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ABSTRACT: The structure solution of the §-polymorph of indomethacin was obtained using three-
dimensional electron diffraction. This form shows a significantly enhanced dissolution rate compared with
the more common and better studied a- and y-polymorphs, indicating an increased bioavailability for
medicinal applications. The structure was solved in non-centrosymmetric space group P2, and comprises
two molecules in the asymmetric unit. Packing and molecule conformation closely resemble indomethacin
methyl ester and indomethacin methanol solvate. Knowledge of the structure allowed the rational
interpretation of spectroscopic IR and Raman data for §-polymorph and a tentative interpretation for still
unsolved indomethacin polymorphs. Finally, we observed a solid-solid transition from §-polymorph to a-
polymorph that can be driven by similarities in molecular conformation.

INTRODUCTION

Indomethacin (IMC) is a non-steroidal anti-inflammatory drug (NSAID) with high degree of anti-
inflammatory, analgesic and antipyretic activities."3 It was first discovered in 1963* and since then has been
extensively studied in clinical trials as one of the most effective NSAIDs commonly used in treatment of
migraine, arthritis and acute pain.5 It was also shown that IMC potentially has a potent direct antiviral
activity against coronaviruses.®?



Figure 1. Molecular diagram of indomethacin, C,,HisCINO,. Free torsion angles are indicated.

IMC, namely 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic acid (Figure 1), is a weak acid
classified by the Biopharmaceutical Classification System in class II (BCS class II). Drugs belonging to this
class are easily permeable through mucous membranes, but are poorly soluble. Thus, IMC shows low
bioavailability and, to be effective, requires special manufacturing and increased dosage, which in turn
may worsen adverse effects such as gastric irritation or renal malfunctioning.>® Schemes for enhancing
IMC dissolution rate and intestinal absorption include the crystallization of IMC as co-crystals,®* saltsB
and solvates,'+'> or its administration together with physiologic buffers or emulsions that modify the local
pH."®7 The aqueous solubility of IMC is mainly driven by the ionization of its carboxylic group and hence
it is freely soluble at pH > 4.5.®

IMC shows rich polymorphism. A comprehensive review about old and new pure-form polymorphs is
reported in Surwase et al.’ Another form, t-indomethacin, was described by Van Duong et al.> Despite
the intensive investigation about IMC, only the crystal structures of the two most common forms are
known: a-IMC* and y-IMC.>> The y-polymorph is commonly considered the thermodynamically stable
form at ambient conditions, while the a-polymorph is the most commonly observed among the metastable
forms, often obtained as a first product after desolvation at high-temperature.#>3 However, a recent study,
based on spectroscopic evidence and ab-initio molecular dynamics simulations, suggested instead that the
o-IMC is the thermodynamically stable form within the solid state, but its formation is hindered by a
significant kinetic barrier.>* Almost all chemical, physical and theoretical studies about IMC have
considered only these two forms, while very little is known about the others. This shortcoming poses
critical limitations for the overall understanding of the IMC energy landscape and its medicinal
applications.

Polymorphism is indeed a common aspect for most commercially relevant drugs. One-third of crystalline
organic molecules and about half of marketed active pharmaceutical ingredients (APIs) are known to form
polymorphs.®2¢ The characterization of all polymorphic species and the understanding of the overall
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polymorphic energy landscape represents a prominent aspect of drug development and is crucial to
establish efficacy, formulation and shelf-life. Moreover, the discovery of new polymorphs with different
chemical and physical properties may result in treatments that are more effective and with reduced side-
effects.?”

Here, we report the crystallization, structure determination and dissolution behavior of 3-IMC, a poorly
studied polymorph first mentioned almost 50 years ago®® and whose structure has remained hitherto
unknown. Pure §-IMC was obtained via desolvation of the methanol solvate form, and appears stable in
the fridge for several months. Its crystallization results in fibrous crystals which are too small for
conventional single-crystal X-ray diffraction (XRD). Structure determination of 3-IMC was therefore
obtained by three-dimensional electron diffraction (3D ED),* performed in a transmission electron
microscope (TEM) equipped with a single-electron detector.3® In recent years, this protocol proved to be
effective for structure determination of pharmaceutical compounds334 and allowed the solution of a
number of structures that could not be addressed by standard XRD.3>37 Determining the crystal structure
of 8-IMC delivered crucial information for understanding the remarkably high dissolution rate of this
poorly-known polymorph, which appears now as a promising candidate for medicinal application.

