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Abstract

Crystal morphology plays a pivotal role in all applications because it affects the performance and the
processing behaviors of crystals. Foreign compounds are often employed to control crystal morphology;
conversely, morphology variations are sometimes attributed to uncontrolled impurities present in the
crystallizing solution. Here we explore the impact of modifiers on the crystallization and morphology of
mefenamic acid (MFA), a nonsteroidal anti-inflammatory drug. We focus on the roles of benzoic acid, 2-
chlorobenzoic acid, and 2,3-dimethylaniline, compounds that may be retained as minor components after
MFA synthesis. We explore the effects of these compounds at varying MFA supersaturation levels. Whereas

the additives did not alter the polymorphic form of MFA, they significantly modified crystal morphology,
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leading to elongated and blade-like crystals. In contrast to numerous published cases, these compounds do
not affect the growth rates of the dominant crystal faces. Instead, we show that the observed morphology
changes are due to modifier-driven crystal twinning that may be initiated by disruptions of crystal nucleation.
These findings highlight the importance of considering nonclassical nucleation mechanisms, where
impurities and modifiers may influence crystallization through pathways beyond direct surface adsorption,
such as cluster formation and lattice disruption. This study provides critical insights into the role of foreign
compounds in crystal engineering, emphasizing the need for an integrated outlook on their effects on crystal

nucleation and growth to optimize pharmaceutical crystallization strategies and enhance drug performance.

Introduction

The shape and habit are among the critical attributes that determine the properties and applications
of all classes of crystals: catalysts,*2 of nonlinear optical elements;34+5 pathological agglomerates,®8 and
others. Thus, crystal morphology control is a fundamental problem of crystal growth science. Crystal
morphology is particularly important for pharmaceutical preparations, for which it dictates the
physicochemical properties, processing behaviors, and therapeutic performance of active pharmaceutical
ingredients (APIs). Since anisotropic crystal faces dissolve at rates that may vary multifold, the control of
crystal shape is essential for optimizing dissolution rates, ensuring bioavailability, and maintaining
consistency during drug manufacturing. Among the various morphologies observed in crystalline APIs,
blade-shaped (or just blade) crystals present a series of challenges that significantly complicate downstream
processing. Their inherent poor flowability disrupts the efficient handling of particulate solids, particularly in
continuous manufacturing reactors. The elongated shape of these crystals results in increased interparticle
friction and the formation of bridges or clogs in hoppers, feeders, and other material transfer systems.*
Additionally, the mechanical fragility of blade crystals can result in particle breakage during blending or
compression and increasing the heterogeneity of the particle size distribution. * Furthermore, inefficient
filtration through a tightly packed filter cake created by blade crystals increases the risk of impurity retention,

which may affect the overall purity and stability of the APL.=2 This ultimately affects batch quality and
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compliance with regulatory standards.s Post-crystallization modifications, including milling and
agglomeration, are often employed to improve particle morphology; these processes, however, may
introduce additional complexities. The risk of generating amorphous content or inducing polymorphic
transformations during milling is high and may compromise of the stability and performance of the APL.4
Uncontrolled foreign compounds (i.e., distinct from the crystallizing substance and the solvent) are
often called impurities and they represent an intrinsic aspect of the crystallization process. They may be
introduced along with the raw materials and solvents or created as synthesis byproducts. Even in trace
amounts, these foreign molecules may profoundly affect crystal morphology by impeding growth of specific
crystal faces.’s7 Impurities or intentionally introduced modifiers may affects the growth processes on a
crystal surface without incorporating into the crystal or, conversely, embed in the crystal lattice without
affecting the growth kinetics, both affect growth and incorporate, or do neither.9 The two primary molecular
mechanisms of impurity growth inhibition include kink blocking and step pinning;82' elaborate
mechanisms of cooperativity between two or more foreign molecules may lead to synergistic or antagonistic
inhibition or straightforward additivity.2022 Impurity incorporation often results in macroscopic crystal
defects such as dislocations, twinning, inclusions, or pores.2s More complex impurity-driven scenarios arise
from the distinct responses to the presence of foreign compounds of the two main stages of crystallization,
nucleation and growth.2425 Secondary effects and cooperativity between these processes further confound
detailed analyses of impurity effects. For instance, additives that are indifferent to the growth processes may,
at longer times, invade the crystal lattice and strain it.2¢ The added elastic energy increases the chemical
potential of the crystallizing substance in the crystals and lowers the crystallization driving force. Impurity
incorporation is face-specific,'2 and the resulting slowdown of growth will be face-selective, severely affecting
the morphology. Modifiers that do not or only weakly inhibit surface growth may boost the nucleation of
nanocrystallites, which get buried into growing crystals, causing elastic strain and potent growth
suppression.2> 2728 Thus, the effects of foreign compounds on crystallization combine both kinetic and
thermodynamic aspects. Somewhat loosely, it is sometimes assumed that during slow growth,

