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Order—disorder phase transitions are common in inorganic and hybrid materials but are rare in single-
component purely organic molecular crystals and are even scarcer in polymorphic crystals of
biologically active molecules. Herein, we report the discovery of two polymorphic forms of a quinolone-
amide-based biologically active molecule that undergo isosymmetric reversible order—disorder phase
transitions at low temperatures, adopting crystal structures with low-to-high Z’ values and exhibiting
anisotropic thermal expansions. These studies were supported by variable-temperature X-ray diffraction
experiments on single-crystals and powders of the dimorphs and by differential scanning calorimetry
experiments. While the triclinic form undergoes a dynamic order—disorder phase transition at 150 K with
a thermal hysteresis of ~10 K, the monoclinic form undergoes a similar transition at 170 K without ther-
mal hysteresis. The molecules also experience a unique pedal-like motion. A detailed analysis of the
molecular packing and energy frameworks establishes their distinctive identities, thereby describing
these transitions as quasi-isostructural. The underlying mechanisms of the phase transition, molecular
motion, and unusual thermal expansions are understood by examining nine sets of single-crystal X-ray
diffraction data collected from 298 to 100 K for both polymorphs. Interestingly, the dimorphs display
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DOI: 10.1039/d5ma00114e distinct equilibrium solubilities and intrinsic dissolution rates. This study offers valuable insights for
establishing structure—property relationships in biologically active molecules and designing advanced

rsc.li/materials-advances materials with tunable biological and thermal properties.

Introduction

Crystalline materials have been of practical importance in many
scientific and technological fields. The defining nature and
properties of such materials lie in their crystallographic struc-
ture. Not surprisingly, many examples of such materials exist
that undergo a change in crystal structure when external stimuli
such as light, pressure, or temperature are applied. Order-
disorder phase transitions are one such example in which a
material undergoes a phase change solely based on the extent of
structural order it regains on applying a stimulus from a
disordered state. Various systems, including metal-organic fra-
meworks (MOFs)," ™ hybrid perovskites,”” metal nanoclusters,*°
and metal complexes,'®"* have been reported to exhibit such
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behavior. Several mechanisms have been proposed to under-
stand the nature of such transitions, the most common being
the release of strain through molecular reorientation or the
restriction of molecular movement. This phenomenon can lead
to drastic changes in the mechanical, thermal, optical, and
electronic properties of these materials. For instance, Jain et al.
observed that the ordering of hydrogen atoms within a zinc-
based MOF led to an order-disorder phase transition at ~156 K,
with evidence of subsequent electric ordering from a paraelectric
to an antiferroelectric phase.” Such transitions have also been
understood as the mechanisms for establishing polymorphs,*?
i.e., the ability of a compound to exist in multiple solid forms in
pharmaceutical molecules, as reported by Petit and co-workers
in the active pharmaceutical ingredient Ciclopirox.”® Studies on
the antihistamine desloratadine carried out by Florence et al.
revealed a two-step, reversible, single-crystal-to-single-crystal
(SCSC) phase transition between three of its polymorphs.'*
Similar transitions have also been observed in amino acid
derivatives, such as in boc-L.-methionyl glycine methyl ester from

Mater. Adv., 2026, 7, 3177-3190 | 3177


https://orcid.org/0000-0002-3745-9187
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00114e&domain=pdf&date_stamp=2026-02-18
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00114e
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA007006

Open Access Article. Published on 13 February 2026. Downloaded on 4/9/2026 2:52:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a high-to-low-Z’' (number of crystallographically independent
molecules in an asymmetric unit) crystal structure at 160 K,
in hydrophobic amino acids with linear side chains,'® and in
(quasi)racemic linear amino acids.’

Furthermore, in most crystalline materials, elongation or
contraction of the crystallographic axes with heating or cooling
results in a positive thermal expansion (PTE). However, there are
special cases where some materials expand upon cooling and
shrink upon heating, a phenomenon known as negative thermal
expansion (NTE).'®" This intuitive phenomenon, induced by
order-disorder phase transitions, has been commonly reported in
perovskites,'®" metal complexes,**** and MOFs.”**" In the case
of molecular crystals, this phenomenon has been observed along
one or two axes, which is compensated for by PTE along the other
axes, leading to a small volumetric expansion.’**° NTE accom-
panied by a dynamic order-disorder phase transition in single-
component organic molecular systems is seldom observed.*'*>
For instance, Takahashi et al. reported biaxial NTE and uniaxial
PTE as the primary driving force behind a low-temperature order-
disorder phase transition in 2,4-dinitro anisole.*® Recently, some
of us have studied a similar case of a reversible order-disorder
phase transition accompanied by diverse anisotropic thermal
expansions in an imidazole-based single-component molecular
crystal, where the driving force of the transition was the rotational
motion of the terminal -CF; group.*® The study also demon-
strated that the unusual thermal expansions resulted from the
scissor-jack-like motion of the molecule within the lattice with the
temperature variation. Carrying out variable-temperature X-ray
diffraction experiments is well-suited to gain insight into disor-
dered systems, as it can easily distinguish between static and
dynamic disorder.