EXPERIMENTAL SECTION

Crystallization. The §-IMC polymorph was obtained according to Crowley & Zografi.?® First, a saturated
methanol solution was prepared at 6o °C, which was hot-filtered using a pre-heated 0.2 pm PTFE filter
attached to a 5 mL syringe. The methanol solution was then poured into a petri dish, covered with Parafilm
and left to evaporate at room temperature (RT). After the IMC-methanol solvate crystallized, it was
desolvated in a SiOz2 desiccator under a rotary vane vacuum pump (Edwards RV3, 103 mbar) at RT for 10-
14 days. The crystallinity of the sample was ascertained using an optical microscope with cross-polarized
filters.

The commercially available y-IMC polymorph (Sigma, 299%) was used as received with no further
purification. The metastable a-IMC polymorph was crystallized according to Borka.?® This was achieved by
forming a saturated solution of IMC in lab grade ethanol at 75 °C. The solution was hot-filtered, as
described for 8-IMC. RT distilled water was subsequently added to the hot saturated solution which acted
as an antisolvent and led to the precipitation of a-IMC crystals; the resulting crystals were filtered and
dried under ambient conditions.

Electron Crystallography. High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging and 3D ED data were recorded with a Zeiss Libra 120 TEM operating at 120 kV
and equipped with a LaBs source. 3D ED was performed in STEM mode after defocusing the beam in order
to have a parallel illumination on the sample, as described by Lanza et al.3 ED patterns were collected in
Kohler parallel illumination with a beam size of about 150 nm in diameter, obtained using a 5 pm C2
condenser aperture. Data were recorded by a single-electron ASI MEDIPIX detector.3>3' The extremely low-
dose illumination allowed data to be acquired at RT without evidence of sample amorphization under the
electron beam.

Continuous data collections were performed while the TEM goniometer was rotating at a constant angular
speed.3>4>4 Due to mechanical drift, individual data sets covered a tilt range of only 10°~40°. However,
multiple data collections from the same crystal could be merged, reaching total angular ranges up to 120°.
3D ED data were analyzed using the software PETS.** Structure determination was achieved by simulated
annealing (SA)3* as implemented in the software SIR2014.#* The resolution limit was set to 1.0 A. The
molecular model (Figure 1) was deduced from known polymorphic forms reported in the Cambridge
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Structural Database.** Each of the two independent molecules of the structure has five free torsion angles
and six translation/rotation parameters. Thus, the total number of parameters to be determined is twenty-
two. No anti-bump restraint was used.

Data were treated with a fully kinematical approximation, assuming that I was proportional to |Fp|>.
The model determined by SA was later refined with least-squares procedures embedded in the software
SHELXL.% Geometrical ties were added stepwise to check the consistency of the model. All hydrogen atoms
were generated in geometrically idealized positions.

Powder X-ray Diffraction. Powder XRD data were acquired in Debye-Scherrer geometry using a STOE
Stadi P diffractometer equipped with Cu-K, radiation (A = 1.5406 A), a Ge (111) Johansson monochromator
from STOE & Cie and a MYTHEN?2 1 K detector from Dectris. The sample was loaded in a borosilicate glass
capillary (0.8 mm external diameter) and data were acquired in the range 2-62° 260 (maximum resolution
ca. 1.5 A) with an interval of 0.015° between consecutive points. The unit cell and structural parameters
were refined with Jana2006.4° The powder XRD pattern suffers from limited diffraction resolution and
severe peak overlap due to the low symmetry and to the similarity between the lattice parameters a and c.
These limitations prevented a free Rietveld refinement, hence both molecules were modelled as semi-rigid
bodies, restraining most interatomic distances and angles to geometrically idealized values, while enabling
the free refinement of torsion angles.

Spectroscopy. Infrared (IR) spectroscopy data were acquired from o-IMC, y-IMC and §-IMC with a Perkin
Elmer Spectrum Two FT-IR Spectrometer on solid powder. Raman spectroscopy was carried out using a
Renishaw 2000 using a green 514 nm laser excitation with a spot size of ~0.5 pum. Data were recorded at 2 s
per acquisition with 10 acquisitions at 10% power of the system maximum (~8 pW), to achieve a resolvable
signal-to-noise ratio and minimal damage to sensitive organic sample.

