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ABSTRACT: Sublimation has emerged as a powerful tool for
polymorphic screening in pharmaceutical multicomponent materi-
als. In this work, a combined strategy involving mechanochemistry
and sublimation enables the selective synthesis and isolation of a
novel polymorph (Form III) of the niflumic acid—caffeine (NIF—
CAF) cocrystal. Solid-state characterization and complementary
theoretical studies revealed that Form III is morphotropically
related to Form II, sharing a similar molecular conformation with
the —COOH and —CF; groups positioned on the same side of the
NIF molecule. However, Form III exhibits a distinct packing
arrangement, featuring embedded —CF; groups and alternating
molecular tapes stabilized by 7—z and F---F interactions. Thermal
analysis also indicates an enantiotropic relationship between Forms

NIF-CAF Form Il

IT and III, with Form III becoming the more stable phase above the estimated transition temperature of ~102 °C, and showing a
melting point of 156 °C. These findings demonstrate the relevance of sublimation in polymorphic screening and its potential to
expand the solid-state landscape of multicomponent materials with enhanced control and reproducibility.

1. INTRODUCTION

Polymorphism plays a critical role in the pharmaceutical
industry, as the bulk properties of active pharmaceutical
ingredients (APIs) rely on the packing arrangements and the
intermolecular interactions of their crystalline structure.””
Moreover, polymorphism serves as a powerful strategy for
modifying the properties of APIs without altering their
chemical composition. However, it presents a significant
challenge due to the complexity, diversity, and interconvert-
ibility of polymorphic forms.> In fact, in 1965, McCrone
affirmed that “- every compound has different polymorphic
forms, and--- in general, the number of forms known for a given
compound is proportional to the time and money spent in
research on that compound”.*

In recent decades, pharmaceutical cocrystallization has
emerged as a promising alternative to polymorphism for
tailoring the physical and chemical properties of APIs by
forming new multicomponent solid forms.> ™’ Initially,
cocrystals were believed to offer a solution to the challenges
of polymorphism, as interactions with a coformer could
stabilize the API in a fixed crystalline structure, but this
hypothesis was quickly discarded due to the increasing reports
of polymorphic behavior even among cocrystals.'’~"*

In our previous study,'” we reported a polymorphic cocrystal
of niflumic acid (NIF) and caffeine (CAF) (Figure 1)
synthesized via mechanochemistry. We observed a clear
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Figure 1. Molecular diagrams of niflumic acid (NIF) and caffeine
(CAF).

temperature-dependent behavior in which NIF-CAF Form
II converted into NIF—CAF Form I upon heating, which was
followed by the sublimation of CAF, ascribed to the
dissociation of Form I. These findings led us to investigate
sublimation methodologies further to increase the polymorphic
landscape of this system. Although sublimation is rarely used
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for cocrystal synthesis, it is a solvent-free approach widely used
for phase separation, controlling crystal morphology, and
managing polymorphic transitions.' "’

In this work, we aim to deepen our polymorphic
understanding of the NIF—CAF system by exploring
sublimation techniques. Specifically, our team combines
Liquid-Assisted Grinding (LAG) with subsequent sublimation
to isolate a novel polymorphic form of NIF—CAF with high
purity. This approach will enable a detailed solid-state
characterization and comparison with the previously reported
cocrystals, with the broader goal of demonstrating the value of
nontraditional crystallization methods in the discovery of novel
pharmaceutical multicomponent materials.

2. EXPERIMENTAL SECTION

Niflumic acid (NIF), caffeine (CAF), and solvents were purchased
directly from Sigma-Aldrich (purity >98%, Sigma-Aldrich, St. Louis,
MO) and used as received.

2.1. Synthesis of NIF-CAF Form Illl. NIF-CAF III was
obtained by sublimation of NIF—CAF II, prepared by LAG, following
the already reported methodology."> After confirming the purity of
NIF-CAF II by Powder X-ray diffraction (PXRD), the initial
microspacing in-air sublimation procedure'®™*° was carried out by
placing 100 mg of the polymorphic cocrystal in a closed-glass Petri
dish of 10 cm diameter and 0.5 cm in height. After heating the sample
from the bottom of the plate at 135 °C for 3 h, suitable crystals for
single-crystal X-ray diffraction (SCXRD) were isolated using a
microtool and a microspatula, taking special attention not to take
CAF crystals.

