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ABSTRACT:

Insights into structure—mechanical property correlations in molecular and multicomponent
crystals have recently attracted significant attention owing to their practical applications in the
pharmaceutical and specialty fine chemicals manufacturing. In this contribution, we
systematically examine the mechanical properties of dimorphic forms, Forms I and II of 1:1
caffeine-glutaric acid cocrystal on multiple faces using nanoindentation to fully understand their
mechanical anisotropy and mechanical stability under applied load. Higher hardness, H, and
elastic modulus, E, of stable Form Il has been rationalized based on its corrugated layers,
higher interlayer energy, lower interlayer separation, and presence of more intermolecular
interactions in the crystal structure compared to metastable Form I. Our results show that
mechanical anisotropy in both polymorphs arises due to the difference in orientation of the same
2D structural features, namely the number of possible slip systems, and strength of the
intermolecular interactions with respect to the indentation direction. The mechanical properties
results suggest that 1:1 caffeine-glutaric acid cocrystal, metastable form (Form I) could be a
suitable candidate with desired tablet performance to that of stable Form II. The overall, it

demonstrates that the multiple faces of nanoindentation is critical to determine mechanical
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anisotropy and structure- mechanical property correlation. Further, the structural-mechanical
property correlations aids in the selection of the best solid phase for macroscopic

pharmaceutical formulation.

Pharmaceutical cocrystals are multicomponent crystals that combine an active pharmaceutical
ingredient (API) with a suitable pharmaceutical or non-pharmaceutical coformer through crystal
engineering, which positively modify the physicochemical properties such as physical and
photochemical stability, hygroscopicity, melting point, colour, solubility, dissolution rate,
permeability, bioavailability, and mechanical properties.!”!® The mechanical properties of
molecular crystals depend on the molecular arrangement, strength of intermolecular interactions,
size and shape of molecules.!!?° Investigation of structure—mechanical property correlations in
molecular crystals has recently drawn a significant attention of researchers due to their potential
applications in mechanical processing of pharmaceutical drugs, designing of mechanical
actuators, flexible optoelectronic materials, micro-robots, mechanochromic luminescent
materials, and mechanical sensors.>!">® Such investigations propel the determination and
prediction of mechanical properties of molecular crystals based on the qualitative deformation
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like bending behaviors,!*!¢ quantitative measurements per se nanoindentation,'*?! high-pressure

29,30 31

powder compaction,?? spectroscopy, and computational methods.”® In the context of
industrial-scale pharmaceutical manufacturing, an understanding of structure—mechanical
property relationships can also be used to deliberately alter mechanical properties such as
millability and tabletability towards optimal drug development and production. *¥-* For
instance, a soft solid drug can become a paste during milling, which is undesirable during the
production stage of APIs. Stress-induced polymorphic transformations of pharmaceutical crystals
is a common phenomenon that occurs during secondary unit processes such as milling,
granulation, tableting, etc.’*3>2® Such phase behaviors can severely affect the manufacturing of
APIs as the most stable form of an API is preferably marketed. The structural rearrangement
associated with phase transformation during mechanical loading remains poorly understood.
Modern nanoindentation has been successfully employed to study the mechanical
properties of a wide range of molecular crystals that are available only in small sizes, with

emphasis on crystal structure—property relationships.!*1¢21332 The fundamental understanding



of molecular-level properties such as intermolecular interaction -characteristics, crystal
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packing, domain coexistence, layer migration, desolvation,

mechanoluminescence,* and solid-state reactivity!>!¢

on mechanical properties such as stiffness
and strength can be explored through nanoindentation. Mechanical anisotropy, directional
dependent physical property of materials, is a critical consideration for materials selection in
engineering applications.!***%-46 Nanoindentation can also be used to probe crystal anisotropy,
which provides new perspectives on supramolecular bonding that is intrinsic to the crystalline
materials.'*16424  Polymorphism influences the mechanical properties, which offers the
opportunities to correlate the structure vs mechanical properties.'>!>162! The variations in
mechanical properties of polymorphs of drugs such as aspirin, paracetamol, felodipine,
omeprazole, curcumin, and sulfathiazole have been effectively examined using

