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(MSZW)
crystallization of sulfamethazine-acetylsalicylic acid (SMZ-ASA)

The metastable zone width during the cooling
cocrystal system in acetonitrile (ACN) exhibits different patterns
with variations in coformer ratios and saturation temperatures.
Studies were carried out at a fixed 0.3 °C min* cooling rate in 20
mL with three agitation rates (100, 400, and 800 RPM), across a
saturation temperature range of 15-35 °C with ASA/SMZ molar
ratios ranging from 2.5-9.61. Polynomial surface fitting of the
induction time data was employed to assess the dependence of
MSZW on solute concentration and saturation temperature,
where the concentration range was varied between 30-70 mM
for SMZ and 100-400 mM for ASA. The results revealed that both
coformers’ composition and temperature strongly influence
MSZW. Importantly, a non-monotonic trend was observed, with
the MSZW broadening at higher saturation temperatures for fixed
ASA/SMZ ratios, an atypical behavior compared to conventional
cooling crystallization. These findings emphasize the system-
specific complexity of cocrystal nucleation and the intertwined
influence of solute composition and saturation temperature.

Introduction

Over the past couple of decades, rapid growth has occurred in
the laboratory screening and identification of potential
pharmaceutical cocrystals with enhanced physicochemical
properties. Nonetheless, their translation to commercial
manufacturing remains limited with only a handful of marketed
drugs."” This gap partly arises from the challenges of reliably
producing cocrystals at a larger scale while maintaining
consistent critical quality attributes (CQAs) like phase purity,
morphology, and particle size distribution. Pharmaceutical
cocrystals can be produced by various techniques, including
mechanochemical grinding, melt crystallization, and solution-
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mediated routes.* Among these, solution-based methods, such
as slurry conversion, cooling crystallization, and antisolvent
addition, are particularly attractive for industrial-scale
production, as they are compatible with existing crystallization
equipment and easy real-time monitoring using established
Process Analytical Technology (PAT) tools.”” Cooling and
combined cooling-antisolvent crystallization approaches enable
precise modulation of different process parameters like
supersaturation generation rate, solvent composition, and
agitation rate, providing enhanced control over CQAs.® For
successful scale-up of such solution-mediated processes within
a systematic Quality-by-Design (QbD) framework, it is necessary
to investigate the underlying thermodynamic and kinetic factors
governing nucleation and growth, as these directly influence the
robustness and reproducibility of the final product.” ™

One of the critical parameters essential for designing robust
and reproducible cooling crystallization processes is the
metastable zone width (MSZW) expressed as ATyay, defined as
the interval between the saturation temperature (T,) and the
onset temperature for spontaneous nucleation (T,c)."> A certain
level of supersaturation, which is the driving force for
nucleation, is required for the creation of new solid interfaces.
This supersaturation level at which spontaneous nucleation
begins is often referred to as supersolubility."* By definition, the
region between the solubility curve (at 7,) and the
supersolubility curve (at Ty,) in the concentration vs.
temperature plot is the metastable zone. MSZW determination
enables the selection of optimal seeding windows,
minimization of uncontrolled nucleation, and control of
particle size distribution. It can also provide insight into the
solute-solvent interactions and the kinetic landscape of
crystallization. The relationship between MSZW and process
variables such as cooling rate, saturation temperature, agitation
rate, and solution volume can guide process optimization and
scale-up.™*

While a few recent studies have examined nucleation
pathways in cocrystal systems, these investigations have primarily
focused on induction time measurements and mechanistic
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interpretation of nucleation'®® rather than systematic evaluation
of the MSZW in cocrystal systems. The relationship between
metastable zone width (MSZW) and saturation temperature is
well established for single-component systems but studies
focusing on MSZW behavior in cocrystal systems remain
relatively limited. Among the reported studies, Boyd et al
investigated the benzoic acid-isonicotinamide cocrystal and
highlighted the influence of solute-solute interactions, showing
that increasing benzoic acid concentration led to a broader
MSZW." Baldea et al. examined the ketoconazole-fumaric acid
system, identifying optimal ketoconazole concentrations for high-
yield crystallization in ethanol and acetone-water (4:6 v/v),
though extensive parametric analysis was not conducted.”® Zhao
et al. conducted a more comprehensive study on the barbituric
acid-urea cocrystal, analyzing MSZW dependence on both
cooling rate and solute concentration. Their findings showed that
MSZW increased with cooling rate and urea concentration, while

ATmax (OC)

ATHISX (OC)

(b)
12
10
G 8
5 ¢ I
5 4
2

R=8.0
Molar Concentration Ratio (R=[ASA]/[SMZ])

0100 RPM 400 RPM

©
Fig. 1 Effect of solute molar concentration ratio on the MSZW in ACN
at saturation temperature of (a) 15 °C, (b) 25 °C and (c) 35 °C.
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interfacial energy and the MSZW decreased with rising saturation
temperature.”!