Experimental wavenumbers for C=O stretching modes for e-IMC, {-IMC and n-IMC were taken from
Surwase et al." and for t-IMC from Van Duong et al.*°

Thermal Analysis. Simultaneous powder XRD and Differential Scanning Calorimetry (synchrotron
powder XRD-DSC) experiments were performed at the Diamond Light Source using the Joint Engineering,
Environment and Processing (JEEP) Beamline li2. A Q2o differential scanning calorimeter (TA
Instruments) equipped with a refrigerated cooling system (RCS) was mounted onto the sample stage in
the experimental area. Both apparatuses had been previously modified to allow the synchrotron beam to
pass through. A 5 mm entry and 10 mm exit holes were drilled into the RCS, and a 3 mm entry and 5 mm
exit holes into the DSC furnace. The X-ray beam had a monochromatic wavelength of 0.234 A, and a
diameter of 0.5 mm. A Pilatus 2M CdTe detector was fitted 2 m behind the sample. Both the sample-
detector distance and beam wavelength had been calibrated with cerium dioxide (CeO2), using the
calibration method stated in Hart et al.#7 Patterns were recorded by collecting data for 4 s, with a 2 s pause.

The sample (9 mg) was hermetically sealed in a Tzero aluminum pan. The DSC was calibrated before for
cell contact and enthalpy using indium standard (melting onset temperature = 156.6 + 0.5 °C, enthalpy =
28.72 ] g* + 3%), according the manufacturer’s instructions. DSC measurements were performed at a
heating ramp rate of 10 °C/min from 40 °C to 175 °C and one powder pattern was recorded per degree
centigrade. Two aluminum hermetic lids were used to raise the pans inside the DSC furnace to center the
sample in the beam direction; these pans were also included in the calibration. A nitrogen purge gas (50
mL/min) was used throughout. Data were collected with TA Instruments Advantage software and initially
analyzed with TA Universal Analysis software. DAWN Science Workbench was first used to mask regions
of unrepresentative spots of high intensity in the 2D Pilatus data caused by large grain/crystal size of the
samples. The same software was used to convert the 2D data into 1D diffraction patterns.
4



Dissolution. To determine the intrinsic solubility of the polymorphs o-IMC, y-IMC and §-IMC, an excess
of each powdered polymorph was dispersed in simulated gastric fluid (SGF, HCI 0.1 M) and the dispersion
was stirred in an oven at 37 °C for 96 hours, after which thermodynamic equilibrium was reached. The
solution was then analyzed with a Perkin Elmer Lambda 25 UV spectrophotometer at a wavelength of 263
nm after filtration through a cellulose acetate filter (0.45 pm).

To determine the dissolution rate of polymorphs a-IMC, y-IMC and §-IMC, the powders were compressed
into flat-faced tablets of 1.2 mm diameter and 200 mg weight, with a hydraulic press, applying a force of
4000 kg for 5 minutes. Tablets consisted of 180 mg of lactose:starch 8:1 and 20 mg of each polymorph
previously ground in a mortar.® Each tablet was subjected to the dissolution test as reported in the
European Pharmacopoeia 1oth edition (Ph. Eur. 10.0), using an Erweka light paddle dissolution apparatus.
A volume of 750 mL of SGF was placed in the dissolution vessel and, as the temperature of 37 °C was
reached, the tablet under test was introduced in the vessel and stirring at 150 rpm was started. After stirring
for two hours, 250 mL of 0.20 M trisodium phosphate solution was added and the pH was adjusted to 6.8
with NaOH 2 M. The resulting dissolution medium was referred to as simulated jejunal fluid (SJF). At
predetermined time intervals, 10 mL of dissolution medium was replaced with 10 mL of fresh medium, pre-
thermostated at 37 °C, and analyzed for IMC after filtration, as described above. With each polymorph the
assay was carried out in triplicate. The Kruskal-Wallis non-parametric statistical test was used to compare
the dissolution profiles.

Lactose, starch, hydrochloric acid, trisodium phosphate dodecahydrate and sodium hydroxide were all
purchased from Sigma-Aldrich.