nanoindentation, 2-30:33:3747-51

Trask et al. have discovered the two polymorphic forms, Forms I and II, of 1:1 caffeine-
glutaric acid (CA-GA) cocrystal.’> The stability of these polymorphs were examined in various
studies under different relative humidity (RH) conditions.’*>°> Metastable Form I transforms to
thermodynamic Form II within 24 hours and Form II remains stable at ambient conditions for
several weeks (stable at 25 °C, 75% RH for at least 7 weeks), however, under high humidity
conditions (stable at 25 °C, 98% RH for only 3 days), it transforms to caffeine hydrate.>> We
previously performed in situ X-ray diffraction studies on this dimorphic system and determined
the thermodynamic relationship of these dimorphs.>* Thakuria et al. utilized in situ atomic force
microscopy (AFM) and nanoindentation to distinguish these dimorphs and monitored the surface
rearrangements of Forms I and II under high humidity conditions.”>>® Recently, we have
demonstrated that planetary ball mill stresses could induce polymorphic transformation from the
stable Form I1 to the metastable Form | due to the local heating effect.>® Hence, this polymorphic
co-crystal has been a good model system for understanding various solid-state aspects of
pharmaceutical compounds. However, the structural origins associated with stress-induced phase
transformations, which proceed via a slip mechanism, remains unclear for the dimorphs.
Accordingly, the main focus of this contribution is to systematically investigate the mechanical
properties on multiple faces of dimorphic forms, Forms I and II, of CA—GA cocrystal using

nanoindentation to comprehensively understand their mechanical anisotropy and to correlate



them with the underlying structural features vs tablet performance of the dimorphs of CA-GA

cocrystal.

Scheme 1. Molecular Structure of Caffeine and Glutaric acid
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EXPERIMENTAL METHODS

Materials. Anhydrous caffeine (99% purity) from Fluka and glutaric acid (99%) from Alfa-
Aesar were obtained and used as received. The solvents were of either analytical or
chromatographic grade.

Cocrystal Polymorphs Preparation. Quality single crystals of Forms | and 1l of CA-GA co-
crystal in different morphologies were grown by slow evaporation of a saturated solution
containing 1:1 mixture of caffeine and glutaric acid in the following listed solvents at room

temperature.

Polymorph Solvent Morphology
Form | Chloroform Needle
Form Il 1:1 mixture of ethyl acetate-chloroform Block

Single Crystal X-ray Diffraction (SCXRD). Good quality single crystals of CA—GA cocrystal
polymorphs were carefully chosen after viewing them under an Olympus microscope supported
by rotatable polarizing stage. Single crystal X-ray diffraction data for Form | were collected at
room temperature on a Rigaku Mercury 375R/M CCD (XtaLABmini) diffractometer using
graphite monochromated Mo-Ka radiation, equipped with a Rigaku low temperature gas spray

cooler (see Supporting Information, hereafter referred to as SI, Table S1). The Rigaku crystal



clear software was used to process the data.” The structure solution was performed by direct
methods, and refinements were performed using SHELX97° and WinGX suite®®. The hydrogen
atoms were either placed geometrically from the difference Fourier map or allowed to ride on
their parent atoms in the refinement cycles. All non-hydrogen atoms were refined with
anisotropic displacement parameters. The carbon atoms of glutaric acid and caffeine of Form | in
the asymmetric unit were disordered over two positions related by mirror symmetry with site
occupancy values of 0.5. The disorder was refined using Part 1 and Part 2 instructions. The site
occupancy factors (SOFs) for both parts were adjusted were approximately equal (50:50), and
then they were fixed at those values (details of the disorder refinement strategy are available as
part of the deposited crystallographic information file, CCDC 2011984). The crystals of Form 11
were confirmed with the unit cell parameters collected at room temperature (see Sl, Table S1)
and compared with the reported polymorphs in the CSD.%3 Face indexing of good quality single
crystals for both forms was performed at room temperature on a Rigaku Mercury 375R/M CCD

(XtaLABmini) diffractometer with CrystalClear software, and the crystal faces were assigned.