A second sublimation approach was performed under vacuum
conditions in a 15 cm Schlenk tube. Again, 100 mg of NIF—CAF II
was placed at the bottom of the tube with the help of a sonication
bath. After 3 h of heating at 135 °C in an oil bath with a vacuum,
suitable crystals were isolated and characterized by SCXRD.

2.2. Characterization Techniques. 2.2.1. X-ray Diffraction
Analysis. PXRD patterns were acquired with a Bruker D8 Advance
Series II Vario diffractometer (Bruker-AXS, Karlsruhe, Germany)
equipped with a Ge (111) primary monochromator and a LynxEye
fast silicon strip detector. Generator operating conditions were 40 kV
and 40 mA using Cu Ka radiation. Measurements were performed in
transmission geometry between Mylar foils with the beam focalized in
the detector.

During SCXRD analysis, suitable crystals were prepared under inert
conditions and immersed in perfluoropolyether as a protective oil for
manipulation. Data collection was obtained at room temperature on a
Bruker D8 Venture diffractometer (Bruker-AXS, Karlsruhe, Germany)
using Cu Ka radiation (1 = 1.54178 A). The data were processed with
the APEX4 suite.”! The structure was solved with intrinsic phasing®*
and refined”® with full-matrix least-squares on F? using Olex2 as a
graphical interface.”* The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were located in difference Fourier
maps and included as fixed contributions riding on attached atoms
with isotropic thermal displacement parameters 1.2 or 1.5 times those
of the respective atom. For the analysis and visualization of the
structures, and also for graphic material preparation, Mercury software
was used.”® CIF file is deposited in the Cambridge Structural
Database (CSD) under the CCDC number: 2451808. Copies of the
data can be obtained free of charge at https://www.ccdc.cam.ac.uk/
structures/.

2.2.2. Theoretical Methods. The calculations of the noncovalent
interactions were carried out using the Gaussian-16>° and the PBEO-
D3/def2-TZVP level of theory.27’2 To evaluate the interactions in the
solid state, crystallographic coordinates have been used. The
interaction energies were computed by calculating the difference
between the energies of isolated monomers and their assembly. The
interaction energies were calculated with correction for the basis set
superposition error (BSSE) by using the Boys—Bernardi counterpoise
technique.”” The Bader’s “Atoms in molecules” theory (QTAIM)™

has been used to study the interactions discussed herein by means of
the AIMall calculation package.*’ The molecular electrostatic
potential surfaces have been computed using the Gaussian-16
software.”®

In order to assess the nature of interactions in terms of being
attractive or repulsive and reveal them in real space, we have used the
NCIPLOT index, which is a method for plotting noncovalent
interaction 1‘egions,32 based on the NCI (Noncovalent Interactions)
visualization index derived from the electronic density.”> The reduced
density gradient (RDG), coming from the density and its first
derivative, is plotted as a function of the density (mapped as
isosurfaces) over the molecule of interest. The sign of the second
Hessian eigenvalue times the electron density [ie., sign(4,)p in
atomic units] enables the identification of attractive/stabilizing (blue-
green colored isosurfaces) or repulsive (yellow-red colored isosur-
faces) interactions using two-dimensional (2D) Plots.

The interaction energy of each individual H-bond has been
estimated using the potential energy density values at the bond CPs
(V) and the equation proposed by Espinosa et al. (E = 0.5 X V,). The
lattice energy of the cocrystal was computed by creating a supercell
composed of 32 molecules (16 of each coformer) by means of the
Dmol3 program® as implemented in Materials Studio 2017.> For the
calculation of the lattice energies, the isolated coformers in the gas
phase were used. These calculations were performed using periodic
boundary conditions, the PBE-D*® functional, and the DNP basis
set.** The numerical basis sets like DNP (double-¢ plus polarization)
are more efficient than Gaussian basis sets and present negligible basis
set superposition error.”” The default DMol3 (implemented in
Materials Studio 17.1.0.48) parameters were used for the calculations,
which included a medium grid integration and a Self-Consistent Field
(SCF) convergence of 1 X 107°. No vibrational analysis was
performed. The raw energy values for all three polymorphs are listed
in Table SI.

While the absolute values of the lattice energy estimations may
carry some uncertainty due to the chosen combination of functional
and basis set, the relative energies between the polymorphs are
considered more reliable and can be confidently used for comparing
their stabilities.