RESULTS AND DISCUSSION

Structure solution and refinement. Growth of §-IMC via desolvation resulted in semi-transparent, long,
flexible and intertwined wires (Figure 2A), which showed bright polychromatic scattering when
illuminated under polarized light (Figure 2B). Some wires were isolated and gently crushed (Figure 2C)
before being dispersed on a carbon-coated Cu TEM grid, without the use of any solvent or sonication.
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Figure 2. Optical images of -IMC under white light before (A) and after (C) crushing. Optical image of §-
IMC under polarized light, showing birefringent scattering (B). HAADF-STEM image of §-IMC after
crushing and deposition on the TEM grid (D).

3D ED data were recorded from twenty §-IMC crystal fragments of different sizes (Figure 2D). All 3D ED
data sets were consistent with a primitive monoclinic cell with approximate parameters a =18.4 A, b = 5.0
A, c=18.4 A B =958 °. Cell parameters were refined and validated with a LeBail fitting against powder
XRD, from which the following refined lattice parameters were obtained: a =18.3195(5) A, b = 5.09993(9)
A, c =18.5386(5) A, B = 95.771(2) °. Such a cell would conveniently host four IMC molecules. Upon
inspection of the reciprocal space reconstruction, the reflection rule oko: k = 2n was identified, hence
suggesting a crystallization in the centrosymmetric space group P2,/m (11), with one independent IMC
molecule in the asymmetric unit, or in the non-centrosymmetric space group P2, (4), with two independent
IMC molecules in the asymmetric unit.

Structure solution was performed by SA using the most complete 3D ED data set that showed no evidence
of polycrystallinity or mosaicity. Structure solution attempts in space group P2,/m proved unstable and
could not be refined. Conversely, a sound structural model could be determined by reducing the symmetry
to space group P2..

The obtained model was subsequently least-squares refined against 3D ED data imposing constraints on
the aromatic rings and hydrogen positions. Additionally, geometrical restraints for other interatomic
distances and for the planarity of the flat blocks of the molecules were imposed. A sensible drop in residual
R1 from 32.05% to 30.69% was obtained with the introduction of a rotational twin law that exchanges a



and c (the diffracting volume of the twin individual was refined to 8% of the total). More details about
structure determination and refinement are reported in Table S1.

The model obtained from 3D ED data was finally refined by Rietveld method against powder XRD data. As
the sample diffracts to low resolution (ca. 1.5 A) the molecules were treated as semi-rigid bodies, by means
of geometrical restraints, while the torsion angles were allowed to refine freely, in analogy to the approach
used for the refinement against the ED data. The refinement converged to Rup = 4.35%, Rr = 3.56%, Rp. =
4.86% without any significant modification (Figure 3). The final structural model is shown in Figure 4 and
is available as a cif file in Cambridge Structural Database with Deposition Number 2082996.
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Figure 3. Final profile fit obtained after the restrained Rietveld refinement of the 3D ED structural model
against powder XRD data.
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Figure 4. Structure models of o-IMC,” y-IMC,* §-IMC, indomethacin methyl ester* and indomethacin
methanol solvate.* The carboxylic acid dimer is highlighted in red. For each model, carbon atoms are
color-coded to distinguish the symmetry-independent molecules I (brown), II (orange) and III (yellow).

Structure description. The repeating motif in the structure of §-IMC is a dimer of molecules (I and II)
connected by double hydrogen bonding through their carboxylic acid groups with O---O distances 2.560(9)
and 2.844(9) A. Molecules I and II adopt an almost specular conformation (Figure 5), but are not related
by crystallographic symmetry, thus making the dimer and the overall structural packing non-
centrosymmetric (Figure 4). The amidic and ether oxygens are involved in very weak CH---O interactions
(with H---O distances in the range 2.387-2.878 A). The chlorine atoms of both molecules point towards the
dimeric carboxylic group ring motif, with the shortest Cl.--O distance of 2.974 A occurring between two
copies of molecule II.