Molecular Electrostatic Potential (MEP) and HOMO-LUMO Calculations. The energy,
HOMO-LUMO molecular orbital diagram, electron density, molecular electrostatic potential
maps, single point energies and optimized electronic structure of Forms I and II of CA-GA
cocrystal at room temperature were computed via density functional theory (DFT) using standard
B3LYP functional and 6-311+G(d,p) basis-set calculations at default temperature conditions
(298.15 K), as implemented in GAUSSIANO9 (see SI, Figure S1).°° Pictorial diagrams of
molecular geometries were prepared with the program GaussView. Chemcraft was used to obtain
atomic coordinates for both the polymorphs. Three-dimensional electrostatic surface potential
maps were calculated around the molecule with electron density 0.002 electron/A. Colour coding

was applied to locate negatively charged (red) and positively charged (blue) surfaces.

Nanoindentation Measurements. Large (~1.0x0.5 mm? in cross-section and 0.30 mm in
thickness), well-shaped, and good quality dried single crystals of CA-GA cocrystal polymorphs
were selected through an optical microscope supported by a rotatable polarizing stage for
nanoindentation experiments.5! We have confirmed using optical polarising microscope and high
intensity diffraction patterns in the SCXRD that there are no solvent occlusions and intergrown

domain defects in the crystals.®! The crystals were initially washed with paraffin oil to remove
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any small crystals that might have been attached to the surface during crystallization. Further,
each crystal of CA-GA Form | or 1l was firmly mounted on a metallic stud using a thin layer of
cyanoacrylate glue. Nanoindentation experiments were performed on the two faces, namely
(001) and (100), for both polymorphs using the TI Premier Triboindenter from Hysitron,
Minneapolis, USA, equipped with an in-situ AFM imaging capability. A three-sided pyramidal
Berkovich diamond indenter with a tip radius of ~100 nm was used. During nanoindentation, the
loading and unloading rates were 0.6 mN/s and the hold time at the peak load of 6 mN was 30 s.
Around four to five crystals of each polymorph were examined and a minimum of 20
indentations were performed on each crystal to obtain consistent and reliable average data. For
visualization of surface topology, AFM-scanned image with 20 umx20 um area containing the
indentation mark (see Sl, Figure S3) was used. The P-h curves obtained were examined using the
standard Oliver-Pharr (O-P) method®? to calculate elastic modulus (E) and hardness (H) on the
indented faces. However, the estimation of H using the O-P method would be inaccurate if there
is a significant pile-up of material against the indenter.®®* The H can be overestimated by up to 60
% and E by up to 16 % depending on the extent of pile-up.%® If hf/hmax < 0.7, pile-up is not a
significant factor but the O—P data analysis expected to provide reliable results. Here, hf is the
final displacement after complete unloading and hmax is the maximum depth of penetration. The
hf/hmax value for both the faces of Form Il are less than 0.7, therefore, the E and H values are
not significantly overestimated. However, to obtain the more accurate values of H on both faces
of Form 11, the maximum indentation load, Pmax, divided by the contact area, A (it was

estimated from AFM- images of the indentation impressions) has been employed.4153%

Hirshfeld Surface Analysis and Energy Framework calculations. The Hirshfeld
surfaces, 2D fingerprint plots, and energy frameworks calculations for intermolecular
interaction topologies of CA-GA polymorphs were performed using Crystal-Explorer
V.17% based on Gaussian B3LYP-D2/6-31G(d,p) molecular wavefunctions (see SI,
Figure S4 and Table S3). The crystallographic information files (cifs) of Forms I and 11
were used for the calculations. The 2D plots were shaped by binning (di, de) pairs in the
intervals of 0.01 A and colouring each bin of the resulting 2D histogram as a function of

the fraction of surface points in that bin, ranging from blue through green to red.



For energy frameworks calculations, the hydrogen atoms in the Forms | and Il were
normalized to standard neutron diffraction values. For each molecule in the asymmetric
unit of a crystal, the total intermolecular interaction energy with another molecule,
calculated using the B3LYP-D2/6-31G(d,p) electron densities model, is the sum of
electrostatic, polarization, dispersion, and exchange-repulsion components with scaling
factors of 1.057, 0.740, 0.871, and 0.618, respectively. The interaction energies of a
selected molecule with all molecules having any atom within 3.8 A were calculated. The
interaction energies below certain energy threshold (5 kJ/mol) were omitted for clarity,
and the cylinder thickness was taken to be proportional to the intermolecular interaction

energies in the energy framework.