Investigating structure-activity relationships in medicinal
chemistry is a common approach to identifying correlations
between specific substitutions in drug molecules and their activity
against a particular biological target. Along this line, the impact of
different fluorine substitution patterns on the quinolone amide
moiety has recently been explored against African sleeping
sickness.>*> The study demonstrated that specific substitutions
greatly enhanced the antitrypanosomal potency, while certain
others led to a decrease or remained neutral. Therefore, examining
structural properties of biologically active molecules, ie., the
organic molecules that display biological effects in living organisms
and play a crucial role in biological processes, is imperative.
Moreover, many of these molecules can undergo polymorphic
modifications and may display better or no activity against the
target. Hence, studying such phenomena in crystalline materials is
essential in establishing new crystal polymorphic forms with
distinct properties and structure-property-activity relationships.>®

In our continued effort to understand such phenomena in
molecular crystals, we report the case of dimorphism in N-benzyl-
1-butyl-6,8-difluoro-7-morpholino-4-oxo-1,2,3,4-tetrahydro quinoline-
3-carboxamide (1, Scheme 1), a biologically active molecule.* While
one of the polymorphs crystallizes in space group P1 (Form I), the
other crystallizes in space group P2,/c (Form II), both of which
exhibit a dynamic and reversible order-disorder phase transition.
While this occurs at ~150-160 K with a thermal hysteresis loop of
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Scheme 1 Structure and characteristics of 1.

~10 K for Form I, a similar phenomenon occurs exactly at
170 K for Form II with no thermal hysteresis. Moreover, there is a
doubling in the number of crystallographically independent mole-
cules in the asymmetric unit, Z’ from 1 to 2 after the phase
transition for both the forms, with a noticeable variation in the
unit-cell parameters, as established from nine sets of variable-
temperature single-crystal X-ray diffraction (VI-SCXRD) data from
298 to 100 K. Further, low-temperature differential scanning
calorimetry (DSC) and variable-temperature powder X-ray diffrac-
tion (PXRD) experiments have been carried out to complement the
phase transition and its nature. A detailed analysis of the crystal
structures, the molecular packing, and energy framework analyses
for the HT (298 K) and LT (100 K) phases for each polymorphic
form reveals that, though their structural arrangements are simi-
lar, upon closer examination, subtle differences between them
establish the unique identity for each phase. Hence, these phase
transitions are described as quasi-isostructural. While the isostruc-
tural phase transitions have been studied in organometallic
systems,>”*® the case of isostructural polymorphs has been estab-
lished in organic molecular systems that exhibit equi-energetic
crystal structures and molecular packing.***° However, this study
demonstrates polymorphism in a biologically active molecule and
the unique quasi-isostructural characteristics of the variable-
temperature phases in each polymorph, which interconvert via a
dynamic order-disorder phase transition, accompanied by aniso-
tropic thermal expansions. Further, we capture the structural
dynamics and discover that the molecules undergo a unique
pedal-like motion across the temperature range. Furthermore,
we establish that both polymorphic forms remain thermally stable
at elevated temperatures, with Form II being more thermally stable
than Form I, as determined by thermogravimetric analysis (TGA),
DSC, and hot-stage microscopy (HSM). The energetic stabilities of
the polymorphs have also been compared. Additionally, we mea-
sure the equilibrium solubility and intrinsic dissolution rate (IDR)
for the bulk (compound before crystallization) and the poly-
morphic forms to get insights into their bioavailability.

Experimental section
Single-crystal X-ray diffraction

X-ray diffraction data sets on single-crystals of Form I and Form II
were collected using a Bruker D8 VENTURE X-ray diffractometer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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equipped with a microfocus source (MoK,), a PHOTON II CPAD
detector, and a cryo-stream cryogenic system. The data were
integrated and scaled using the APEX4 suite incorporated in the
Bruker APEX4"" software. A suitable colorless block-shaped crystal
was selected for the X-ray diffraction experiments at various
temperatures. The structures were solved by direct methods and
refined by full-matrix least-squares on F* using SHELX-2014.2*>
implemented in Olex-2.** All non-hydrogen atoms were refined
anisotropically, while the hydrogen atoms were positioned and
refined isotropically.

Powder X-ray diffraction

The X-ray diffraction patterns of the powder sample of 1 were
recorded using an Anton Parr XRDynamic 500 diffractometer
equipped with a Primux 3000 Cu anode with CuKo radiation
and a cryogenic system and Pixos 1000 detector. The sample
was loaded into a quartz capillary, and the data were initially
recorded at 300 K. The sample was then cooled at 2° min~" and
kept on an isotherm for 15 minutes. Subsequently, the data
were recorded at 250, 200, 175, 160, 150, 140, 130, 120, 110, and
at 300 K once again. At each temperature, the data were
recorded in the 20 range of 2° to 30° with a step size of 0.01°.

The experimental PXRD patterns on the dried samples of 1
and Forms I and II after the equilibrium solubility experiment
were obtained on a Rigaku SmartLab multipurpose X-ray dif-
fractometer equipped with monochromatic CuKa radiation
with an acceleration voltage of 40 kV and a current of 30 mA.
The diffraction patterns were recorded over 5-40° in 20 with a
scan rate of 5° min~" and a step size of 0.01°.