The carboxylic acid dimer is indeed a common motif in all forms of IMC. The supposed thermodynamically
stable y-IMC crystallizes in the centrosymmetric triclinic space group P1(2), with only one independent
molecule in the asymmetric unit (Figure 4). Its crystal structure is stabilized by centrosymmetric hydrogen-
bonded ring motifs, formed between carboxylic groups (O---O distance 2.651 A). The amidic oxygen weakly



interacts only with a CH from the methoxy group whereas the chlorine atom does not appear to interact
with any other atom.
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Figure 5. Distinct conformers present in o«-IMC, y-IMC and §-IMC. For each compound, carbons of
independent molecule I are in brown, carbons of molecule II are in orange and carbons of molecule III are
in yellow. Atom colors as in Figure 4.

I

The 'metastable’ «-IMC crystallizes in the non-centrosymmetric monoclinic space group P2, with three
independent molecules in the asymmetric unit and a very different packing compared with y-IMC (Figure
4). Molecules I and II form a dimer through their carboxylic groups (O---O distance 2.593 and 2.704 A,
respectively). The carboxylic group of molecule III, instead, acts as a weak hydrogen-bond (H-bond) donor
towards the amidic oxygen of molecule II (O---O distance 2.735 A) and is relatively close to the chlorine
atom of molecule I (Cl---O distance 2.958 A).

In the solid state, the IMC molecule is found in different conformations (Figure 5). The most notable
conformational differences are found around the linkage between the p-chlorobenzoyl group and the
indole ring (torsion angle t, in Figure 1). The only molecule of y-IMC and molecules I and III of «-IMC are
rather similar, with |t| = 38 °, 28 ° and 29 °, respectively. Conversely, molecule II of «-IMC and both
molecules of §-IMC have a very distinct conformation, with |t,| = 156 °, 150 ° and 155 °, respectively.

Overall, cell parameters, crystal packing and molecular conformation of 3-IMC are very similar to both
indomethacin methyl ester* and indomethacin methanol solvate* (Figure 4). Nevertheless, the latter
compounds crystallize in the centrosymmetric space group P2,/n, with only one independent molecule,
forming centrosymmetric dimers involving the acid/ester groups. The similarity of §-IMC structure and
indomethacin methanol solvate can be rationalized with 3-IMC crystallization route, where the methanol
solvate crystallizes first and then desolvates into §-IMC with minimal structural rearrangement.



IR and Raman spectroscopy. Infrared (IR) spectroscopic data of 8-IMC are well-documented in the
literature,'2495' while Raman spectroscopic data have been reported only by Surwase et al® With the
newfound knowledge of the crystal structure of 3-IMC, these data can now be interpreted and offer a new
perspective for understanding the structures of the remaining unsolved IMC polymorphs.
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Figure 6. Vibrational data from (A) IR and (B) Raman spectra of the three solved forms of indomethacin:
y-IMC (blue), a-IMC (red) and §-IMC (green).

New IR and Raman data for the o, y and 3-polymorphs of IMC are shown in Figure 6A and Figure 6B,
respectively. Spectra are shown in the range 1800 cm™ to 1400 cm™ as the carbonyl stretches (v(C=0)),
which are affected by IMC polymorphism, are typically observed in the 1700 cm™ region.5° IMC possesses
two carbonyl groups, one belonging to an aromatic amidic group and the other to an aliphatic carboxylic
acid group. Carboxylic acid stretch is active in the IR and occurs at a higher wavenumber than the aromatic
amide carbonyl, which is both IR- and Raman-active.5' Therefore, the higher wavenumber peaks in Figure
6A can be assigned to the acid moiety and the lower wavenumber peaks to the amide carbonyl moiety. The
presence of H-bonding motifs on carbonyls can be inferred from the shift to lower wavenumbers of the
peaks.

Assignments of carbonyl stretches for the three forms of IMC with known crystal structure are summarized
in Table 1, as derived from the available structural models and comparison with previous interpretations
in the literature.” The asymmetric unit of y-IMC contains only a single molecule which forms a carboxylic
acid dimer. Thus, the carboxylic acid dimer stretch is related with the 1713 cm™ peak, and the non-H-
bonded amide carbonyl with the 1689 cm™ peak in IR and with the 1698 cm™ peak in Raman.
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Table 1. Assignments of carbonyl stretching bands, v(C=0), from experimental infrared (IR) and
Raman (Ra) spectra for the structurally solved polymorphs o-IMC, y-IMC and 3-IMC, together with
the predicted assignments for the structurally unknown polymorphs &-IMC, -IMC, n-IMC and t-

IMC."9?° All values are reported in cm™.