Attachment Energy and Elastic Constant Calculations. The attachment energy of indented
crystal faces for CA-GA polymorphs were calculated with Forcite module in Materials Studio
6.0 using Drieding force field and charges Qeq at ultra-fine quality (Table S4). The elastic
constants for Forms I and Il were calculated with Forcite module in Materials Studio 6.0 using
Compass Il force field and charges Qeq at ultra-fine quality (Figure S5). The “Ewald”
electrostatic summation method and “atom based” van der Waals summation were chosen for all
calculations. The convergence thresholds during atomic coordinate geometry optimization were
set at 10 Hartree (energy), 0.002 Hartree A~ (max. force), and 0.005 A (max. displacement),
while the unit cell dimensions were fixed. A 6 x 6 symmetric elastic constants matrix were
calculated to understand the stress—strain relationship for both forms. The bulk moduli, shear
moduli, Young’s moduli, and Poisson’s ratio were calculated from the matrix based on the
elasticity theory. The crystal anisotropy index was calculated as the ratio of the largest to the

smallest Young’s modulus.%

RESULTS AND DISCUSSION

The two polymorphs of CA-GA cocrystal (1:1) were obtained by liquid-assisted grinding
and solution crystallization.’” The morphologies of the CA—GA cocrystal polymorphs (Forms I
and II) were distinctly different under the optical microscope, i.e., needle-shaped crystals for
Form I and block-shaped crystals for Form II (see SI, Figure S2). In this study, the

nanoindentation measurements have been performed at the room temperature therefore the
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crystal structures of dimorphs determined at the room temperature are considered. Notably, the
elusive unit cell differences have been reported for Form I at room temperature (RT) to that of
the low temperature (180 K) suggest the possibility of a structural modulation in Form I between
RT and low temperature crystal structures.>®> Herein we collected the full data and determined the
crystal structure of Form I at RT for the first time, whose unit cell matched with a reported unit
cell at the same conditions.’> Form I at RT crystallizes in monoclinic system with P21/m space
group (CCDC number: 2011984) whereas Form II at RT crystallizes in triclinic system with P-1
space group (Refcode: EXUQUJ) has been considered in this study. Both the forms contain 1:1
stoichiometry of caffeine and glutaric acid molecules in the asymmetric units (see SI, Table S1).
The CA-GA dimorphs exhibit an identical secondary architecture and similar hydrogen-bond
synthons such that a two-dimensional (2D) sheet forms from an array of linear O-H---O
hydrogen bonds between the hydroxyl and the carbonyl groups of the glutaric acid molecules
(Figure 1 and Table S2). Next, another carboxylic O—H group of glutaric acid is connected with
the imidazole ring of caffeine via an O—H---N hydrogen bond and also the same carbonyl group
of glutaric acid forms various weak C—H---O hydrogen bonds with caffeine. In Form II, the
glutaric acid connects with caffeine through three different types of weak C—H---O hydrogen
bonds whereas Form I consists of only two types of weak C—H:--O hydrogen bonds (Figure 1).
The flat 2D hydrogen-bonded sheets form layers. There is a marginal difference in the
orientation of the molecules in particular owing to glutaric acid coformer within the layers of the
two polymorphs. A conformational difference between the forms is due to the torsional rotation
of the methylene carbons of glutaric acid as shown in the overlay Figure 2. Form I forms parallel
tapes with the stacking arrangement of caffeine and glutaric acid molecules in an alternating
fashion to connect through the weak C—H---O and C—H---7 interactions, resulted into a flat
layer. However, the slightly tilted tapes in Form II resulted in the corrugated layer formation and
also the tapes are stacked via m-- -7 interactions and parallelly connected through weak C-H---O
and C-H-- & interactions. It is also worth to note here that the packing difference between the
two forms is also associated with a change in the conformation of the alkyl chain of the glutaric

acid molecules (Figure 2).
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Figure 1. Hydrogen bond patterns and molecular electrostatic potential maps of Form I (a) and
Form II (b) of CA-GA cocrystal polymorphs; color code: O—H:--O (blue), O-H:--N (red) and
various C-H:---O (grey).