Thermal characterization

TGA was performed on the powder sample of 1 and on the
crushed single crystals of Form I and Form II at a 5 K min ™"
scan rate using a Mettler Toledo TGA2 SF/1100 instrument. DSC
measurements were carried out on each form at a scan rate of
2 K min~! on a Mettler Toledo DSC3 instrument under a
nitrogen atmosphere at a flow rate of 40 mL min~"'. Further,
the low-temperature DSC measurements were carried out on
the crushed single crystals of Forms I and II on a Mettler Toledo
DSC3+ instrument from room temperature to 100 K at a scan
rate of 2 K min~" under a nitrogen gas atmosphere.

HSM studies on the single crystals of Forms I and II were
carried out at a 5 K min~" scan rate using a Nikon CFI60
infinity polarizing microscope equipped with a heating stage
LTS420. The Linksys software was utilized to capture images
and monitor crystal morphology.

Equilibrium solubility and intrinsic dissolution rate (IDR)
experiments

The solubility and IDR of 1, Form I, and Form II were measured
in a 40% ethanol-water medium at 37 °C. First, the absorbance
of a known concentration of each sample was measured at the
Amax Of 289 nm using a Thermo Scientific Evolution 201 UV-vis
spectrophotometer. The absorbance values were plotted against
the known concentrations to prepare the calibration curve. An
excess amount of the sample (30 mg) was placed in a glass vial
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containing 2 mL of the 40% ethanol-water media, and the
mixture was stirred at 37 + 5 °C for 24 hours at 800 rpm using a
magnetic stirrer. Later, the suspension was centrifuged at
800 rpm for 1 minute and filtered to remove any excess solid
material. Subsequently, the solution was diluted to achieve the
desired absorbance. The experiment was repeated three times,
and the absorbance values were finally fitted to a linear
equation derived from the calibration curve. Thus, the amount
of solubilized samples was quantified.

For the IDR study, the samples were ground to a homo-
geneous powder and tested on a U.S.P.-certified DS8000 dis-
solution rate apparatus. 100 mg each of 1, Form I, and Form II
were uniformly crushed using a mortar and pestle and were
compressed at a pressure of 80 kg cm ™2 for about 1 minute to
form a pellet with a diameter of 1.2 cm. This pellet was dipped
into a 500 mL solution of 40% ethanol-water with a paddle
rotating at 120 rpm at 37 &+ 5 °C. Then, 1.5 mL of the solution
was withdrawn at fixed time intervals of 2, 4, 6, 8, 10, 15, 30, 45,
60, 90, 120, 150, 180, 240, 300, 390, 480, 600, and 750 minutes
and was replaced with an equal volume of fresh media. Each
sample was filtered with a 0.2 um syringe filter, centrifuged at
800 rpm for 1 minute, and analyzed using a UV-vis spectro-
photometer. The experiment was performed three times, and
finally, the amount of drug dissolved in each time interval was
calculated using the calibration curve.

Results and discussion
Synthesis and characterization

Compound 1 was synthesized following a previously reported
method,*"** as detailed in the SI (Scheme S1). The formation
of the final product was confirmed by characterizations of 'H
and '*C nuclear magnetic resonance (NMR) (Fig. S1a and S1b)
and high-resolution electrospray ionization mass spectrometry
(HR-ESIMS) (Fig. Sic).

Crystallization

Single crystals of 1 were grown in HPLC-grade solvents using
the vapor diffusion and slow evaporation methods (Tables S1
and S2). High-quality, colorless, block-shaped crystals of Form I
grew via the vapor diffusion method in a 1:1 ratio of ethyl
acetate and hexane at 4 °C (Fig. S2a). Also, block-shaped crystals
of Form II were obtained by slow evaporation method in
methanol at 4 °C (Fig. S2b). While crystals of Form II were
obtained by large-scale crystallization of the bulk compound
(~70 mg at a time) in various solvents, the kinetically favored
Form I crystals were obtained only through smaller crystal-
lization batches of ~5 mg at a time.

Crystal structure analysis

Excellent quality single crystals of Form I and Form II were
selected for the X-ray diffraction experiments. Crystallographic
data and the associated refinement parameters are listed in
Tables S3 and S4. Crystal structure determination from the data
at 298 K confirms that while Form I crystallizes in the triclinic
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Fig. 1 Thermal ellipsoid plots (drawn at 50% probability) of the asymmetric unit of (a) Form I for its HT (298-160 K) and LT (150-100 K) phases and of
(b) Form 1l for its HT (298-210 K), intermediate (170 K) and LT (150-100 K) phases. H atoms are represented as the fixed spheres.
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crystal system with space group P1 and Z’ = 1, Form II crystallizes
in the monoclinic crystal system with space group P2,/c, and also
with Z' = 1. The crystal structures (Fig. 1) of both polymorphs
reveal positional disorder, specifically the terminal benzene ring
for Form I and the terminal butyl chain for Form II. Naturally,
data were also collected at 100 K, which resulted in a completely
ordered structure of Form I with space group P1 and Z’' = 2
(Table S3), but with a set of distinct unit cell parameters, and
similarly so for Form II with space group P2,/c and Z' = 2 (Table $S4),
indicating that Forms I and II undergo isosymmetric, SCSC,
disordered-to-ordered phase transitions upon cooling. It was
noticed that the unit cell edge length a of both forms almost
doubled (increased approx. 95% for Form I and 113% for
Form II) after the transition. However, upon transforming a
to a/2 and other cell parameters accordingly, the structures at
100 K could not be refined with the cell parameters similar to
those at 298 K; the R-factors were unusually high (>11%), the
thermal ellipsoids of most of the atoms were unusually low or
high, and the structures were partially disordered. Further,
either weak diffuse diffraction features or satellite reflections
were not obvious from a thorough scrutiny of the diffraction
data sets (see Annexure S1). The analysis also suggests that the
LT phases of Form I and Form II do not undergo positional
modulation, unlike in a few other cases reported in the
literature.***> Nevertheless, to check if the LT phases of both
forms adopt superstructures, their diffraction peaks were
indexed with the modulation wave-vector, g. The corresponding
g-vectors, along with their estimated standard deviations (o),
and the structural refinement statistics are listed in Tables S5
and S6. Although in both forms the g-vector values are greater
than their 3¢ values, in Form I, the refinement parameters and
the maximum/minimum electron density peaks are signifi-
cantly higher than those obtained without the g-vector refine-
ments. Moreover, in the case of Form II, the structures could
not be refined with reasonable atomic displacement para-
meters and R-factors using the diffraction data collected at
LT, except at 100 K. Nonetheless, the above analyses indicate
that the LT structures are ordered superstructures of the HT
disordered structures.