The current study systematically investigates the combined
influence of coformer concentration ratios, saturation temperature,
and stirring rate (RPM) on MSZW in a cocrystal system, using
SMZ-ASA cocrystal in ACN under a constant cooling rate.

Results and discussions

To determine the MSZW, controlled cooling crystallization
experiments were carried out at a constant cooling rate of 0.3
°C min™' in a magnetically stirred 20 mL system, using
concentrations selected along the reported cocrystal stable-
phase solubility line from TPDs at 15, 25, and 35 °C,° across
molar ratios ([ASA]/[SMZ]) ranging from 2.5 to 9.61, which
lies between the two invariant points of the established TPDs.
This ensured that all experiments were conducted within the
stable-phase cocrystal region, so that the crystallized phase
obtained would consistently be the 1:1 SMZ-ASA cocrystal.
Nucleation onset was detected using a turbidity-based
method, using three different stirring rates (100, 400 and 800
RPM), and each condition was repeated six times to
systematically evaluate the effects of solute concentration,

[ w - n
(=] (=] > (=]
L 1 L ]

Temperature (°C)

p—
=
L

0 -

500 250 00 25 50 75 100

ASA (mM)

n
=
J

£y
=
L

33 485 35

W
=
L

o
o
S ST ST S
B
RS OSOS SO S
POSSOCS
-‘%%q

Temperature (°C)
=
L

—_
=
L

0~\'\ . . . .

00 20 40 60 80 100

ASA (mM) SMZ (mM)

(b)

Fig. 2 Solubility surface (blue) and supersolubility surface (grey mesh)
for SMZ-ASA cocrystal at (a) 100 RPM and (b) 400 RPM.
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stirring rate, and saturation temperature on MSZW, as
illustrated in Fig. 1. The reported MSZW values representing
the mean of six independent measurements for each
condition, with standard deviations (S.D.), are provided in
Table S1 of SI. After 6-8 minutes of nucleation, once
sufficient solid had formed, samples were withdrawn,
filtered, dried, and subjected to PXRD analysis to confirm the
solid phase. The PXRD patterns of the samples obtained at
400 RPM are provided in the SI (Fig. S1). It is evident from
Fig. 1 that the MSZW is significantly narrower at 400 RPM
compared to 100 RPM across all saturation temperatures and
concentration ratios, which can be attributed to the improved
diffusional transport and enhanced mass transfer with the
increase in agitation rate.”® But again, on increasing the
agitation rate to 800 RPM no specific trend or significant
changes in MSZW were observed as compared to 400 RPM. It
is reported that in some systems, the relationship between
stirring rate and MSZW can exhibit an inflection point,
depending on the solute, solvent, and other operational
conditions.>*?* In this system, the experimental results
indicate that increasing the agitation rate beyond 400 RPM
does not produce any significant change in the nucleation
behavior or the corresponding MSZW. Accordingly,
subsequent analysis was restricted to the 100 and 400 RPM
datasets to evaluate the effects of composition and saturation
temperature on MSZW.
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A second-degree polynomial surface fit (poly22, MATLAB
R2024a) was applied to the solubility data within the cocrystal
stability region, bounded by the TPD invariant points at 15, 25,
and 35 °C, yielding the continuous blue surface in Fig. 2 that
defines the equilibrium solubility limit as a function of SMZ and
ASA concentrations. Similar surface fit of the experimentally
observed nucleation onset temperatures is superimposed as the
grey mesh surface in Fig. 2. The vertical distance between the two
surfaces corresponds to the MSZW, indicative of the kinetic
barrier to nucleation under each condition at 100 and 400 RPM.
The polynomial surface fit equations are provided in the SI (Table
S1). The high R-squared (R?), adjusted R-squared (Adj. R?), and
low Root Mean Square Error (RMSE) values for each fit, detailed
in SI (Table S2), confirm a strong correlation between the models
and the experimental data. Thus, these equations provide a
quantitative basis for comparing the effects of concentration on
both the equilibrium solubility and the MSZW. The generated
surfaces and their respective polynomial fits serve as a robust
predictive tool for mapping the crystallization window under
varying process conditions.

The trends in Fig. 3(a-d) highlight the influence of solute
composition on the MSZW, ATy,.x under different agitation
rates. At a constant SMZ concentration Fig. 3(a and b),
increasing ASA concentration initially broadens the MSZW,
but beyond a specific ASA concentration (corresponding to
an SMZ concentration), the MSZW begins to decrease. This
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Fig. 3 Effect of SMZ and ASA concentration on the MSZW, AT .. for the SMZ-ASA cocrystal at (a and c) 100 RPM and (b and d) 400 RPM.
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Fig. 4 Solubility and supersolubility curve for the SMZ-ASA cocrystal (a)
at constant SMZ concentration and (b) at constant ASA concentration.

behavior suggests that at higher ASA concentration beyond a
threshold value, the nucleation kinetics become faster, and
crystallization can occur at lower supersaturation, thereby
narrowing the MSZW.