thermodynamic factors dominate, allowing the crystal to selectively interact or ignore a modifier.29 30 332 By
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contrast, it is thought that under fast growth conditions, kinetic factors may dominate, leading to nonlinear
response to the impurities.

Current models of crystal morphology control predominantly focus on the suppression of growth in
specific directions and have produced significant strides in describing the influence of foreign molecules and
solvents on crystal morphology.3338 A deeper mechanistic understanding of growth processes and defect
formation, particularly in the presence of impurities, is critical for refining these predictive models.
Integrating such insights with computational advances would enable more comprehensive and precise
control of crystal engineering, allowing for the development of more versatile and reliable crystallization
strategies.

Here we report on the crystallization of MFA in the presence of modifiers and examine their effects on
the resulting crystal morphology. Mefenamic acid (MFA) is a nonsteroidal anti-inflammatory drug (NSAID)
widely used for managing mild to moderate pain, particularly dysmenorrhea (menstrual cramps).39 Assigned
to the Biopharmaceutical Classification System (BCS) Class II, MFA exhibits low solubility but high
permeability, making dissolution a rate-limiting step in its bioavailability. MFA exists in three polymorphic
forms: I, II, and III, with Form I being the most thermodynamically stable at ambient conditions. Form I
enantiotropically relates to Form II, which is more stable above 175 °C.4#© MFA Form I crystallizes into a
variety of shapes, ranging from plates to needles, depending on the crystallization conditions such as solvent,
supersaturation, and temperature.#-43 Controlling crystal morphology is therefore crucial for optimizing
MFA’s therapeutic performance and manufacturability.44-45

The sensitivity of MFA morphology to solvents and supersaturation levels makes it a suitable model to
investigate the effects of impurities on particle attributes. A previous study of crystallization from 30 different
solvents# identified several solvents in which the crystal morphology of MFA Form I exhibited a strong
dependence on supersaturation. Here we focus on crystallization from one of these solvents, 2-butanol, and
explore the effects of three foreign compounds. Two of them, 2-chlorobenzoic acid (CIBA) and 2,3-
dimethylaniline (DMA), are the raw materials in MFA manufacture,#” whereas benzoic acid (BA) is a

common byproduct. We combine experimental crystallization studies with adsorption energy calculations
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to elucidate whether these modifiers impact crystal growth through adsorption on the growing crystal

surfaces or via other mechanisms.

Materials and Methods

Materials. Analytical grade 2-butanol was purchased from Fisher Scientific, UK. Mefenamic acid (= 98 %),
benzoic acid (= 99.5 %), 2- Chlorobenzoic acid (= 98 %), and 2,3-dimethylaniline (=99 %) were purchased
from Millipore Sigma (formerly Sigma Aldrich) UK and were used without further purification.
Crystallization of seed crystals: Plate like crystals grew from 2-butanol at C — Ce in the range 12 — 19 mM (the
solubility of MFA at 25 °C is Ce= 23 mM, Figure S1) and blade -like crystals were grown at C — Ce = 22 mM
after a period of 5 — 7 days.

Growth of crystals. To measure the growth kinetics of MFA crystals at 20 °C in 2-butanol in the [010] and
[001] directions, we used an inverted optical microscope Leica DMi1 equipped with Leica DFC495 camera,
Leica Microsystems (UK) Ltd. Images were analyzed using LAS v.4.8 software (Leica). Supersaturated
solutions were prepared by dissolving appropriate amounts of MFA at an elevated temperature, after which
the solution was slowly cooled down to 20 °C and filtered into a glass vial. The images were collected every 5
min. The growth of each crystal seed was monitored for about 3 h, during which the solution supersaturation
was assumed to remain constant as no spontaneous nucleation was observed.