Variable-temperature single-crystal X-ray diffraction study

Further, to probe the phase transition behavior, the unit-cell
parameters of Form I and Form II crystals were determined at
298 K, 280-160 K at 20 K intervals, and 150-100 K at 10 K
intervals. The experiment reveals that, upon cooling, to 150 K,
Form I experiences a significant change of 100.1% along the
a-axis and marginal changes of 0.67% and 0.11% along the b
and c-axes, respectively, while the overall volume increases by
100.21% (Table S7). A similar trend in the variation of the unit-
cell parameters was noticed while heating from 100 K to 298 K.
However, the changes were seen after 160 K (Table S8). Such
variation in cell parameters (Fig. S3) suggests that Form I
undergoes a reversible phase transition between 150 and 160 K,
with a thermal hysteresis of ~10 K. The inspection of the
variation of the unit cell edge lengths (Al) and volume (AV) with
respect to the variation of temperature (AT) before (298-160 K)
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and after (150-100 K) the phase transition reveals that Form I
experiences anisotropic thermal expansions (Table S9). Upon
cooling, the g-axis undergoes a usual moderate contraction
(PTE) before and after the phase transition, and the b-axis
experiences a significant contraction before the phase transition
but contracts marginally after the transition. Interestingly, the
c-axis, with oscillation, displays an unusual expansion before the
phase transition, signaling an NTE behavior, and a PTE trend,
also with oscillation, after the phase transition, leading to a
slight expansion of V before and after the transition.

For Form II, upon cooling, to the phase transition tempera-
ture of 170 K, the g-axis undergoes a significant expansion by
~103%, the b-axis contracts by 4.13%, and the c-axis expands
by 1.40%. Further, the angle f contracts by 1.69% while the
volume increases by 97% (Table S10). A similar trend in the
variation of unit cell parameters was observed during heating
from 100 to 298 K (Table S11), suggesting that this is also
reversible phase transition. However, unlike Form I, the phase
transition occurred again at 170 K, with no thermal hysteresis
(Fig. S4). Further, the variation of Al and AV with AT before
(<170 K) and after (>170 K) the phase transition reveals that
upon cooling from 298 to 100 K, the a and c-axes undergo a
moderate to significant contraction before and after the phase
transition (Table S12). Interestingly, the b-axis undergoes a sig-
nificant unusual expansion before the phase transition, signaling
an NTE effect. However, it experiences a moderate expansion
after the phase transition. It is also noteworthy that the unique
angle  expands with decreasing temperature, leading to a slight
expansion of V before and after the transition.

Order-disorder phase transition

To gain insights into the structural changes due to the tem-
perature variation, SCXRD data sets were collected at 298, 225,
210, 160, 150, 140, 130, 120, and 100 K for Form I and at 298,
225, 210, 170, 150, 140, 130, 120, and 100 K for Form IL The
subsequent structure determinations reveal that the space
group (P1) of Form I remains unchanged for the entire tem-
perature range. However, Z', with a value of 1 up to 160 K,
changes to 2 at 150 K and remains constant until 100 K, along
with almost doubling the unit-cell edge length a and the
volume V (Table S3). A similar analysis on Form II also reveals
that the space group (P2,/c) remains unchanged for the entire
temperature range. However, the crystal structures with Z’ of
1 between 298 and 210 K transform to crystal structures with Z’
of 2 at 170 K and remain constant thereafter till 100 K, along
with similar significant changes in the unit-cell edge length a
and the volume V (Table S4). In a few earlier reports, although
such structural transformations have been categorized as
modulated structures,*>*” in these two cases of polymorphs, our
complementary DSC and PXRD (discussed in later sections) studies
affirm that these are cases of phase transitions. The analysis of
crystal structures demonstrates that both the polymorphs undergo
an isosymmetric, SCSC, and disorder-to-order structural transfor-
mation at LT (Fig. 1). The modelled disorder in the crystal
structures, as represented by the free rotation of the terminal
benzene ring about the C19-C20 bond for Form I, persists in the
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temperature range from 298-160 K (Fig. 1a). Finally, the crystal
structure becomes ordered at the phase transition temperature of
150 K. However, the atomic disorder reappears in the terminal
benzene ring upon reheating. Hence, this is a case of order-—
disorder phase transition induced by the free rotation of the
terminal benzene ring. For Form II, the modelled disorder in the
variable-temperature crystal structures (Fig. 1b) reveals free rotation
of the terminal butyl chain about the C11-C12 bond, which persists
over the temperature range 298-210 K. However, at the phase
transition temperature of 170 K, the free rotation in the butyl chain
reappears in both molecules. Additionally, the terminal benzene
ring in one of the two independent molecules experiences a free
rotation about the C19-C20 bond. Such disorders suggest that the
structure at 170 K is intermediate between the HT and LT phases.
Subsequently, the crystal structure becomes ultimately ordered at
150 K, suggesting Form II also undergoes an order-disorder phase
transition. Moreover, in both forms, before the phase transition,
the site occupancy varies with temperature (63:37 to 47:53 for
Form I and 80:20 to 75:25 for Form II), suggesting that the
disorders are dynamic in nature.