Figure 2. Structural overlay of caffeine and glutaric acid molecules in the Form I (red) and Form
IT (blue) of CA-GA cocrystal showing the conformational differences in the alkyl chain of the

glutaric acid molecules.

Frontier molecular orbitals (FMOs) have been used to describe the chemical reactivity,

stability®® and mechanical behavior®”*

of molecular complexes by calculating their HOMO and
LUMO energy gap (see SI, Figure S1). The HOMO-LUMO energy gap is inversely correlated
with molecular polarizability®® and the molecular polarizability is inversely correlated with
mechanical properties such as E and H.97! Therefore, a direct correlation between energy gap
and mechanical property can be established.®” When the energy gap is small, the molecule is
highly polarizable, usually associated with low thermodynamic stability,’® high chemical
reactivity® and mechanical softness.”®’! Computational results show that the energy gap of Form
I (5.0956 ev) is less than Form II (5.1318 ev) thereby the Form II is expected to have high

stability, lower chemical reactivity (higher physical stability) and high mechanical hardness than

Form 1.

In order to gain some molecular level information such as intermolecular interactions and
variation in polarity, it has been performed the DFT analysis and calculated Molecular
Electrostatic Potential (MEP) maps for both Forms I and II (Figure 1).® In general, as per MEP
representation, the blue region is electropositive, the reddish region is electronegative, and the
green region is neutral environment. In both the CA-GA dimorphs, the oxygen, O11 of the
caffeine interacts with glutaric acid via weak C—H---O bonds. The negative electrostatic
potential of O11 atom of Form II (-134.70 kJ/mol) is slightly higher than that of Form I (-128.44
kJ/mol). As a result, it is observed that O11 atom of Form II interacts with glutaric acid via

numerous C—H---O interactions as compared to Form 1.

Nanoindentation experiments were performed on the (001) and (100) faces of CA-GA
dimorphs using the T1 Premier Triboindenter (Hysitron, Minneapolis, MN) with an in-situ AFM
imaging capability. Representative load, P, vs. depth of penetration, 4, (P-h) curves of CA-GA
cocrystal polymorphs are displayed in the Figure 3, which shows that the residual depth of
penetration upon complete unloading, /-, of both the faces of Form I is less than that of both the
faces of Form II. Additionally, the AFM topographic indent images show no material pile-up

along the edges of the indenter impressions on both faces of Form I, whereas small pile-up was
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seen in Form II faces (See Figure S3). This implies that the resistance to plastic flow in Form I is
less than that of Form II. £ and H values with corresponding faces of the CA-GA cocrystal
polymorphs extracted from P-4 curves (Table 1) indicate that Form II is stiffer and harder than
that of Form L.

Table 1. Elastic Modulus (E), Hardness (H), H/E Ratio, Indented Faces, and Slip Systems

of CA-GA Cocrystal Polymorphs

Form | Abbreviation | Indented | Hardness, Elastic H/E | Facile slip plane,

face H (MPa) modulus, £ Slip direction
(GPa)

Form I Floo1) (001) | 686.4+5.8 | 18.02+0.04 0.038 {010} <001>
FI(i00) (100) | 330.1+1.2 17.60+ 0.49 0.019 {010} <100>

and {001}<100>
Form II FlII (001 (001) | 874.2+£2.7 | 19.35+0.57 0.045 {101} <111>
FII(100) (100) | 960.0+6.4 | 18.60=+0.35 0.051 {101} <111>

(e}
T

Load, P (mN)
w

1

0.0 0.2 0.4 0.6 0.8 1.0

Depth of penetration, h (um)
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Figure 3. Representative P-4 curves of the CA-GA cocrystal polymorphs. Blue arrows represent

pop-ins.