Solubility measurements. A known amount of MFA was weighed into a 2 ml vial. 1.5 ml of 2-butanol was
pipetted into this pre-weighed vial containing the solid material and a stir bar. The vial was then reweighed
to determine the exact mass of solvent added and therefore the exact molar composition of the sample. Each
vial was capped tightly to avoid evaporation of the solvent during measurement. The temperature at which
all crystals dissolved was measured by a Crystal16 Multiple Reactor (Technobis Crystallization Systems, The
Netherlands) using 700 rpm of stirring rate and heating rate 0.2 K/min and was taken as the equilibrium
temperature of the tested mixture.

Face indexing. Single crystal X-ray diffraction (SC-XRD) patterns was collected using D8 Venture (Bruker

UK Limited), equipped with Photon IIT CCD detector and Cu Ka X-ray energy source (1.5406 A). A single
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crystal was prepared and fixed onto a low diffraction loop connected to a three-circle fixed Chi goniometer.
The data were collected from 4° to 35° 2-theta (step size 0.017°) at ambient temperature.

Powder Xray Diffraction: All samples were analyzed using Bruker AXS D8 Advance II diffractometer using
Debye-Scherrer transmission of Cu Ko radiation with a wavelength of 1.540596 A. Samples were prepared
on an automated x-y 28 well plate with 7.5 um Kapton film. Patterns were collected between 20 range 4 —
35°. Reference powder patterns were produced using the Mercury 4.8 (CCDC) software from single-crystal
data (CSD ref code: XYANAC).

Scanning electron microscopy: Scanning Electron Microscopy images were collected using U9320B 85008
field emission scanning electron microscope (FE-SEM) from Keysight Technologies in backscattered mode
at 10kV

Adsorption energies calculations: Adsorption energies were modelled using Material Studio 7.0 Software
package (Accelrys Software Inc.) Stepped surfaces of each MFA crystal face were created using the Form I

crystal structure, CCDC code: XYANAC. First, the unit cell was optimized with Forcite. The Quasi-Newton
algorithm was used with convergence tolerance for energy of 2.0 x 10 keal/mol, a force of 0.001 keal /mol /A,

and the displacement of 1.0 x 10™ A% Next, surfaces were created by cleaving the MFA Form I unit cell to a
fractional depth of 1 unit cell and constructing a 3 x 4 supercell. Rows of surface molecules were manually
deleted to create steps. A vacuum slab of 100 A was inserted above each surface. The monomer I was cut
from MFA Form I (CCDC code: XYANAC) and monomer II was cut from MFA form II (CCDC ref code:
XYANACO7). Impurity molecules were drawn in Materials Studio. All geometries were optimized in the
same way as described above using Forcite. The COMPASS forcefield was used for the adsorption
calculations and rigid monomers were used. Five different adsorption configurations of monomer and dimer
were investigated, and the lowest energy configuration is reported. The binding energies calculated using the
following equation: Uass = Utota — (Usutace + Undsorbate), Where E,, is the total energy of the surface and
adsorbate, E,,.is the energy MFA surface without the adsorbate, and E, .. is the energy of the adsorbate

without the surface.
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Results

Growth of MFA in pure solution

The MFA molecule consists of a benzoic acid residue, connected at position 2 by an amino bridge to
an ortho-xylene group (Figure 1a). A strong intramolecular hydrogen bond (N-H---O) between the amino
and the carboxyl groups keeps the phenyl and carboxyl groups of benzoic acid coplanar with the amino group
and leaves a single rotational degree of freedom around the bond between the xylene and amino groups. As
a benchmark to quantify modifier effects on MFA crystallization, we conducted crystallization experiments

in pure 2-butanol. Crystals obtained from 2-butanol solution of different supersaturation exhibit distinct

Supersaturation
Figure 1. Mefenamic acid crystals and their morphology. Form I crystals grown from 2-butanol.
a) Molecular structure of MFA. b) BFDH plate crystal morphology generated with Mercury software
(version 2021.2.0) using CSD entry XYANAC. c) Face indexing of plate crystals. d) Plate crystals
grown at C — Ce = 12 mM. e) Blade-like crystals grown at C — Ce = 22 mM. f) Needle-like crystals
grown at C - Ce > 25 mM

morphologies.4 Despite their morphology differences, all obtained crystals were of the most stable form at
ambient conditions, Form I (Figure S2). The Bravais-Friedel-Donnay-Harker (BFDH)4 model predicts for