2.2.3. Thermal Analysis. Differential scanning calorimetry (DSC)
analysis was carried out by using a Mettler-Toledo DSC-822e
calorimeter. Experimental conditions: aluminum crucibles of 40 uL
volume, atmosphere of dry nitrogen with 50 mL/min flow rate,
heating rates of 0.2, 1, and 10 °C/min. The calorimeter was calibrated
with indium of 99.99% purity (mp 156.3 °C; AH 28.54 J/g).

Thermogravimetric analysis (TGA) was performed on a Mettler-
Toledo TGA-851e thermobalance. Experimental conditions: alumina
crucibles of 70 yL volume, atmosphere of dry nitrogen with 50 mL/
min flow rate, heating rates of 1 and 10 °C/min.

Hot-stage microscopy (HSM) was performed using a Nikon
polarization microscope (Nikon Eclipse S0i) equipped with a Linkam
LTS350 hot stage and a digital video recorder. Experimental
conditions: atmosphere of dry nitrogen and heating rates of 1 and
10 °C/min.

2.2.4. Stability Studies. The stability of the polymorphs was
evaluated and compared by slurry experiments in ACN, in which all of
the polymorphic forms of this work are stable on their own. In these
experiments, an excess of a mixture of NIF—CAF III and NIF—-CAF I
or II, in a ratio of 1:1, was placed in 1 mL of ACN for 24 h at room
temperature, using sealed vials and magnetic agitation. The solids in
the vials were collected, filtered, and dried at 35 °C for subsequent
analysis by PXRD. The stability was also studied under accelerated
aging conditions. For this purpose, 50 mg of solid was placed in a
watch glass and stored at 40 °C and 75% RH (relative humidity)
using a2 Memmert HPP110 climate chamber (Memmert, Schwabach,
Germany). The stability of the sample was monitored by PXRD for 2
months.
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Figure 2. Schematic representation of NIF—CAF II sublimation procedure via microspacing in-air sublimation in a closed-glass Petri dish. Optical
microscopy of NIF—CAF I, NIF, and CAF crystals at the bottom of the plate, and CAF and NIF—CAF III crystals at the top of the plate.

3. RESULTS AND DISCUSSION

3.1. Synthesis of NIF-CAF Form Ill. LAG strategies have
shown remarkable potential for synthesizing multicomponent
materials and screening their polymorphic forms.”*~* Before
this study, and to increase the polymorphic knowledge about
the system NIF—CAF, a broad screening was performed by
LAG, solution and crystallization techniques, but all resulted in
the obtention of the already reported Form I and Form IIL
However, the observed thermal transitions of Form II into
Form I, and the destabilization of the NIF—CAF system via
CAF sublimation, denoted the impact of the temperature in
this particular system, which led us to explore sublimation
techniques for polymorphism screening.

Initially, the microspacing in-air sublimation approach was
used in a closed Petri dish. This methodology has been
reported for precise control over sublimation and deposition
conditions, promoting the formation of high-quality single
crystals with minimal material waste without the need for
vacuum systems, inert gas environments, or sophisticated
equipment, making it a practical and cost-effective approach
for polymorph screening.””"®

Figure 2 illustrates the microspacing setup for the
sublimation, in which NIF—CAF II was used as the starting
material. After heating at 135 °C for 3 h, NIF—CAF I was
found at the bottom of the plate, along with NIF crystals,
indicating the complete transformation of Form II into Form
I, and partial dissociation of Form I due to CAF sublimation,
which confirmed the results obtained in our previous work."’

At the top of the Petri dish, we found CAF crystals along
with long, thin crystals growing over them. SCXRD identified
these as the new polymorph NIF—CAF Form III. The
presence of NIF—CAF III, along with the absence of NIF
crystals at the top of the dish, suggests that after the
dissociation of Form I, the remaining NIF sublimed after
CAF. The interaction of NIF vapor with a CAF-rich gas phase
led to the cocrystallization of the novel NIF-CAF IIL
Interestingly, the crystals of this novel polymorph exhibited
excellent flexibility, which is a characteristic typical of crystals
obtained via microspacing in-air sublimation.'”*>** The PXRD
patterns of all of the phases involved in the sublimation process
are represented in Figure 3.