v(C=0) assignment o Y ) £ 4 n T
Carboxylic acid 1736 (IR) 1724 (IR) 1728 (IR) | 1733 (IR)
weakly or non-H-bonded
Carboxylic acid 1692 (IR) | 1713 (IR) 1699 (IR) | 171 (IR) [ 1694 (IR, shoulder) 1696 (IR)
H-bonded
Amide 1680 (IR) | 1689 (IR) | 1675 (IR) | 1669 (IR) | 1679 (IR) 1976 (IR)
weakly or non-H-bonded | 1685 (Ra) | 1698 (Ra) | 1689 (Ra) 1679 (Ra)

Amide 1652 (IR) 1644 (IR) 1635 (IR)
H-bonded 1650 (Ra) 1644 (Ra) 1642 (Ra)

The asymmetric unit of a-IMC contains three independent molecules, which exhibit distinct bonding
motifs that affect the stretching frequencies and lead to the appearance of additional peaks (Figure 6).
Molecules I and II form the common IMC motif, a carboxylic acid dimer which can be assigned to the 1692
cm™ stretch, significantly lower than the y-IMC carboxylic stretch, likely due to the less favorable dimer
conformation. The carboxylic acid of molecule III, instead of dimerizing, forms a H-bond (OH---O) with
the amide carbonyl of molecule II (2.08 A) and the carboxylic acid carbonyl remains non-H-bonded. This
H-bonding motif results in a peak at 1736 cm™ (molecule IIT carboxylic acid) and a peak at 1652 cm™ in IR
and at 1650 cm™ in Raman (molecule Il amide carbonyl). The last peak for a-IMC, at 1680 cm™ in IR and at
1685 cm™ in Raman, can be assigned to the non-H-bonded amide carbonyl groups of molecules I and III.

The §-IMC asymmetric unit is comprised of two molecules bonded through the common carboxylic acid
dimer, which results in a carbonyl stretch at 1699 cm™, again the lower wavenumber indicating a less
favorable dimer conformation. Another single stretch is observed at 1675 cm™ in IR and at 1689 cm™ in
Raman, consistent with the fact that both amide carbonyl groups of molecules I and II have only weak H-
bonding interactions. Remarkably, amide carbonyl of molecule I is at 2.495 A from an aromatic-H of the
chlorophenyl termination of molecule II. In this perspective, the §-IMC structure can be described as a
stacking of supramolecular chains, running parallel to a and connected by carboxylic acid dimers and
chlorophenyl amide carbonyl moieties.

With this in mind, we can tentatively extend the interpretation of IR and Raman spectra reported by
Surwase et al.”® for e-IMC, {-IMC and n-IMC and by Van Duong et al.*° for t-IMC (Table 1), noting that for
e-IMC and t-IMC only IR data have been reported.

There are two IR stretches obtained for e-IMC in the region of 1700 cm™. The stretch at 1711 cm™ in IR is
likely related to a carboxylic acid dimer, similar to the common motif observed for all structurally solved
IMC forms. The stretch is particularly close to the corresponding peak observed for y-IMC, suggesting it
may possess comparable dimer conformations. The second peak is at 1669 cm™ in IR and likely corresponds
to a non-H-bonded amide carbonyl stretch. However, this value is notably lower than the one found for
the corresponding peaks in y-IMC and a-IMC, and closer to the amide carbonyl peak observed for the
newly solved structure of §-IMC. So, it can be suggested that the highly metastable e-IMC possesses
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bonding motifs comparable to those present in §-IMC, concerning the combination of carboxylic acid
dimers and chlorophenyl-amide carbonyl moieties.

In contrast, the measured spectra for {-IMC contain peaks at either end of the active region, related to a
non-H-bonded carboxylic acid carbonyl (1724 cm™) and a H-bonded amide carbonyl (1644 cm™), likely
displaying the (OH---O) bonding motif observed for a-IMC. At the same time, the presence of weakly H-
bonded or unbound amide carbonyl stretch is suggested by the peak at 1679 cm™, together with the likely
occurrence of carboxylic acid dimers, indicated by the shoulder at 1694 cm™. Overall, the {-IMC spectra are
comparable with the a-IMC spectra, however, the singular shape of the peak at 1694 cm™ suggests the
possibility of distinct packing with unique H-bonding motifs.