MFA Form I plate morphology with dominating {100} faces (Figure 1b). This model relies on the generally
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accepted rule that faces that grow more slowly are more prominent in the crystal habit %49 and evaluates the
relative face growth rates solely from the interplanar distances in the respective crystallographic directions.
Face indexing using single crystal X-ray diffraction (Figure 1c) confirmed that the experimental plate
morphology (Figure 1d) matches the prediction of the BFDH model. As supersaturation increased crystal
morphology shifted significantly from that predicted by the model and seen at low supersaturations (Figure
1d). Crystals grown at C — C. = 22 mM are elongated (Figure 1€); above C — C. = 25 mM the crystals are even
less isometric and present as long and thin needles (Figure 1f).

To understand how supersaturation affects the shape of the crystals during growth, we note that the
MFA crystal morphology reflects the anisotropic growth rates of individual crystal faces.> 4 The size of a
crystal face is inversely proportional to its growth rate; slower-growing faces are larger, whereas faster-
growing faces are smaller or may taper off into wedges, an implementation of the venerable Chernov rule.
49 Thus, concentration-dependent crystal morphologies are a consequence of distinct growth rates —
concentration correlations in different crystallographic directions. The crystals grow as solute molecules
associate to kinks, located along the steps. The growth rate of a face, G, can be expressed as a function of the
supersaturation (C — C.), G = ak,(C — C,)" , where a is the solute molecular size, the exponent b is the
growth order (usually 1 < b < 2), and kj; is the growth constant. We monitored the growth of plate MFA
crystals in 2-butanol in [011] and [001] directions (Figure 2a) at varying supersaturations expecting to obtain
the growth constants in both directions. The measured growth rates appear proportional to the
concentration, indicating that the growth order b = 1. The linear G(C) correlations indicate that the crystals
grow by incorporation of the dominant solution species.5*52 From the slopes of the G(C) correlations (Figure

2) and the molecular size a we evaluate the rate constants, k, for incorporation into kinks. The evaluated
kgs in the [001] and [011] directions are similar (k;[001],,4¢e=(1.9£1.0) x 103M*s* and k4 [011];4¢c=
(2.2+1.0) x 103M*s* (Figure 2b, c). The similarity of the measured growth rates in the [001] and [011]
directions within the probed supersaturation range, 0 < (C — C¢) < 0.19 mM (Figure 2b, c), reflected in the

linear G(C) correlations and the closeness of the respective ks, agrees with the observed isometric plate
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shape (Figure 2b, c). Extrapolating these linear G(C) correlations to greater supersaturations, however,

contradicts the observed shape transition from plates to blades (Figure 1e, f) .
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Figure 2. Growth kinetics of MFA crystals in the absence of additives. a), d) Micrographs of a
plate crystal, in @), and a blade crystal, in d), with denoted crystallographic directions. b), c)
Growth rates as functions of the supersaturation C — Ce in [001] direction, in b), and in [011]
direction, in c) for plate crystals. ), f) Growth rates as functions of the supersaturation C — C¢ in
[001] direction, in b), and in [011] direction, in c) for blade crystals. Symbols represent the
average values of five independent measurements with different crystals; error bars designate
the corresponding standard deviation from these average values. Dotted lines represent best
linear fits to data. The growth constants k, evaluated as slopes of the dotted lines are shown in

the plots.

To understand the inconsistency between the observed blade shape and the prediction based on
measurements with plate crystals, we measured the anisotropic growth rates in the [011] and [001]
directions of blade crystals (Figure 2d). Similarly to the plate crystals the growth rate displayed a linear
dependence on concentration. As expected, in contrast to plate crystals, the blade crystals grow significantly
faster in the [011] direction than in the [001] direction. The growth constant in the [001] direction,
k4[001] ;040 =1.741.4 10>Ms"is similar to that of plate crystals in the same direction, whereas in the [011]
direction, along the blade axis, k;[011] ;4. = 5.5+2.0 103-M"s", about three-fold higher than that of plate
crystals. Notably, the shapes of both plate and blade crystal are preserved across a range of supersaturations.