Molecular conformations and structural dynamics

To gain insight into the conformational changes in the molecules
of the crystal structures of Form I and Form II due to the phase
transition, a molecular conformation analysis was conducted by
overlaying the molecules of the crystal structures at variable
temperatures and quantifying the conformational differences by
the root-mean-square-deviation (RMSD), as incorporated in the
program Mercury.*® The RMSD analysis was carried out by super-
imposing the molecule of the major conformer of the HT phase in
the asymmetric unit with each of the crystallographically inde-
pendent molecules of the LT phase. For Form I, the high RMSD
values confirm the stark differences in the molecular conforma-
tion between the two phases (Fig. S5a). In contrast, molecule A in
the asymmetric unit of the LT phase is conformationally unique
and independent of that in the HT phase; molecule B has a
conformation similar to that in the HT phase. A distinct con-
formational difference is also noticed between the two indepen-
dent molecules in the asymmetric unit of the LT phase (Fig. S5a).
A similar set of analyses for the variable temperature crystal
structures of Form II also reveals distinct conformational changes;
unlike Form I, the overlay of the molecule at HT with each of the
molecules at LT shows that they have different conformations, as
also reflected from the large values of the RMSD (Fig. S5b).
However, the two independent molecules in the asymmetric unit
of the LT phase adopt a similar conformation (Fig. S5b).
Further, to capture the structural dynamics of Form I and
Form II and their HT and LT phases with temperature varia-
tion, structural overlay between the molecules of the crystal
structures was performed with respect to the C16-C18-N3-C19
bonds using Mercury. The analysis reveals that in the HT phase
(Z' = 1) of Form I, the molecule undergoes a pedal-like motion
between the temperatures 298 K and 210 K; the molecule at
225 K adopts a conformation that is related by approximately
2-fold rotation about its longest axis with respect to the
molecule at 298 K and reverts to the original conformation at
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210 K (Fig. 2a). Finally, the molecule at 160 K acquires a similar
conformation to that at 298 K. The pedal-like motion has been
further quantified by comparing the dihedral angle / C18-N3-C19-
C20 in the asymmetric unit of the structures between 298-160 K
(Table S13). However, the molecular motion observed in this case is
unlike the typical disorder-induced pedal motion observed in
azobenzene structures.*>>® Interestingly, while comparing the mole-
cular orientations in the LT phase (Z' = 2) of Form I, we observed
that the terminal benzene ring in both the molecules within the unit
cell of the crystal structure at 130 K adopts a different conformation,
which reverts to its original conformation at 120 K and beyond,
as was the case with the conformations at 140 and 150 K (Fig. 2b).
A geometrical analysis of the asymmetric unit at 130 K with that of
120 and 140 K reveals an out-of-plane movement (~40°) of the
benzene ring, as measured from the dihedral angles, / N3-C19-C20-
C25 (Table S11). Further, upon comparing the structure at 160 K
with those at 130 and 150 K, it turns out that one of the two
molecules of the structures at 150 and 130 K adopts the major and
minor conformers of the structure at 160 K, respectively (Fig. 2c).
The structural overlay analysis of Form II reveals that not only
the molecule (Z' = 1) in the HT phase (Fig. 2d) but also the
molecules (Z’' = 2) in the LT (Fig. 2f) phase undergo the pedal-like
motion as described for the HT phase of Form I. The conforma-
tional change from the HT to LT phase through the intermediate
phase (170 K) is also highlighted in Fig. 2e.

Further, the overlay (Fig. S6) of the major conformer of the
molecule of Form I at 298 K and that of Form II resulted in an
RMSD of 0.284 A (<0.375 A), suggesting that these are not
conformational polymorphs.**

Molecular packing similarity analysis

The packing of the molecules of Form I in the crystal structure
of the HT (298 K) phase (Fig. S7a) is primarily governed by
intermolecular C-H---O, C-H---F, and N-H---F hydrogen
bonds, leading to the formation of a ripple-like layered struc-
ture (Fig. S8a). A similar packing is also seen for the LT (100 K)
phase (Fig. S7b). The molecular layers are stacked via C-H- - -n
interactions (Fig. S8b). When viewed down the b-axis, subtle
differences are noticed in the molecular arrangements in the
HT and LT phases (Fig. 3a); the relative orientation of the
central portion of the molecule (encircled in red) shows some
distinct changes. These observations suggest that although the
molecular packing in the crystal lattices of the phases before and
after the phase transition is similar, subtle differences in the
molecular arrangement highlight their uniqueness. Therefore,
they are described as quasi-isostructural phases that interconvert
via a quasi-isostructural phase transition, a unique case in this
class of phase transitions. Similarly, for Form II, the packing of
the molecules in the crystal structure of the HT and LT phases is
primarily governed by intermolecular C-H---O and C-H:--F
hydrogen bonds (Fig. S9). A closer look at the molecular packing
arrangement in both phases, when viewed down the c-axis, also
points to the subtle quasi-isostructural features; a good example
of this is the relative arrangement of the terminal butyl chains
and the morpholine moiety (encircled in red) in the HT and LT

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(e) intermediate, and (f) LT phases of Form II.

phases, even though the overall packing arrangement is quite
similar (Fig. 3b).