Similar experiments were performed by using Form I to
evaluate the impact of the starting material. All trials resulted in
the formation of NIF—CAF III over a layer of CAF. No
significant influence of the starting material is observed from

(a)

NIF-CAF Il
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Figure 3. (a) PXRD patterns of the crystalline phases involved in the
sublimation procedure.

these experiments, as Form II is transformed into Form I at
135 °C, followed by Form I's dissociation and CAF and NIF
sublimation. Additionally, to determine whether NIF—CAF III
could form directly from its components, we performed a
cosublimation experiment using 141.11 mg of NIF and 97.10
mg of CAF in a 1:1 stoichiometric ratio. This approach also
resulted in the formation of NIF—CAF III, but in significantly
lower quantities than when starting with Forms I or II, and
with a higher amount of CAF in the final bulk phase. This
behavior is attributed to the ability of cocrystals to retard the
sublimation of the pure components due to the stronger
intermolecular interactions, increased lattice stability, and a
stepwise release mechanism.”””" These features make
cocrystals require more energy for sublimation, leading to a
controlled and gradual release of CAF to the gas phase. In
contrast, pure CAF sublimates rapidly due to its lower
sublimation point, reducing the formation efficiency of NIF—
CAF III. These findings suggest that NIF-CAF Form II,
which is the direct product of LAG and can be obtained in
higher quantities than Form I, is the most suitable starting
material for synthesizing NIF—CAF IIL

With a clear synthesis route established, the next step was to
obtain a bulk phase for solid-state characterization. However,
the initial polymorph screening indicated that NIF—CAF III is
only accessible via gas-phase synthesis, and the microspacing
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Figure 4. Schematic sublimation procedure in a Schlenk tube, for NIF—CAF III synthesis and separation.

in-air sublimation approach led to the formation of NIF—CAF
IIT over a layer of CAF crystals, which makes the obtention of
the novel polymorph in a pure state very complicated.

To solve these drawbacks, the sublimation process was
refined to achieve an effective phase separation. We employed
a sublimation setup using a Schlenk tube, a vacuum pump, and
an oil bath to ensure uniform heating (Figures 4 and S1).
Vacuum was applied to lower the NIF and CAF sublimation
points, facilitating phase separation. One of the key advantages
of this setup is the better spatial distribution of crystallized
products along the inner walls, aiding in the collection of high-
purity samples, and also vacuum-assisted sublimation accel-
erates sublimation rates, which may lead to uncontrolled
crystal growth and limit reproducibility in large-scale syn-
thesis.* In this approach, three distinct sublimation bands
were observed along the walls of the Schlenk tube. These
bands correspond to CAF, NIF—CAF III, and NIF, reflecting
the differences in the volatility of the components, as shown in
Figure 4. Interestingly, the morphology of the crystals was not
altered, as long-thing-flexible crystals were obtained. This clear
separation allowed the obtention of a pure phase suitable for
further characterization. The purity of the phase was confirmed
by comparing the PXRD of the sample obtained from
sublimation with the simulated PXRD pattern obtained from
the crystal structure (Figure S2).

3.2. Crystal Structure Analysis. The study via SCXRD of
NIF—CAF Form III revealed certain common features with
the previously reported Forms I and II, but also key
distinctions. For a better comparison, Table 1 presents the
main crystallographic features of the polymorphs in the NIF—
CAF system, while Table S2 contains the complete crystallo-
graphic data for NIF—CAF Form IIL

Form III crystallizes in the monoclinic system with the P2,/
n space group and a 1:1 stoichiometric ratio (Figure Sa) as its
counterparts (Figure 6a,c). Additionally, Form III also follows
the same arrangement of Form I and II, being characterized by
a supramolecular heterosynthon formed between the carboxyl
moiety of NIF and the imidazole ring of CAF (COO—H:--N),
replacing the typical carboxylic acid homosynthon of NIF,
forming a dimer based on the R3(7) graph set.””*" The dimers
further assemble into molecular tapes, stabilized by a network
of C—H---O and C—H:-F interactions (Figure Sb), following a
similar arrangement observed in Form II. Our previous studies
have shown that the primary crystallographic difference
between Form I and Form II arises from the rotation around
the N10—Cl11 bond of the NIF molecule. Form I has its —CF;
and —COOH on opposite sides (r = —173.51°), closely
resembling the conformation of the original NIF, whereas in

Table 1. Crystallographic Data of the Polymorphic
Cocrystals of System NIF—CAF

compound name NIF—CAF I NIF—CAF II* NIF—CAF III
CCDC number 2116472 2116473 2451808
Crystal system monoclinic monoclinic monoclinic
space group P2,/n P2,/n P2,/n

a[A] 8.618(3) 6.9667(4) 7.8915(3)

b [A] 23.908(9) 8.1222(6) 7.0520(2)

c [A] 10.872(4) 37.438(3) 38.3166(12)
a [°] 90 90 90

p°] 104.568(12) 94.400(4) 93.947(2)

r [] 90 90 90

volume [A%] 2168.1(14) 2112.2(2) 2127.29(12)

“Crystallographic data are taken from Acebedo et al.'®

Form II these substituents are on the same side (7 = 8.26°), as
also seen in Form III, indicating a conformational resemblance
to Form II (RMSD = 0.3473, Figure S3).