In organic solvents solute reaches the growing steps directly from the solutions, bypassing adsorption on the
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terraces between steps.5354 Thus, the growth rates of the two faces are directly proportional to their respective
kink densities. This line of thought leads to the conclusion that the anisotropic growth rates are governed by
varying kink densities of different faces and that blade-shaped crystals employ an alternative mechanism to

generate more kinks on the {011} faces, which underlies their faster growth.

Twinning

Examinations of blade crystals using optical and scanning electron microscopies reveal that they are
twinned (Figure 3). Twinning occurs when two single crystals of the same compound are intergrown along
a specific crystallographic plane. A twin boundary separates two domains that are mirror images of each
other, creating a symmetric but discontinuous structure.55¢ This phenomenon typically arises during the
early stages of crystallization, around nucleation, at which the crystals are small and the elastic strain
associated with the twin boundary is sufficiently low to be overcome by the free energy loss of crystallization.
5758 The Second Law of thermodynamics dictates that twin boundaries select low-energy lattice planes, which
are densely packed and provide a good structural fit between the twin components. In MFA crystals, the twin

boundaries orient along the (001) plane (Figure 3a, c).

(001)

domain | domain |l

Figure 3. Twinning of MFA crystals. a) An optical microgrpah of twinned blade crystals marked
with solid blue arrows and isometric plate crystals marked with dotted purple arrows. b) A SEM
micrograph of a twinned crystal. Blue arrow points at a twin boundary. c) Molecular represantation
of twinning along a (001) plane.
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The effects of twin boundaries on the crystal growth rate have been explored for metal and
semiconductor crystals, where these lattice defects are common; the provided mechanistic details appear
applicable to organic crystals. The twin boundaries contribute to significantly faster growth by serving as an
efficient source of new layers at the re-entrant corners that they create (Figure 3c).% The edges of the

abundant new layers, the steps, host substantially greater numbers of kinks and lead to faster growth.

Growth of MFA in the presence of modifiers

MFA is synthesized from DMA and CIBA.#” Common impurities in crude MFA include unreacted
DMA and CIBA (Figure 4a). In addition, BA (Figure 4a) is often formed during the reaction, likely due to
competing chloride cleavage of CIBA. These impurities are toxic, making their removal by recrystallization
crucial. 6162

While the presence of modifiers did not alter the solid form (SI Figure 3) their effect on morphology is
noticeable. DMA caused moderate elongation and agglomeration of the grown crystals (Figure 4b). By
contrast, crystals grown in the presence of CIBA and BA showed strong agglomeration and pronounced
elongation in the [011] direction (Figure 4c¢, d). The two classical mechanisms of modifier effects on crystal
growth rates include step pinning and kink blocking.192% 6364 Steps may be pinned by modifiers that adsorb
directly on the crystal surface and force growing steps to bend if the distance between adsorbed molecules
Ax is smaller than the diameter of the critical layer nucleus 2R, (Figure 4e).%3 Alternatively, the impurities
may associate directly to the kink sites and block the access of the incoming solute molecules to this site
(Figure 4g). These two mechanisms are identified by variations in the G(C) correlation that they enforce.
Analytical models predicts that steps that are pinned by modifiers do not grow even at solute concentrations
that exceed the solubility, leading to a “dead zone” (Figure 4f).19-2.6364 Blocking of kinks suppresses of the
growth constant k, while preserving the power law G(C) correlation seen in the absence of a modifier (Figure

4h) 20-21

11
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Figure 4 Effect of modifiers on MFA crystal morphology. a) The molecular structures of DMA,
CIBA and BA. b — d) Optical micrographs of MFA crystals grown MFA concentration C — Ce =12
mM in the presence of 10 mM of b) DME; c) CIBA; and d) BA. e), g) Schematic illustrations of the
step pinning, in e), and king blocking, in g), inhibition mechanisms. f), h) Correlations between
the crystal growth rate and solute concentration for the two mechanisms enforced by the
presence of modifiers at concentrations increasing in the sequence C; < C; < Cs.