It is important to understand the mechanical properties in the context of the molecular
crystals. £ depends upon the magnitude of the resistance offered by a material to elastic
deformation.'>'®2! It depends predominately on the nature of crystal packing, the strength of
intermolecular interactions and their orientation with respect to the direction of indentation.
Thus, the observed difference in E of the respective faces in these two forms of CA-GA cocrystal
is due to the difference in the type, number and strength of intermolecular interactions and the
difference in their orientation with respect to indentation direction. Interestingly, the E of the
Flo1) and FIIwo1y were slightly higher than Floo) and FlIlqoo0), respectively, due to lower
inclination of the strong O—H---O and N—-H---O and weak C—H:--O hydrogen bonds with respect
to the indentation direction. Overall, £ of Form I was found to be lower than Form II. The
number of C—H---O hydrogen bonds are relatively fewer between the layers of Form I, which
favours an easy sliding of layers under applied load and therefore Form I is less elastic than
Form II. Hirshfield surface analysis also shows that the percentage of O---H contacts of Form II
which belongs to O—H:--O, N-H:--O and C—H:--O hydrogen bonds is higher (~ 8%) than that of
Form I (Figure 4 and see also SI, Figure S4). Therefore, the higher contribution of O---H

contacts is consistent with the slightly higher £ value of Form II with respect to Form I.

47.8% L |FormI
45.7% ™ Form 1l
34.7%
27.19
& 25.1%
19.6%
H--H O---H Others
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Figure 4: Hirshfield surface analysis of CA—GA cocrystal polymorphs. Note the O---H contacts
for Form II is substantially higher (~8%) than that of Form 1.

It is known that H is a measure of the resistance to plastic or permanent deformation of
the indented material which depends on the relative ease of irrecoverable sliding of the molecular
layers or slip planes on each other during the applied load.'>!®?! Such slip typically takes place
on specific slip systems, which are combinations of crystallographic planes with directions
referred to as slip planes {hkl} and slip directions [A'k'l"], respectively. In general, slip planes
associate with the least attachment energy, Eas,’' whereas the slip directions are those along
which the shortest lattice translation is possible (Table S4). It is to be noted that many slip planes
can theoretically be possible for any molecular crystals. However, all are not active or equally
facile to allow slip in all conditions. Facile slip planes are those which exhibit the least interlayer
and highest intralayer interaction energy, generally, with smooth slip layer topology. The slip
systems were accurately identified for both the forms by structure visualization with focusing on
the hydrogen bonding interactions and packing, attachment energy calculation and energy
framework calculations (Table S3 and S4).*' For CA-GA cocrystal forms, the first facile slip
system for Floo1) and Fl(i00) are {010}<001>, and {010}<100> respectively, however, the facile
slip system for both FIlgi00) and FIlo1) is same, namely {101}<111>. The P—h responses
recorded on the Floo1), FIl(100) and FIlo01) show pop-ins. The average values of /pop-in correspond
to the integer multiples of interplanar d spacing, dnk of Flon), FIl(100), and FIlo1) (Table S4). It
can be noted that the second facile slip plane {001}<100> is also present in Fl(io0), however,
absent in Flon (Figure 5a, b and ¢). The second facile slip plane in Fl(i00) provides excess ease to
glide the layers on each other under applied load and consequently, Fl(i00)is substantially softer
than Flon. It can also be seen that the several pop-ins were observed on the loading curve of
Flo01) whereas, no pop-ins were observed in case of Fl(io0) due to the availability of second facile
slip plane. Interestingly, there is no second facile slip plane present in both FIlo1) and FIli00).
The orientation of the slip plane to the indentation direction (i.e., direction perpendicular to
indented crystal face) is around 147° and 129° in FlIlo1) and FIl(i00), respectively (Figure 5d).
These orientation differences suggest that the molecular layers of FIloo1) can offer less resistance
to shear sliding under applied load as compared to the Fllioo) because of the higher oblique
angle. Consequently, FIloo1) is slightly softer than FIl(i00) due to the higher inclination angle

