which KD = CD/C2
M, (1)

We assume that no higher aggregates form in OZPN solutions than dimers. Then, the
molar l concentration of OZPN C and the concentrations of monomers CM and dimers CD
are related:

2CD + CM = C. (2)
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We obtain

CM =

√
1 + 8KDC− 1

4KD
, (3)

and CD = KDC2
M =

1
16KD

[√
1 + 8KDC− 1

]2
(4)

The step velocity v scales with the difference between opposing fluxes: the attach-
ment rate of solute molecules into the kink site j+ and the detachment rates of the solute
molecules from the kink site j−.

v = Ω(j+ − j−) (5)

where Ω is the molecular volume in the crystal. Using that [17,95],

j+ =
Di
Λi

Ci (6)

where Di is the diffusion coefficient and Λi, resistance to enter the step. At equilibrium,
v = 0, and

j− = j+ =
Di
Λi

Cie

where Cie is the concentration of the respective species at equilibrium. We obtain

v =
DiΩi

Λi
(Ci − Cie) (7)

We derive expressions for the step velocity v as a function of total OZPN concentration
C for four scenarios that involve dimers present in the growth solution:

1. Monomers dominate in the solution and growth occurs by the attachment of monomers.
In this case, Equation (7) transforms into

v =
DMΩM

ΛM
(CM − CMe) (8)

Assuming that the concentration of dimers in the solution is much lower than the
concentration of monomers, CD � CM, the dimerization constant KD � 1/CM,
KDCM � 1 and 8KDCM < 1. With this, Equation (3) transforms to

CM =
1

8KD
8KDC = C (9)

A linear relationship is expected between step velocity, v, and the total OZPN concen-
tration C

v =
DMΩM

ΛM
(C− Ce); (10)

2. Monomers dominate in solution, although growth occurs by attachment dimers. In
this case, CD� CM, KD� 1/CM, and 8KDCM < 1. Assuming x = 8KDC, Equation (4)
becomes

CD =
1

16KD

64K2
DC2

4
= KDC2

We obtain for j+, j−, and v

j+ =
DD
ΛD

KDC2, j− = je =
DD
ΛD

KDC2
e ,

and v =
DDΩD

ΛD
KD

(
C2 − C2

e

)
(11)
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Equation (9) implies that the correlation between the step velocity and the total solute
concentration is quadratic;

3. If dimers dominate in solution but the growth occurs by attachment of monomers,
CD � CM and KD � 1/CM, 8KDC > 8KDCM > 1 and

√
1 + 8KDC > 1. With this,

CM =

√
8KDC
4KD

=
1
2

√
2C
KD

and, from Equation (9),

v =
DMΩM

ΛM

√
1

2KD

(√
C−

√
Ce

)
(12)

Equation (8) corresponds to a sublinear dependence between the step velocity and
the total solute concentration;

4. If dimers dominate in the solution and associate to the steps, CD � CM and
KD � 1/CM, 8KDC > 8KDCM > 1 and

√
1 + 8KDC > 1. We obtain

CD =
C
2

and v =
DDΩD

2ΛD
(C− Ce). (13)

The presented kinetic scheme reveals that if crystals grow by incorporation of solute
dimers that exist in equilibrium with monomers, the step velocity would depend
on the analytical concentration of the solute C as v = βDKDΩD

(
C2 − C2

e
)
, where

βD = DD/ΛD, the subscript D denotes dimer, and KD is the dimerization equilibrium
constant. The v(C) data are consistent with this functional relation (Figure 5c,d).

6. How Many Dimers Are There in Supersaturated OZPN Solutions?

We applied Raman spectroscopy to study formation of OZPN dimers in solution.
We compare OZPN spectra at low concentration, 0.005 M, to spectra at relatively high con-
centrations, 0.043 M, and to spectra of the corresponding solid form, 2OZPN·EtOH·2H2O,
in which OZPN is arranged as SC0 dimers (Figure 5a). To assign the origins of the observed
peaks, we model spectra for an OZPN monomer and an OZPN SC0 dimer (Figure 6). The
model spectra for the OZPN monomer show multiple Raman peaks between 1200 and
1500 cm−1 (Figure 6), whereas the model spectra for the dimer show strong peaks around
1000 cm−1 and in the range 1500–1600 cm−1 [118].

Raman spectra of OZPN water ethanoate solvate crystals show prominent dimer
peaks comparable to spectra obtained for solution samples at high concentration. (Figure 6).
The low-concentration solution spectra reveal strong monomer peaks and lack of dimer
peaks. Raman spectra at increasing intermediate concentrations in both solvents display
gradual contraction of the monomer peaks and an increase in intensity of the dimer
peaks (Figure 6). The concentration dependence of the monomer and dimer Raman peak
intensities enable estimation of the OZPN dimerization constant KD. The Raman intensity
is directly related to the concentration of the species generating the signal [10].