Unusually, the spectra of n-IMC possess exclusively the two peaks at the extremes of the carbonyl
vibrational region, which suggests that the typical dimer motif is absent. Instead, n-IMC displays a unique
H-bonding motif with a weakly or non-H-bonded carboxylic acid carbonyl (1728 cm™) and H-bonded amide
carbonyl (1625 cm™ in IR and 1642 ¢cm™ in Raman), likely through a (OH:--O) motif.

Finally, the IR spectra of t-IMC, suggests that this polymorph likely possesses a carboxylic acid dimer motif
with a peak at 1696 cm?, alongside molecule(s) with only weakly or non-H-bonded carboxylic acid
carbonyl, with a peak at 1733 cm™, and amide carbonyl, with a peak at 1976 cm™.

Thermal analysis. Simultaneous synchrotron powder XRD-DSC is uniquely placed to directly reveal
phase transformation on kinetically relevant timescales. This is particularly important for pharmaceuticals,
as knowledge of relative stability is vital for judicious selection of polymorph. Heating from 40 °C to 175 °C
at a ramp rate of 10 °C/min (Figure 7) showed that §-IMC underwent a solid-solid phase transition to o-
IMC in the temperature range 19-136 °C (T1-T2). The extracted powder XRD patterns before and after the
solid-solid phase transformation are assigned to the two forms (Figure S1). The pure phase o-IMC remains
stable in the temperature range 136-154 °C (T2-T3), followed by a melting event which has a temperature
onset of 154 °C (T3) and is complete by 161 °C (T4). The thermogram of 8-IMC and melting temperature of
o-IMC are both characteristic of their previously analyzed behavior.®*® It is remarkable that §-IMC
transforms to «-IMC and not to y-IMC, which is commonly referred to as the thermodynamically stable
form.* This evidence appears to support the claim by Ruggiero et al.** that in fact «-IMC is the more
thermodynamically stable polymorph but is kinetically hindered during ambient temperature
crystallization by the unfavorable conformation of molecule II. In this regard, conformers of §-IMC are
very similar to molecule II of «-IMC (Figure 5), and this similarity can drive or facilitate the solid-solid
phase transition. However, 8-IMC samples often include a small fraction of «a-IMC, which can act as seed
during the transformation.
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Figure 7. Synchrotron powder XRD-DSC result: (top) Surface plot of powder XRD patterns of §-IMC
sample, during heating from 40-175 °C and (bottom) the simultaneous DSC thermogram. §-IMC sample,
containing a few of «-IMC impurities, underwent a solid-solid transition (T1-T2) to pure o-IMC (T2-T3),
followed by a melting event (T3-T4).

Dissolution Behavior. According to the Noyes-Whitney equation, the dissolution rate of a solid
compound in a solvent is directly proportional to the solubility of the solid in the solvent and its specific
surface area.5* To exclude an influence of the specific surface area on solubility, the various polymorphs
were ground in a mortar and tablets were prepared with the resulting powder.”

The dissolution assay was first carried out in SGF, to determine the intrinsic solubility of each polymorph.
The polymorphs a-IMC, y-IMC and §-IMC showed intrinsic solubility of 1.76, 2.1 and 17.89 pg/mlL,
respectively. Thus, the solubility of the §-IMC polymorph was about 10 times the ones of both the a-IMC
and y-IMC polymorphs.

Figure 8 shows the dissolution profiles for the different IMC polymorphs under study over the first 2 hours
in SGF (Figure 8A) and the following 2 hours in SJF (Figure 8B). In all cases, compliance with sink
conditions was verified. It is seen that the dissolution rate follows the same rank order as the solubility,
i.e., a-IMC < y-IMC < 8-IMC. However, the difference between the dissolution profiles of a-IMC and y-IMC
is not significant, while the dissolution profile for §-IMC is indicative of a dissolution rate significantly
higher than the one of both the a-IMC and y-IMC. In particular, it is observed that the percentage of d-
IMC dissolved in 2 hours in SGF is about three times greater than the corresponding percentage of y-IMC.
This behavior may be related to the unusual proximity of chlorine atoms to carboxylic dimers, which likely
affects the H-bonding.
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Figure 8. Dissolution profiles of «-IMC, y-IMC and 8-IMC: (A) two hours in SGF and (B) the subsequent
two hours in SJF. The mean values of three runs are shown along with their standard deviation.