We tested whether the mechanisms employed by CIBA and BA to reshape the morphology of MFA
crystals involve suppression of the growth in the [001] direction while leaving the
{011} faces free to grow (Figure 5a, b). To discriminate between the two inhibition mechanisms, step pinning
and kink blocking (Figure 4e — h) we measured the correlations between the growth rates and MFA
concentration for growth in [001] and [011] directions of both plate and blade crystals. We chose MFA
concentrations in the C — C range from 0 to 19 mM, where, in solutions without additives, the plate shape is
preserved during growth (Figure 1d). We chose a constant additive concentrations Capa = Cga = 10 mM.

Contrary to our expectations the tested additives do not change the growth rates of plate crystals in any

direction (Figure 5¢, d) and of blade crystals in the [001] direction. The about 15% suppression of the growth

12
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rate of blade crystals in the [011] direction would lead to thicker, not elongated, crystals. The lack of
inhibition of the {001} faces indicates that the common mechanism of crystal shape control, through
additives that selectively inhibit the growth of specific crystal faces, does not apply to the growth of MFA

crystals in presence of CIBA and BA (Figure 5b).
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Figure 5 Effect of modifiers on the growth rates of MFA crystals. a), b) Schematic illustrations of
the preservation of the crystal shape during growth from a solution without modifiers, in a), and
elongation of crystals in the [011] direction due to inhibition of the growth of the {001} faces by
modifiers, in b). ¢) — f) Correlations between the crystal growth rate G and the MFA
supersaturation C — Ce for plate crystals in ¢) and d) and blade crystals in €) and f) in the presence
of 10 mM CIBA or BA, as indicated in legend in f. Growth directions are indicated in the plots.
Symbols represent the average values of five independent measurements; error bars designate
the corresponding standard deviation from these average values.
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The association of modifiers to kinks and terraces is weak

The nearly complete indifference of CIBA and BA to the growth of the {001} and {011} MFA faces is
surprising. The structural similarity of the two modifiers to MFA implies that their interactions with the MFA
crystal surfaces would be akin to those of the solute itself, for which attraction with the crystal surfaces
represents an essential part of the crystal growth processes. Along this line of thought, we computed the
energies of adsorption of DMA, CIBA, and BA to terraces and kinks on several MFA crystal faces (Figure 6a,
b). These two surface sites were chosen because modifiers adsorb on the terraces before they pin the steps
(Figure 4e) and they associate to kinks to block them (Figure 4g). We compared the adsorption energies of
the three modifiers with those of MFA (Figure 6¢). To partially account for the conformational variability of
MFA, which may assume a line of conformations while in the solution, we use two MFA conformations,
belonging to MFA Form I and Form II crystals, respectively. To shorten the computational times, we
computed the adsorption energies in vacuum. The biases inherent in this approach partially cancel when we

compare the adsorption energies of a modifier and MFA.
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Figure 6. Competitive adsorption of CIBA, BA, and DMA on terraces and kinks on five MFA crystal
faces. a), b) Schematic representation of the adsorption of an MFA molecule on a crystal terrace,
in @), and at a kink, in b). ¢) Adsorption energies of MFA adopting conformations as in Form II
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(turquoise) and Form I (blue) crystals and of CIBA (purple), BA (brown) and DMA (Silver) to
terraces and kinks on five MFA crystals faces as indicated in the plots.

None of the computed adsorption energies of DMA, CIBA, and BA on surfaces and kinks of the tested
crystal faces are significantly lower than those of the two MFA conformers (Figure 6c¢). Since lower
adsorption energy denotes stronger adsorption, this comparison indicates that MFA would likely displace
a modifier molecule from any of the probed adsorption sites and not allow it to adsorb. We attribute the
appearance of somewhat lower adsorption energies of BA to kinks on the (100) and (011) faces than those
of the two MFA conformers (Figure 6c¢) to the inherent biases of the method. This conclusion is supported
by the observation that whereas BA appears to slow down weekly the growth of (011) faces of blade crystals
(Figure 5f), it has no effect on plate crystals (Figure 5d); plate and blade crystals have the same kinks. The
inability to adsorb prevents the modifiers from disrupting crystal growth. Unlike scenarios where foreign
molecules with strong adsorption can selectively inhibit growth along specific crystallographic directions,
leading to morphology modifications, the weak adsorption explains why modifiers do not substantially alter
the intrinsic growth characteristics of MFA crystals.