To further ascertain the nature of the quasi-isostructural
features and understand the differences between the HT and
LT phases of both the polymorphic forms, a crystal packing
similarity was performed using Mercury (Fig. S10). The results
reinforce the unique structural features of each phase,
although the similarity is greater for Form I (RMS: 0.305)

© 2026 The Author(s). Published by the Royal Society of Chemistry

than that for Form II (RMS: 0.499). Further, comparing the
simulated PXRD patterns of the HT and LT phases of Form I
(Fig. S11) and Form II (Fig. S12) highlights the differences and
similarities between the two phases. For Form I, the subtle
differences in the peak positions, especially at the higher 20
positions, support the quasi-isostructural characteristics of the
phase transition. A similar comparison for Form II results in a
higher degree of dissimilarity, which correlates well with the
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Fig. 3 Molecular packing arrangement of the HT and LT phases of (a) Form | and (b) Form I, highlighting the quasi-isostructural features in each.

Hydrogen atoms are not shown for clarity.

structural packing similarity analysis, suggesting that this is
also a case of a quasi-isostructural phase transition. The dis-
tinct molecular packing between the structure of Form I at
298 K and that of Form II suggests that these are packing
polymorphs.**

Intermolecular interaction energies and lattice energies

To understand the nature of the interactions and compare
those between the structures at 298 K (HT phase) and 100 K
(LT phase) of Form I and Form II, Hirshfeld surfaces and the
associated fingerprint plots for both phases were generated using
CrystalExplorer 21.5.>® (Fig. S13 and S14). All the calculations
discussed in this section were performed based on the crystal
geometries, and for the HT phases, only the major conformer was
considered. A careful examination of the Hirshfeld surfaces
and the inspection of the contributions of the major interactions,
as reflected in the fingerprint plots, reveal qualitative and

3184 | Mater. Adv., 2026, 7, 3177-3190

quantitative differences between the two phases in each form.
Further, to construct energy frameworks® for the HT and LT
phases of each polymorph, pairwise intermolecular interaction
energies (IE) were calculated using Gaussian09 at the B3LYP/6-
31G(d,p) level of theory,>® after normalizing the C-H and N-H
bond distances to 1.083 and 1.009 A, respectively (Table $14). The
subtle differences in the arrangement of the various energy ele-
ments (rods, crossbars, and strings) highlight the quasi-
isostructural features of the HT and LT phases for each poly-
morph (Fig. S15 and S16). Subsequently, we estimated lattice
energy, following a procedure reported by Spackman et al.’’
For Form I, the calculated lattice energies of the HT and LT
phases are —207.1 and —227.3 k] mol ™", respectively, while those
of Form II are —213.5 and —238.4 kJ mol ', respectively.
Further, based on the same crystal geometries used in the IE
calculation, molecular packing energies were calculated using
the UNI force field via Mercury.”” The energies follow a similar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PXRD pattern of Form | recorded from 300 to 110 K during the cooling and at 300 K during the heating cycles. Reference dotted lines depict the

changes in the pattern.

trend to those listed above; for Form I, the HT phase has a
higher packing energy (—203.0 k] mol ") than the LT phase
(—213.9 k] mol ™), and those of Form II are —221.3 kJ mol ™"
and —222.8 k] mol ™", respectively.

Furthermore, the PIXELC’® method implemented in the CLP
module was used to estimate the lattice energies using Gaus-
sian09 at the B3LYP/6-31G(d,p) level of theory using the same
crystal geometries as used for the above calculations. For Form I,
the estimated lattice energies of the HT and LT phases are —173.2
and —189.8 kJ mol ', respectively, and those of Form II are
—180.3 and —187.7 k] mol ™", respectively.

The estimated energies obtained using different approaches
correlate well and indicate that the ordered LT phase is more
stable than the disordered HT phase for both polymorphs. This is
expected due to the lower temperature, which leads to an energe-
tically stable structure. Moreover, these results suggest that the
polymorph Form II is energetically more stable than Form L

Variable-temperature powder X-ray diffraction study

Further, the phase transition behavior was studied based on the
PXRD experiments on Form I by collecting data while cooling
from 300-110 K (Fig. S17a). A noticeable change in the peak
positions and the overall patterns in the stacked VT-PXRD
patterns at 20 of ~19°, ~19.5°, ~20°, ~22° and ~23° indicates
the phase transition behavior of Form I (Fig. 4). At around 175 K,
the peaks shift slightly to the right at all the indicated 20 values
and split completely from a singlet to a doublet at the phase
transition temperature of 150 K, as ascertained from the VT-
SCXRD experiments. These changes are highlighted by compar-
ing the PXRD patterns at 300 K and 150 K (Fig. S17b). Further,
the reversibility of the transition is confirmed by observing the
PXRD pattern at 300 K after the complete cooling cycle; the peak
positions and features are like those obtained at the start of the
experiment at 300 K. The VI-PXRD experiment was not per-
formed for Form 1II, as both the polymorphic forms follow a
similar phase transition behavior.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Thermal analysis