(147°) between the molecular layers and indentation direction. These observations suggest that
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Form I is more anisotropic than Form II in terms of hardness, however, both the forms are
elastically isotropic. It is also worth to note here that overall Form II is harder than Form I, which
could be rationalized by their structural differences. In Form I, the molecular layers are planar,
however, in case of Form II, the layers are corrugated due to the twisted conformation of the
glutaric acid that makes the gliding of layers past each other more difficult under the applied
stress and therefore, Form II is hard vis-a-vis Form I. Furthermore, this lack of plastic

deformability in Form II makes it stiffer compared to Form I.
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Figure 5. Molecular packing of (a) Flo1), (b) Flaoo) with first facile slip plane, (c) Floo) with
second facile slip plane and (d) both FlIl(i00) and FIlo1) of CA-GA cocrystal polymorphs. Red

and blue lines represent the plane (001) and (100) respectively, on which indentation is made.
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The grey triangle represents the indentation direction and black dotted lines represent the

possible slip planes of the polymorphs.

The energy framework calculations have been performed for visualising the topologies of
interaction energies to provide insights into the structure-mechanical properties of the dimorphs
of CA-GA cocrystal (Figure 6; see SI, Table S3).°%7> The thickness of representative cylinders
connecting the corresponding molecules are directly proportional to the strengths of pairwise
intermolecular interactions between nearest neighbouring molecules. The distinct intermolecular
interaction topologies of both CA-GA polymorphs are in good agreement with their distinct
mechanical properties. The molecular layers are interconnected in both the polymorphs via n---n
stacking and multiple C—H---O and C—H:-- ‘& interactions. The interlayer energy in Form II (—129
kJ/mol) is substantially higher than Form I (=105 kJ/mol), which could be attributed to the
presence of relatively significant parallel-displaced m—stacking interactions between caffeine
molecules in Form II. The higher interlayer bonding energies affirmed the larger energetic
barrier for sliding molecular layers along the potential slip plane during nanoindentation. Hence,
Form I can undergo more facile deformation under load when compared to Form II. This clearly
explains the lower H and E of Form I than Form II.
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Figure 6. Energy frameworks analysis of (a) Form I and (b) Form II of CA-GA polymorphs. The
thickness of each cylinder (in blue) represents the relative strength of pairwise intermolecular
interactions. The energy threshold for the energy framework is set at — 5 kJ/mol. Red and blue

bars represent the indentation planes.
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To further explore the mechanical anisotropy, we have computed the elastic matrices of
both polymorphs using Forcite module applying COMPASS 11 force field using QEq charges in
Materials Studio (see Figure S5).3! Such calculations have previously been utilized to rationalize
the mechanical properties of polymorphic pharmaceutical drugs like paracetamol, aspirin and
carbamazepine.3! Three-dimensional distribution of E-map is represented in the SI, Figure S5.
The higher bulk modulus of Form Il (12.68 GPa) suggests its lower compressibility as compared
to Form 1 (10.01 GPa). The computed anisotropy index of Form I (10.43) is relatively higher
than that of Form 11 (8.32). This suggests that the Form | display higher mechanical anisotropy,
leading to its higher plasticity as compared to Form Il. These results are in excellent agreement
with the experimental nanoindentation results, which obtained from different crystal faces of the

dimorphs.

Thakuria et al. performed nanoindentation experiments on a single face (001) of both the
polymorphs of CA—GA cocrystal to show the use of nanoindentation toward polymorphs
discrimination.’® However, the measuring of mechanical properties of a crystal in a single face
is often inadequate for critical consideration such as crystalline drug choice in guiding
pharmaceutically relevant processes like milling, flow, granulation and compaction %’
Therefore, rationalizing the structure-mechanical properties correlations allied to the anisotropy
in crystalline materials requires diligent attention for macroscopic pharmaceutical formulation
and development process.”>’* In this regard, our work on the measured anisotropic mechanical
responses on multiple crystallographic faces of CA-GA cocrystal polymorphs would provide
comprehensive information to predict the pharmaceutical formulation and performance in the
early stage of drug development. Previously, it has been reported by us that Form II is
thermodynamically stable, and Form I is metastable at ambient conditions based on thermal and
slurry studies.>® Here, our results suggest that the thermodynamically stable form, Form I is less
plastic and more elastic than metastable form, Form I. It also shows that thermodynamically
stable polymorph (Form II) is mechanically isotropic with high H and E, as compared to
metastable form (Form I) which is more anisotropic with lower H and E values. Similar
mechanical behaviors have also been observed in many polymorphic systems studied by us an