Conversely, at constant ASA concentration Fig. 3(c and d),
increasing SMZ concentration generally leads to a progressive
broadening of the MSZW, reflecting slower nucleation kinetics
in SMZrich environments where higher supersaturation is
required to trigger nucleation. An exception is observed at very
low ASA concentration (~100 mM), where the MSZW remains
nearly constant despite increase in SMZ concentration. In
general, it may be concluded that as the concentration of the
low solubility coformer (SMZ) increases, the MSZW increases,
while high concentration of the high solubility coformer (ASA)
decreases the MSZW. However, this behavior might be specific
to the model system and hence may not be generalized until
more data on other cocrystals are available. Nonetheless, the
observations confirm that the concentrations of both the
coformers and their ratios are critical factors that influences the
MSZW in  cocrystallization  process. Overall, higher
concentration of ASA, which exhibits higher solubility and
nucleation rates than SMZ, favour faster nucleation and leads to
a narrower MSZW.’

From the solubility and supersolubility curves presented
in Fig. 4(a and b) and the experimental induction time data
presented in Fig. 1, it can be observed that the MSZW
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exhibits a non-monotonic relationship with the coformer
concentration and the MSZW broadens as T, increases. While
single-component systems typically show a narrowing of the
MSZW with increasing saturation temperature,®®*” such
trends may not always be applicable to multicomponent
systems like cocrystals. In cocrystals, the MSZW becomes
more system-specific, governed by the interplay between
solute composition, their intermolecular interactions, and
the kinetics of complex formation preceding nucleation.

The atypical observation of MSZW expansion with increasing
temperature might be explained by a temperature-dependent
reduction in hydrogen-bonding propensity between SMZ and
ASA. Specifically, the 1:1 SMZ-ASA cocrystal is stabilized by
acid-amide heterosynthon, which intermolecular
hydrogen bonding between the carboxylic acid group of ASA
and both the sulfonamide nitrogen and pyrimidine ring
nitrogen of SMZ.”® With elevated temperature, the strength and
stability of hydrogen-bonded molecular clusters essential for
nucleus formation are likely to decrease.”® Consequently, a
higher Gibbs free energy barrier may be needed to form stable
critical nuclei for the cocrystal system, thus delaying nucleation
onset and broadening the MSZW at elevated temperatures. This
interpretation aligns with thermodynamic expectations for
multicomponent systems where intermolecular interactions,
especially hydrogen bonding, critically influence nucleation
kinetics.*® However, this proposed mechanism is a plausible
hypothesis based on the observed macroscopic trends. Direct
verification of this hypothesis at the molecular level through
molecular dynamics simulations or experimental investigations
to quantify the stability of specific hydrogen-bonded clusters as
a function of temperature would be required for definitive proof
and presents a valuable avenue for future investigation. These
results demonstrate that the determination of MSZW in
cocrystal systems is inherently complex and system-specific,
being governed by the nucleation kinetics of the constituent
molecules and the target cocrystal, and is therefore critical for
robust process design, reliable scale-up, and enabling seeded
crystallization strategies to control the CQAs of the final
cocrystal product.

involves

Conclusions

The MSZW for cocrystal nucleation in cooling crystallization
was found to be highly sensitive to the relative concentrations
of coformers and the saturation temperature. Relying on the
concentration of a single coformer is insufficient to predict the
cocrystal MSZW and may be influenced by system-specific
characteristics such as intermolecular interactions. To capture
this complex non-monotonic dependence, a polynomial curve
fitting approach was applied, providing a good correlation with
experimentally determined MSZW. It was observed that at the
highest SMZ and ASA concentration values, the MSZW
decreased by a factor of approximately 1.4 when the stirring rate
was increased from 100 RPM to 400 RPM. Further increase in
agitation to 800 RPM did not influence the MSZW significantly.
In contrast, coformer composition played a more decisive role.

This journal is © The Royal Society of Chemistry 2026
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At constant SMZ concentration, increasing ASA broadened the
MSZW until a threshold concentration was reached, beyond
which, the MSZW progressively narrowed. At constant ASA
concentration, increasing SMZ increased the MSZW. However,
low ASA concentration (~100 mM) showed minimal impact on
the MSZW to changing SMZ concentration. A particularly
unconventional trend was observed where the MSZW
broadened with increasing saturation temperature at similar
[ASA)[SMZ] ratios. This is likely due to reduced hydrogen-
bonding propensity at elevated temperatures, influencing pre-
nucleation clusters thereby increasing the nucleation barrier.
Overall, this study demonstrates that the MSZW behavior in
multicomponent  systems like cocrystals may exhibit
inconsistent trends compared to the more predictable patterns
of single-component crystallization. This inherent complexity
highlights that precise determination of MSZW is a prerequisite
for robust process design for solvent-mediated cocrystallization
strategies.
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