The relative thermal stabilities of Forms I and II as compared to
1, as seen from the respective TGA thermograms (Fig. S18a-c),
reveals that Form II is thermally the most stable form, with a
complete mass loss occurring at an elevated temperature of
372.83 °C (645.83 K), as compared to 359.5 °C (632.5 K) for
Form I and at 356.5 °C (629.5 K) for 1.

The DSC thermograms recorded for 1, Form I, and Form II
reinforce the higher melting point of Form II compared to
Form I and the phase stability of each polymorphic form
(Fig. S19a-c). During the first heating, the thermogram of 1
shows a broad melting peak at 128.4 °C (401.4 K), and the
second heating cycle exhibits an endothermic peak at 131.1 °C
(404.1 K). Form I melts at 130.2 °C (403.2 K), and the second
heating cycle results in an endothermic peak at 130.3 °C
(403.3 K), which is at par with the melting peak observed in
the first cycle, indicating the phase stability of Form I
(Fig. S20b). The higher melting point of Form II than Form I
is immediately established due to the endothermic peak at a
slightly elevated temperature of 131.3 °C (404.3 K) seen in the
first heating cycle of the thermogram (Fig. S19c). The second
heating and cooling cycles reveal similar thermal characteris-
tics, indicating the phase stability of Form IIL Interestingly, the
endothermic peak in the second heating cycle corresponds
exactly to the peak observed in the same cycle in the thermo-
gram of 1, suggesting that the bulk form transforms into Form
II upon heating and cooling.

Further, low-temperature DSC experiments were conducted
on crushed single crystals of both forms to gain insights into the
temperature dependence of the phase transitions observed in Form
I and Form II. The studies yield complementary results to those
obtained from the VI-SCXRD experiments. The thermal character-
istics, as shown in Fig. 5a, show that Form I is thermally stable and
does not reveal any thermal behavior until 220 K, and then exhibits
two endothermic peaks at 218.66 K and 149.4 K, and one sharp
exothermic peak at 132.46 K. The phase transition temperature of

Mater. Adv., 2026, 7, 3177-3190 | 3185
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Fig. 5 Low-temperature DSC thermograms recorded in the temperature
range of (a) 298-120 K for Form | and (b) 283-140 K for Form II.

150 K, as observed from the VI-SCXRD data, corresponds to the
endothermic peak at 149.4 K. The exothermic peaks at ~219 and
~132 K correlate well with the conformational change in the crystal
structure at 225 and 130 K, as seen from the corresponding crystal
structures (Fig. 2a and b). A similar analysis of Form II (Fig. 5b)
shows an endothermic peak at ~179 K, consistent with the results
of the VI-SCXRD experiment, which confirmed the phase transition
temperature to be ~170 K. The change in enthalpy, AH,
corresponding to the endothermic peaks at ~149 K for
Form I (Fig. 5a) and at ~179 K for Form II (Fig. 5b) is 57.7 X
107% and 259.21 x 10> J g, respectively, asserting that Form II
is thermodynamically more stable than Form I, which is in
accordance with their energetic stabilities.

Further, the phase and crystal morphological stability of
both polymorphic forms with respect to temperature were
probed via HSM under identical conditions for each poly-
morph. For Form I (Fig. S20a), the crystals remained intact
until ~133 °C (406 K), at which point some loss of epitaxial
domains occurred before completely melting at ~148 °C (421 K).
A similar analysis of the crystals of Form II (Fig. S20b) displays
some epitaxial domain loss at ~139 °C (412 K) before com-
pletely melting at ~ 154 °C (427 K). These results are reasonably
consistent with those from the corresponding DSC thermo-
grams and reinforce the higher thermal stability of Form II
compared to Form I.

Anisotropic thermal expansion

The extent of thermal expansion was estimated by calculating
the linear coefficient of thermal expansion (CTE) for the HT and
LT phases of Form I and Form II using the PASCal program.®’
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In Form I, while the HT phase experiences a slight NTE along
the X1(xx,) direction, a moderate to colossal biaxial PTE along
the X2(xyx,) and X3(xy;) directions, respectively, and a low
volumetric CTE of ~189(6) MK ', the LT phase exhibits
moderate uniaxial NTE effect along X3 direction and low to
colossal biaxial PTE effect along the X2 and X1 directions,
respectively (Table S15). Similar CTE values were also observed
in some other single-component organic molecules.””** Inter-
estingly, the LT phase also experiences a negative area expan-
sion involving the two principal axes X2 and X3, with a CTE
value of —39.2 MK, This results in a very low volumetric CTE
of ~107(19) MK, lower than those reported earlier.””>° In
the case of Form II, while the HT phase exhibits a large uniaxial
NTE (—75.7(9.4) MK ') along the X3 direction that coincides
with the crystallographic b-axis, a low to super colossal biaxial
PTE is observed along the X2 and X1 directions, respectively. In
the HT phase, a large negative area expansion (—65.2 MK ) is
also observed involving the two principal axes X2 and X3. This
results in a very low volumetric CTE of ~167(26) MK *. A low to
moderate PTE for the LT phase along all three principal
axes, X1, X2, and X3, resulted in a low volumetric CTE of
~117(12) MK™' (Table S16). Further, the variation of the
principal axes (X) with temperature for both polymorphs, as
depicted in Fig. 6, highlights that the NTE effect in the HT
phase of Form II is significant (>1% change in X with
temperature),®® whereas that in the HT and LT phases of
Form I is negligible. The indicatrix plots qualitatively repre-
sent the thermal expansivity tensor and illustrate the behav-
ior of the CTE along the X for the HT and LT phases of both
polymorphs, as shown in Fig. S21. The uniaxial NTE effects
for the LT phase of Form I and the HT phase of Form II are
depicted by the blue surface, while the colossal PTE in the HT
phase of Form I, represented by the large red surfaces, masks
its moderate NTE effect.