Since IMC is a weak acid, its solubility at pH 6.8 increases by two orders of magnitude due to the formation
of the ionized species.? Therefore, the dissolution reaches about 100% for all polymorphs after only 40
min in SJF. However, we observed that §-IMC was already completely dissolved after just 5 min, while at
the same time only about 55% of the other polymorphs was dissolved (Figure 8B). A comparable result
could be achieved only for the amorphous form of IMC, stabilized by using more sophisticated techniques,
such as the liquisolid technique,>* the IMC dry coating technique> and the application of chiral
mesoporous silica carriers.

CONCLUSIONS

The crystal structure of 8-indomethacin, a polymorph firstly reported almost 50 years ago® but still poorly
characterized, was solved thanks to the recent advances of the three-dimensional electron diffraction (3D
ED) method.® Like many other active pharmaceutical ingredients (API), indomethacin appears in several
polymorphic forms, which may have considerably different physical, chemical and medicinal properties. A
large fraction of these pharmaceutical polymorphs exists only as tiny crystals with size of few micrometers,
unsuitable for standard crystallographic techniques like single-crystal X-ray diffraction. In such cases, 3D
ED proved a valid option for the structure characterization of single sub-micrometric grains.>*37 The main
limit in the analysis of organic compounds is the fast deterioration induced by the electron beam. However,
beam damage issues appear significantly mitigated after the introduction of single-electron detectors, able
to get reasonable diffraction signal with an extremely mild electron dose rate.3"3

The structure solution of §-indomethacin allowed interpreting the available spectroscopic data and
provided valuable information for the understanding of those polymorphs, whose structure is still
unknown.” Moreover, after heating we observed a direct solid-solid phase transition from §-indomethacin
to a-indomethacin, which is consistent with the similarity in their molecular conformation and opens new
questions about the overall indomethacin phase diagram. Finally, although more in-depth stability analyses
are needed, the results obtained from the present dissolution studies suggest that §-indomethacin is very
soluble compared with other polymorphs and therefore appears particularly suitable for use in immediate-
release formulations.

The availability of efficient methods for structure characterization of poorly crystalline polymorphic forms
is crucial for assessing the energy landscape of a given API, predicting its real potential for medicinal
applications and possibly designing more efficient administration strategies. This is especially important
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when considering that 40% of marketed drugs and 75% of new candidates are poorly water-soluble and
which represents a challenge for their bioavailability.>
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Supporting Information

Table S1. Selected crystallographic parameters from structure solution (SIR2014), and refinement
based on the 3D ED data (SHELXL) and powder XRD (Jana2006).

Crystallographic information

Asymmetric unit content C38H;.N,05Cl,
Z 4
Space group P2,

Unit cell (from powder XRD data)

a(A) 18.3195(5)
b (A) 5.09993(9)
c (A) 18.5386(5)
a(°) 90
B 95.771(2)
y (®) 90
Volume (A3) 1723.25(6)

Structure solution parameters (SIR2014 on 3D ED data)

Data resolution (A) 1.0
No. of sampled reflections 8982
No. of independent reflections 3130
Independent reflections coverage (%) 81
Global thermal factor Ui, (A2) 0.15712
Rinc(F) (%) 35:92
CF (%) 53.038

Structure refinement parameters (SHELXL on 3D ED data)

Data resolution (A) 1.0

Rint (F) (%) 34.49
No. of reflections (all) 2925
No. of reflections (>40) 1525
R (all) (%) 37.77
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R1 (>40) (%) 30.69

Goodness-of-fit 2.726

Rietveld refinement parameters (Jana2006 on powder XRD data)

20 range measured / step (°) 2.000 - 61.985 / 0.015
20 range used (°) 3.725 - 61.985
Data resolution (A) 15
No. of points 4000
Parameters / restraints / constraints 100/ 43/ 25
Rup (%) 435
Rr (%) 3.56
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Figure S1. Extracted powder XRD patterns, before and after thermally induced phase transformation from
8-IMC (blue), with some o-IMC impurity, to pure phase o-IMC (orange). Peaks are assigned from a
simulated powder XRD pattern of the newly solved 8-IMC and of a-IMC obtained from the Cambridge

Structural Database (CCDC-INDMETo02).244
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