I = JC (14)

where J is the molar intensity coefficient, and C is the concentration of the respective species.
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Figure 6. OZPN dimers in solution. Raman spectra of OZPN dissolved in 1/1 EtOH/H2O at listed
concentrations and of the solid crystalline solvate are compared to calculated spectra for OZPN
monomer and dimer.

The band at 1517 cm−1 is related to the dimer, and it preserves its shape at all OZPN
concentrations (Figure 6). The intensity of this peak at the highest tested C was selected as
an internal intensity standard Ist. We test several values of KD, and for each value KD we
calculate the CD for each of the measured concentrations. We refer to computed CD at the
highest C as CDst. The expected intensity of the peak at 1517 cm−1 for each assumed KD
was calculated via

ID =
CD Ist

CDst
. (15)

For each assumed KD, the the root mean squared deviation (RMSD) of the computed
ID from the experimentally measured values at five different OZPN concentrations was
calculated. The KD that yielded the lowest RMSD was taken as the best estimate of the
dimerization constant. We obtain KD = 2.7 ± 0.1 M−1. Mass balance calculations inform
that the dimer concentration CD in the growth solution is 0.01 mM at the solubility 2.05 mM;
CD increases to 0.05 mM at the highest tested total OZPN concentration in the growth
studies, C = 4.45 mM (Figure 5c). The superlinear increase in CD dictates the quadratic
v(C) correlation (Figure 5c,d).

7. From Dimers to Clusters and Crystal Nucleation

Given the self-association of OZPN dimers in the growth solution and the widespread
dimeric motif in the 2OZPN·EtOH·2H2O crystals, it is reasonable to assume that the solute
dimers are selected during crystal nucleation, i.e., OZPN crystals nucleate by association of
preexisting dimers faster than the same structure would nucleate by assembly of individual
molecules. This argument cannot be true, however, if nucleation follows the classical
pathway of sequential association of individual or dimerized molecules. Indeed, classical
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nucleation theory identifies two powerful parameters of the nucleation rate: the surface
tension between the emerging nucleus and the host solution, and the supersaturation.
The surface tension cannot distinguish between the two nucleation pathways as it is
prescribed by the structures of the respective nuclei, which are identical. Simple mass
balance calculations, based on the value of the dimerization constant KD = 2.7 M−1, indicate
that the concentration of the dimers would be much higher than that of the monomers only
if the total OZPN concentration is greater than 1.1 M. Crystals nucleate at concentrations
several-fold greater than the solubility Ce = 2.05 mM, i.e., of order 10 mM, at which the
monomers are in high excess. Thus, supersaturation favors classical nucleation by assembly
of individual molecules.

By contrast, evidence presented above suggests that nucleation pathway of OZPN
crystals follows two-step process where the crystal nucleation is hosted and assisted by
prenucleation phase (Figures 2–4) [38]. The unique cluster properties differentiate them
from other condensed phases; these behaviors have been related to the formation, diffusion,
and decay of transient OZPN dimers that prompt cluster formation and gather in the
clusters [54,55,65,86,120]. The high concentration in the clusters of transient dimers, which
are akin to the crystallographic centrosymmetric dimers, may facilitate their restructuring
and assembly into a crystal nucleus comprised of dimers [121,122].

8. Summary and Conclusions

Our results test the role of two crystallization precursors, solute dimers and solute-
rich liquid clusters, in the crystallization of olanzapine. We show that that the clusters are
abundant in the solution, where they facilitate the nucleation of crystal forms. The clusters,
however, incorporate in the crystal as foreign bodies and, in distinction to numerous other
crystallization systems, do not contribute to growth. This finding rejects an emerging
paradigm in the field of nonclassical crystallization, that the presence of precursors in the
growth medium proves their direct participation in growth.

Crystal growth by the association of monomers to unique growth sites, the kinks, has
been viewed as the classical growth mode since it was adopted in the founding papers in the
field. Recent observations, however, in biological, geological, and synthetic environments,
have put forth cases of non-classical crystallization employing liquid, amorphous, and
crystalline precursors. We demonstrate that crystals grow predominantly by incorporation
of solute dimers, the simplest preformed units, a growth mode, which has been left
out of a notable summary of non-classical crystallization modes [9] as, although it has
been inferred from crystal and solute structures, it has never been directly observed
experimentally. The finding of growth by dimer incorporation is essential for modelling of
crystal properties such as crystal shape [100] and dictates critical modification in ubiquitous
crystallization process models that assume that the step growth rate scales linearly with
solute concentration Furthermore, studies of the nucleation and polymorph and/or solvate
transformation pathways directed by the clusters are essential to understand how to control
crystallization outcomes, especially the control of crystal forms.
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