Form I also presents a tape structure stabilized by C—H---O
and C—H---F interactions, but the general arrangement differs
from Form II and Form III, as shown in Figure 6b. Another
key distinguishing feature of Form III is the spatial orientation
of the —CF; groups. Unlike in Form II, where these groups are
prominently exposed at the periphery of the crystal lattice
(Figure 6d), in Form III, they are embedded within the
molecular framework, resulting in molecular tapes that are
stacked and stabilized by multiple 7---7 stacking and F---F
interactions (Figure Sc).

The high volatility of CAF relative to NIF is a key feature of
the sublimation process, leading to a CAF-rich gas phase that
facilitates the formation of the NIF-CAF cocrystal upon
desublimation. The columnar packing observed in NIF-CAF
Form III, which is stabilized by n-stacking interactions
between the alternating NIF and CAF molecules, can be
rationalized by the nature of crystal growth from the gas phase.
In this environment, directional interactions, such as hydrogen
bonds and z-stacking, play a crucial role in directing the
molecular assembly. The formation of one-dimensional (1D)
columns, which is a common motif in crystals grown via
sublimation, is often attributed to the energetic favorability of
these strong, directional 7—x interactions. The presence of
these columnar structures in Form III suggests that the
stacking interactions are kinetically favored during the rapid
desublimation process, leading to the observed packing
arrangement. This behavior is consistent with recent literature
reports on the sublimation of other multicomponent systems,
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Figure 5. (a) Asymmetric unit of NIF—CAF III and (b) 2D tape structure of NIF—CAF III. Green boxes highlight the F--C and C—H---F
interactions. (c) 3D crystal structure of NIF—CAF III Blue boxes highlight the F---F interactions.

where the ability to form stable z-stacked columns is a critical
factor in the formation of novel polymorphs.>'

Additionally, Bravais—Friedel-Donnay—Harker (BFDH)
morphology was calculated by using the BFDH method
included in the latest release of the visualization software
package Mercury’” to compare with BEDH morphologies of
the other two polymorphs previously reported (Figure 7). The
calculated morphology is consistent with the experimentally
observed crystal habits of both polymorphs: Form III grows as
long, thin prismatic crystals, whereas Form II adopts a more
voluminous prismatic shape. Furthermore, the analysis of
noncovalent interactions supports that the maximal crystal
growth is favored along the stacking direction, stabilized by
71— interactions between alternating NIF and CAF molecules.
This preferential growth axis rationalizes the columnar packing
observed in Form III and explains its kinetic stabilization
during the rapid desublimation process. Interestingly, although
NIF—CAF III shows a very similar calculated morphology
with respect to Form II with the same main faces: {002}, {00—
2}, {101}, {-101}, {10—1}, and {-10—1} corresponding to 78
and 74% of the total surface, respectively, significant
differences in the packing has been observed. In the case of
Form II (Figure 7a), the predicted morphology shows that
NIF and CAF molecules are disposed in well-defined channels
(Figure 7b), but in Form III, both molecules are alternated
and rotated almost 90° with respect to those of Form II
(Figure 7d).

A detailed analysis of the packing revealed that both
polymorphs can be considered morphotropes, since their
packing motifs only differ by a noncrystallographic rotation of

their common motifs.”” Figure 8 shows layers formed by
hydrogen-bonded caffeine/niflumic acid pairs in both Forms IT
and III. While in Form III, there is an alternate succession of
layers related by inversion centers, in Form II, a noncrystallo-
graphic rotation of a layer with respect to Form III occurs,
having only small intermolecular interaction consequences,
keeping very similar cell parameters and predicted morphol-
ogy.

gén the other hand, Hirshfeld surfaces®* and the associated
fingerprint plot®>*® were calculated from both Forms II and
III to confirm the very similar pattern of intermolecular
interactions and environment. As expected, no significant
differences between the distribution of short contacts were
observed (Figures 9, 10 and Table 2).