others like curcumin, aspirin, felodipine, caffeine:4-chloro-3-nitrobenzoic acid cocrystals,
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Tableting properties of the pharmaceutical drugs predominately depend upon the
ability of its crystals to undergo plastic deformation under applied external load.''?* Two
contrasting facts need to be considered to understand the mechanical performance of crystalline
organic/pharmaceutical materials. First, the plasticity is absolutely crucial so as to increase the
inter-particulate contact area and binding during compaction in other words for an improved
tabletability. Second, if excessive plastic deformation takes place due to a very low H, one may
end up with a pasty or gummy material that would be extremely difficult to mill. On the other
hand, a brittle material would be suitable for milling process, however, it could suffer from lack
of plastic deformation thus undesirable tabletability. Hence, a material with the optimal
mechanical properties meaning plasticity is essential to achieve both millability and tabletability.
Lawn and Marshall proposed that the brittleness index (BI) of a crystal, which is associated to

).7® A material with

the ratio of indentation hardness (H) to indentation fracture toughness (Kic
higher value of BI (i.e., higher H and lower Kic) can be considered as brittle, which promotes the
fracturing of materials during milling process.”’ In general, a material with lower BI and higher
Kic can be envisaged to achieve the better tabletability and compaction properties.”® Our results
suggest that the Form I could display relatively better tabletability compared to that of Form II,

which is in contrast to the order proposed by Thakuria et al.>%”

The resistance to plastic deformation can be estimated for a crystal by assessing H
through nanoindentation, however, BI measurement may not always be possible. Generally, the
Kic of a material can only be measured if there are cracks during indentation.”® In our case, the
AFM images of indents show no cracks on the edges of the indenter impressions on both forms
(See SI, Figure S3). Accordingly, the ratio of H/E can be considered in the absence of
cracks.'”””7® Based on this approach, it has been demonstrated that a low H/E value shows better
compaction behaviour for the APIs. The H/E values for the faces of both the polymorphs are
provided in the Table 1. As seen, both faces, FII (100) and FIlo1), of Form II with highest H/E

ratio expect to display relatively poor compaction behavior compared to that of Form I.

Adherence of the solid powder on to tooling surface during tablet compaction, known as
punch sticking, is one of the common tablet manufacturing obstacles.’® Severe punch sticking
significantly reduces the tablet quality. Many factors can affect punch sticking process such as

crystal morphology, particle shape and size, excipients, surface energy and manufacturing
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conditions.®® It has been studied that a less plastic material reduces punch sticking propensity
during compression by lowering powder-punch adhesion.?! Hence, the less plastic Form II may

show lower punch sticking during tablet formulation as compared to the Form I.
CONCLUSIONS

In conclusion, herein we systematically examined the mechanical anisotropy in the CA-
GA cocrystal polymorphs, Forms I and II, on multiple faces of nanoindentation experiments
under applied load. Higher hardness, H, and elastic modulus, E, of cocrystal Form II compared to
that of metastable Form I has been observed. It is explained on the basis of its corrugated layers,
higher interlayer energy, lower interlayer separation, and the presence of more intermolecular
interactions in the crystal structure. The anisotropy and the plastic deformation in two
polymorphs suggest that the difference in the structural features, namely possible slip systems,
number and strength of the intermolecular interactions with respect to the indentation direction
govern the variations in £ and H. Overall, the results suggest that the CA-GA cocrystal Form I
could display relatively better tabletability than that of Form II. Accordingly, an in-depth
correlation of mechanical properties with the crystal structures may aid pharmaceutical crystal

engineers to acquire improved formulation strategies in the early stage of drug development.
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Insights into crystal structure and mechanical property correlations in dimorphic forms, Forms [

and 1I, of 1:1 caffeine-glutaric acid cocrystal on multiple faces using nanoindentation suggest

that metastable form (Form I) with higher plasticity could display suitable tablet performance

over stable form, Form II. It demonstrates that multiple faces of nanoindentation is critical in

determining mechanical anisotropy and in turn structure-mechanical property correlation.
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