Modifier-induced twinning

The failure of the mechanism of crystal shape control by modifiers that selectively inhibit specific crystal faces
suggests that an alternative mechanism may be behind the observed shape changes in the presence of CIBA
and BA (Figure 4c, d). SEM imaging of crystals grown in the presence of the DMA, CIBA, and BA reveal that
the latter two modifiers, CIBA and BA, induce substantial twinning in the crystals (Figure 7). Importantly,
the twinned crystal grew at MFA concentration C — C. = 12 mM, within the range where in undoped solutions
MFA crystals grow without twinning and retain their isometric hexagonal shapes. The relatively weak
adsorption of the modifiers to MFA crystal surface sites suggests that interaction of the modifiers with
growing crystals is not how twin boundaries were generated. We tentatively conclude that twinning arises
during nucleation and is due to modifiers disrupting the crystal lattice. Thus, even though modifier

adsorption is weak, the modifiers still affect crystal evolution by interfering in the nucleation pathways. This
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distinction is critical in understanding modifier effects in crystal engineering, as it highlights that impurities

can impact crystallization outcomes through mechanisms beyond direct surface adsorption.

(4 Sy ¥ | :
Figure 7. Modifier induced twinning of MFA crystals. SEM images of MFA crystals grown at C —
Ce =12 mM and in the presence of 10 mM of DA, in a) and d); CIBA, in b0 and e); and BA, in c,
and f). Gold contours in a), b) and c) highlight image sections magnified in d), e), and f),
respectively. Gold arrows point at twin boundaries.

Conclusions

We explored the impact of foreign compounds on the crystallization pathways and the resulting
morphology variations of MFA. We find that the tested modifiers do not strongly adsorb onto MFA crystal
surfaces. As a result, they do not significantly alter the anisotropic growth rates of MFA crystals. Unlike cases
where modifier adsorption can selectively hinder crystal growth along specific crystallographic directions,
the weak interaction of the tested modifiers with MFA suggests that adsorption-driven modifier-mediated
changes in crystal shape are minimal.

Despite the lack of strong adsorption, the presence of modifiers still plays a critical role in shaping the
final crystal morphology. The modifiers cause crystal twinning and the engendered twin boundaries serve as
sources of new layers, leading to fast growth. The modifiers accomplish this not by directly adsorbing on the

crystal surfaces but by disrupting the crystal lattice likely at nucleation, where they may interfere with
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molecular packing, promoting twin boundary formation. This highlights an essential distinction between
modifiers adsorption effects and impurity-driven structural modifications: whereas the former directly
influences crystal growth kinetics, the latter contributes to defect formation and crystallographic
discontinuities.

Importantly, as non-classical nucleation mechanisms gain increasing recognition in crystallization
studies, it is essential to investigate modifiers effects within these frameworks. Many organic and
pharmaceutical molecules are now understood to undergo non-classical nucleation, involving the formation
of prenucleation clusters, amorphous intermediates, and multi-step pathways before achieving a stable
crystalline structure. In this context, foreign compounds may influence crystallization through mechanisms
beyond classical adsorption, such as modifying cluster stability, altering intermediate structures, or driving
alternative nucleation pathways. Our findings suggest that modifier effects on non-classical nucleation
warrant further study, as they may be a key factor in understanding defect formation, polymorphic
transformations, and morphological transitions in pharmaceutical crystallization. Addressing these aspects
will be crucial for refining crystallization control strategies and optimizing particle attributes for drug

development.
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Synopsis

Modifiers can strongly reshape crystal morphology without inhibiting face-specific growth. Using
mefenamic acid as a model system, this study shows that structurally related impurities do not alter growth
kinetics via adsorption but instead induce crystal twinning, likely during nucleation. The resulting twin
boundaries accelerate anisotropic growth, yielding elongated crystals and highlighting nonclassical, defect-

mediated pathways of morphology control.
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Figure S6. a) The temperature dependence of the solubility of MFA Form I crystals in 2-butanol.
b) The solubility data in van 't Hoff coordinates.
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Figure S7. Powder x-ray diffraction (PXRD) patterns of MFA crystals. a) Plate-like crystals grown
at C-Ce = 12-19 mM. b) Blade-like crystals grown at C-C. = 22 mM. c) Needle like crystals grown
at C-Ce > 25 mM. d) PXRD pattern modelled using Mercury for MFA Form I crystal structure CSD
ref code XYANAC.
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