3.3. DFT Study of Noncovalent Interactions. A detailed
analysis of the noncovalent interactions in NIF—CAF Form III
was carried out to enable an accurate comparison with those of
the other known polymorphs. To estimate the lattice energy of
Form III, a supercell of 32 molecules (16 of each coformer)
was used, along with periodic boundary conditions at the PBE-
D/LNP level of theory. The resulting lattice energy is Ej, ;.. =
69.8 kcal/mol, which is comparable to those of the other two
polymorphs previously reported by us, that are E, . = 70.5
and 68.1 kcal/mol for Form I and II, respectively.

The most electron-rich and -poor parts of the reference APIs
were previously investigated by computing their MEP surfaces.
In addition, the MEP surface of the H-bonded heterodimer, a
common synthon of all three forms, was used to investigate
how the formation of the H-bond affects the z-stacking ability
of the rings (Figure 11). In the heterodimer, upon formation of
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(a) NIF-CAF I ‘b) / /A \\ /

(c) NIF-CAF Il

Figure 6. (a) Asymmetric unit of NIF—CAF I and (b) 2D tape structure of NIF—CAF I Green boxes highlight the F--C and C—H-F
interactions. (c) Asymmetric unit of NIF—CAF II and (d) 3D crystal structure of NIF—CAF II. Blue boxes highlight the F---F interactions.
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\\\\\\\

Figure 7. BFDH predicted morphology of (a) Form II and (c) III and (b, d) enlargement of NIF and CAF disposition, showing the largest faces.
NIF molecules are represented in green and CAF molecules in red. {101}, {—101}, {10—1} and {—10—1} main faces are omitted for clarity.

the strong OH---N H-bond, the MEP values over the rings are ring is reduced to zero and remains unaltered in the phenyl
significantly affected in the CAF coformer, increasing the 7- ring. As detailed below, Form III establishes n-stacking
acidity of both rings (11.9 and 12.6 kcal/mol, see Figure 11). assemblies where CAF and NIF interact via the pyrimidine

In the NIF moiety, the MEP value over the carboxypyridine and carboxypyridine rings, respectively. The fact that the MEP
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Form i Form Il

Figure 8. Alternate layers of hydrogen-bonded NIF/CAF pairs in Forms II and IIL Layers with the same orientation in both forms are colored in
yellow and purple, while those noncrystallographically rotated in Form II with respect to Form III are colored in red and blue.
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Figure 9. Representation of NIF-CAF interaction in Form II (up) and Form III (down), with (a, c¢) Hirshfeld surface mapped on NIF with d, .,
and (b, d) fingerprint plots computed from Hirshfeld surfaces, strong H-N contacts are highlighted in red and H---O contacts in purple.

value at the carboxypyridine is reduced upon formation of the eliminating the electrostatic repulsion and maximizing the
heterodimer facilitates the formation of this z-stacking by attractive dispersion and polarization effects.
G https://doi.org/10.1021/acs.cgd.5c01007
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Figure 10. Representation of NIF--CAF interaction in the Form II (up) and Form III (down), with (a, c) Hirshfeld surface mapped on CAF with
dyorm and (b, d) fingerprint plots computed from Hirshfeld surfaces, strong H---N contacts are highlighted in red and H---O contacts in purple.

Table 2. Surface Area Contribution (%) of the Main
Intermolecular Contacts of NIF—CAF Form II and III

niflumic acid molecules caffeine molecules

contacts Form II Form III Form II Form III
H--N 4.0 4.0 8.2 8.0
H--H 29.3 29.9 359 34.6
H---O 13.4 13.7 18.0 18.8
H---C 11.7 11.1 10.1 12.6
H---F 22.2 21.8 11.4 9.8

A recurrent R3(7) H-bonded synthon is formed in all three
NIF-CAF polymorphs. The distribution of bond and ring
critical points (red and yellow spheres, respectively) and bond
paths (represented as dashed bonds) of NIF-CAF Form III is
shown in Figure 12, as well as superimposed NClplot
isosurfaces. The QTAIM analysis of the heterodimer

represented in Figure 12 resembles that of the previously
reported NIF-CAF polymorphs,'* showing two inter- and two
intramolecular H-bonding interactions. The R3(7) synthon is
generated through the intermolecular contacts OH--N and
CH:--O, where the —COOH group of NIF interacts with the
CAF coformer by using the N9 atom and the CH group of the
imidazole moiety. Each H-bonding interaction is characterized
by a bond CP and a bond path that connects the H atom to
the N or O atom. They are also revealed by the RDG
isosurfaces that are coincident with the location of the bond
CPs. For the R3(7) synthon, the RDG colors of the isosurfaces
are dark blue and green for the OH--N and CH---O H-bonds,
respectively, revealing strong and weak interaction, respec-
tively. Coplanarity is induced in the aromatic moieties of NIF
by intramolecular H-bonds. The individual hydrogen-bonding
energies are indicated next to the bond CPs in Figure 12,
where the strongest HB corresponds to the OH:--N H-bond
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CAF--NIF
=35 keal/mol I +35