Corroborating the above results, we infer that the possible
mechanism that drives the phase transitions at LTs is due to
the free rotation of the terminal benzene ring and the terminal
butyl chain that allows for a rearrangement of individual
molecules within the unit cell and its subsequent expansion
when the optimum conformation is achieved upon this free
rotation. The quasi-isostructural features observed during the
phase transition also highlight this, due to the subtle differ-
ences in the molecular packing within the crystal lattice
between the HT and LT phases.

Equilibrium solubility and intrinsic dissolution rate

The promising biological activity of 1, the quinolone-amide-
based compound,*® and the gripping physical properties exhib-
ited by its two polymorphic forms prompted us to measure
equilibrium solubility and IDR on the bulk form (1), Form I,
and Form II to gain insight into their bioavailability. The
calibration plots for each form are depicted in Fig. S22. The
results suggest that Form II is the most soluble in the 40%
ethanol-water media, followed by Form I and 1 (Table 1).
Despite Form II being energetically and thermodynamically more
stable than Form I in its crystalline form, the latter is more stable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Equilibrium solubility and IDR of 1, Form I, and Form Il

Equilibrium solubility IDR
Sample (mg mL ™) (mg em > min™")
1 0.397(+0.010) 0.0213
Form I 0.760(£0.027) 0.0596
Form II 1.225(£0.002) 0.0904

in solution than the former. Thus, the metastable Form 1I is the
preferred form from both shelf-life and bioavailability viewpoints.
The samples recovered after the IDR experiments were dried and
analyzed by PXRD to determine their phases. The identical PXRD
patterns before and after the IDR experiments confirm that both
the polymorphic forms retain their phase even after mechanical
grinding and solubilizing (Fig. S23a-c).

The IDR experiments also reveal that in the same media, the
dissolution rate of Form II is the fastest, and that of the bulk
form, 1, is the slowest (Fig. 7). The results (Table 1) obtained
from the IDR experiments correlate very well with those from
the equilibrium solubility measurements, proving that Form II
is indeed the metastable form in its solution phase. Notably,
the polymorphic forms have superior equilibrium solubility
and IDR than 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 IDR profile of 1, Form |, and Form Il in 40% ethanol-water media.
Conclusion

This study demonstrates that 1, a quinolone amide-based
biologically active compound, exists in two polymorphic forms,
Form I and Form II, with Form I being the kinetically favored
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crystal form. The dimorphs undergo isosymmetric disorder-
order phase transitions and adopt crystal structures from low-
to-high Z’ values at low temperatures. While Form I undergoes
a reversible phase transition at ~150 K with a thermal hyster-
esis of ~10 K, Form II shows a reversible phase transition at
170 K without a thermal hysteresis, demonstrating the scope of
tuning thermal hysteresis via polymorphic modifications.
Structural disorders occur during the HT phase of Form I and
Form II due to the free rotation of the terminal benzene ring
and the butyl chains, respectively. A careful analysis of nine sets
of VI-SCXRD data reveals that the molecules in their crystal
lattice undergo a unique pedal-like motion, especially in Form II.
Further, the molecular packing analysis of the HT and LT phases
of both forms reveals similar structural features overall. However,
subtle differences in the relative positions of various sections of
the molecular arrangement within the lattice differentiate the
two. These established the unique identity of each phase, apart
from variations in the unit cell parameters, effectively denoting
that these phases are quasi-isostructural to each other and that
they interconvert via a quasi-isostructural phase transition.
Additionally, Form II exhibits a significant uniaxial NTE and
moderate PTE before and after the phase transition, respectively.
Interestingly, both forms exhibit negative thermal-area expan-
sions in their HT phases. Further, the thermal analysis and the
estimated lattice energies confirm that Form II is thermally and
energetically more stable than Form I. Furthermore, based on
the IDR and equilibrium solubility studies, it is established that
Form II is the metastable form. Therefore, Form II is the
preferred polymorph from both shelf-life and bioavailability
viewpoints. However, storing this potential bioactive molecule
at low temperatures may hamper its efficacy, as it undergoes
phase transitions and adopts an alternate conformation with
temperature variation. The findings reported in this study are
crucial for designing advanced materials, establishing structure—
property relationships in biologically active molecules with
multifunctional properties, understanding their behavior under
adverse temperature conditions, and gaining insights into bioa-
vailability improvement.
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