Figure 11. MEP surfaces (isovalue 0.01 au) of the heterodimer NIF-
CAF at the PBE0-D3/def2-TZVP level of theory. The energies at
selected points of the surfaces are given in kcal/mol.

¢

Figure 12. QTAIM distribution of bond and ring critical points (CPs,
red and yellow spheres, respectively) corresponding to the H-bonds in
NIF—CAF III The strength of each individual H-bond is indicated
next to the bond CPs. Superimposed NClplot isosurfaces [s = 0.5,
cutoff = 0.04 au, color scale —0.04 au (blue) < (signd,)p < 0.04
au(red)] are also indicated.

(—9.4 kcal/mol), as expected, followed by the intramolecular
NH:--O H-bond (—7.9 kcal/mol). The total energy due to the
H-bonds is — 22.4 kcal/mol (—11.3 kcal/mol corresponds to
intramolecular H-bonds), which is similar to those reported for
the previously reported polymorphs (—22.2 kcal/mol for Form
I and —22.6 for Form II). The total interaction energy due to
the R3(7) synthon is very large (10.8 kcal/mol), thus
confirming its relevance in the solid state of the novel
polymorph and the formation of the heterodimer.

NIF—CAF III forms 7-stacking assemblies in the solid state,
as detailed in Figure 13, similar to those described for Form
IL" The RDG isosurfaces of the two tetrameric assemblies are
shown in Figure 13. The presence of 7-stacking interactions is
evidenced by large green isosurfaces, in addition to the
multitude of bond CPs and bond paths connecting the rings.
The binding energy of the assemblies (considering the R3(7)
H-bonded dimer as a monomeric entity) is almost identical for
both assemblies (—26.5 kcal/mol and —26.4 kcal/mol), which
are slightly smaller (in absolute value) than those reported for
Form I (—29.5 kcal/mol). In comparison to the H-bonding
network depicted in Figure 12, the energies of the z-stacked
assemblies are stronger, thus revealing the crucial role of 7---7
interactions in the solid state of system NIF--CAF.

3.4. Stability Studies. 3.4.1. Thermal Stability. DSC
analysis has been used to study the relative thermal stability of
Form III compared to previously reported Form I and IL"?
DSC of Form III shows a single endothermic phenomenon,
which corresponds to the melting point, at 156 °C when
heated at 10 °C/min (Figure 14).

The new polymorph has been found to be monotropically
and enantiotropically related to Form I and Form II,
respectively, based on the Burger and Ramberger’s heat of
fusion rule.’” Thus, Form III has a melting point very similar
to Form I (156 °C) but a higher enthalpy of fusion (153.16 J/
g for Form III against 145.70 J/g for Form I), and thus a
monotropic relationship between both polymorphs can be
assigned (DSC traces of Form I and Form II are presented in
Figure S4). On the other hand, an enantiotropic relationship
between Form II and Form III is observed based on the lower
enthalpy of fusion of the higher melting point form, see Table
3. We have estimated the transition temperature between

—26.4 kcal/mol

¢

Figure 13. (a) Partial view of the X-ray packing of NIF—CAF III. (b, c) NClIplot isosurfaces [s = 0.5, cutoff = 0.04 au, color scale —0.04 au (blue)
< (signd,)p < 0.04 au(red)] of the tetrameric assemblies extracted from the X-ray packing.
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Figure 14. DSC thermogram of NIF—CAF Form III at a 10 °C/min heating rate.

Table 3. Parameters Used to Assess the Relative Stability of
Polymorphs II and III

polymorph melting point (°C) enthalpy of fusion (J/g)
1 157.68 145.70
II 152.17 161.84
111 156.14 153.16

polymorphs II and III from melting data®® following the
above?resented equation. The parameter k was fixed to
0.003,”” and the theoretical value obtained by following this
approach was 102 °C.

_ AHfus,Z - AHfus,l + kAHfus,l (Tﬁ.ls,l - Tﬁ.ls,z)

trs T
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Tius1
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Variable heating rate TGA analysis revealed from 30 to 165
°C a small loss of weight of 1.5%, similar to the other reported
polymorphs, suggesting again sublimation of CAF in
accordance with the same behavior observed in the other
two polymorphs, Figure 15.

Variable hot-stage thermomicroscopy was carried out in
order to further study its thermal behavior. When the new
polymorph was subjected to the same first heating ramp as
TGA analysis (10 °C/min until 140 °C), no changes were

Aexo
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Figure 15. Variable heating rate TGA thermogram of NIF—CAF Form III. Method: first step from 30 to 140 °C at 10 °C/min heating rate, a
second step from 140 to 165 °C at 1 °C/min heating rate, and finally a third isothermic step at 165 °C for 20 min. The SDTA signal is represented

in red.
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Figure 16. Microphotographs of the evolution of crystals of Form III when heated in a hot-stage.
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Figure 17. PXRD patterns of (a) the competence experiment in ACN and (b) NIF—CAF III accelerated aging conditions experiment for 2

months.

observed, but when it was subsequently heated at a heating
ramp of 1 °C/min, the growth of new crystals from the surface
of the existing ones was observed above 140 °C, followed by
melting of the original crystals starting at 156 °C, the new ones
remaining unchanged until 160 °C, when they started to melt
(Figure 16). At this point, the sublimation of CAF is
accompanied by the recrystallization of NIF, which was
demonstrated by isolating and studying those crystals via
SCXRD.

3.4.2. Thermodynamic Stability. To evaluate and compare
the thermodynamic stability of the polymorphs, competence
studies in 0.2 mL of ACN were performed by placing a
stoichiometric mixture of Form III along with Forms I and IL
After 24 h of agitation at room temperature, the powder was
filtered, dried in air, and characterized by PXRD. Figure 17a
represents the PXRD patterns obtained in these competence
studies, which indicate that Form III converted into Form II,
suggesting that Form II represents the thermodynamically
most stable phase under these conditions. This transformation
was consistent across all experiments, reinforcing the
conclusion that Form II is the most stable polymorphic
form at equilibrium in ACN.

Complementary stability studies under accelerated aging
conditions were also performed at 40 °C and 75% RH over
two months. The results shown in Figure 17b indicate that
Form III remained unchanged, demonstrating stability under
these conditions. This behavior was comparable to that of

Form I, which also maintained its integrity throughout the
study. In contrast, our previous work demonstrated that Form
II displayed excellent stability and also slightly better
crystallinity retention, further supporting its role as the most
stable phase.

The stability findings align well with the crystallographic
characteristics of the polymorphs. The PXRD analysis and
single-crystal data revealed that Form II has the most compact
packing arrangement, contributing to its enhanced stability.
The strong hydrogen-bonding network and well-ordered
molecular stacking in Form II likely reduce the molecular
mobility, making it less susceptible to transformations.

4. CONCLUSIONS

This study demonstrates the importance of sublimation for
polymorph screening in multicomponent materials, allowing
the obtaining of the novel NIF—CAF Form III. Moreover, a
novel strategy that combines mechanochemistry, specifically
LAG, and sublimation has been tested, providing significant
advantages, including higher yield rates and improved purity.
Among the different sublimation setups that have been
evaluated, microspacing in-air sublimation provides the fastest
and most cost-effective route, but it lacks purity control,
whereas sublimation in a Schlenk tube under vacuum
conditions allows better phase separation and the isolation of
a pure bulk phase of NIF—CAF Form III. Additionally, the
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crystal structure analysis reveals that Form III closely
resembles Form II, while the density functional theory
(DFT) calculations and the MEP analysis of the noncovalent
interactions denote similarities with Form I, particularly in the
7-stacking assemblies.

Finally, Form II was found to be the most thermodynami-
cally stable, making it the most suitable candidate for
pharmaceutical applications. Nonetheless, this study highlights
the importance of exploring sublimation methods in the
development of new pharmaceutical multicomponent materi-
als, since techniques such as sublimation can lead to the
discovery of alternative polymorphic forms, such as Form III,
thereby expanding the polymorphic landscape of the system.
These alternative forms may offer distinct advantages in terms
of solubility, bioavailability, intellectual property, stability
optimization, and the prevention of undesirable phase
transitions—factors that are increasingly critical in the
pharmaceutical industry.
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