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ABSTRACT: Extremely high particle stiffness and very low hardness is a serious concern in
various mechanical processes in pharmaceutical manufacturing. Here we report an
exceptionally high Young’s modulus (£) of ~ 18 GPa in a drug, isoniazid (INH). This is one
of the highest experimentally determined values among all reported pharmaceutical molecular
crystals, which we attribute to the presence of a strong three-dimensional (3D) hydrogen
bonding network (HBN). Further, we successfully reduced the 3D HBN in INH to 2D in its
cocrystal using a co-former, 3,4-dimethylbenzoic acid (DMBA), where its two hydrophobic
groups act like protecting groups at supramolecular level and prevent the extension of HBN.
This reduced the £ in the 1:1 cocrystal, INH-DMBA, by many folds and markedly improved
its powder tabletability. To the best of our knowledge, this is the first reliable molecular level



approach to alter the stiffness of pharmaceutical crystals and tabletability improvement in a

predictable manner, hence, is important in the context of crystal engineering.
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1. Introduction

Although the Young’s modulus (E£) of molecular crystals is shown to occupy a wide
range from ~ 0.25 to ~ 45 GPa, most crystalline pharmaceutical solids, typically have a
Young’s modulus (E) in the range of 0.5 to 15 GPa.!”> Recent studies suggested that presence
of strong hydrogen bonding networks could be one of the reasons for high mechanical stiffness
in molecular crystals.® Extremely high particle stiffness is undoubtedly an advantage in certain
applications, but it can have adverse effects on various bulk powder processes in
pharmaceutical industry. For instance, high stiffness may hinder powder compaction because
of the low ability of particles to undergo permanent plastic deformation during compaction.®
Consequently, tablet mechanical strength is low due to the small inter-particulate bonding area
in compressed tablets.”!* This could be a serious concern in case of high dose tablets where
the tabletability of active pharmaceutical ingredients (APIs) dominates that of the
formulation.'*!® Conversely, extremely high plasticity can lead to problems, such as punch

17181 Hence, one of the key challenges in

sticking propensity and difficulty with milling.!
pharmaceutical processing is to achieve optimum mechanical properties of the APIs. Recent
studies attempted to link structure with mechanical behaviour of crystalline particles and the
compaction of bulk powders.["!3 19351 In all co-crystal studies, the coformers were selected
based on their ability to form co-crystals, but the ability to control tabletability of drug crystals,

either increase or decrease, in a predictive manner has not been attained yet.
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Scheme 1. Packing models showing the transformation of strong hydrogen bonded 3D network
(left) in INH to 2D network (right) in the INH:DMBA cocrystal by using a supramolecular
shape synthon approach, thus converting stiff solids to soft solids, respectively. Inset shows the

Me---Me supramolecular shape synthon.

Here, we chose an important anti-tubercular drug, isoniazid (INH), as a model system
for the tabletability problem of APIs (Scheme 1).1*%! The thick needle shaped crystals of INH,
grown from ethanol, methanol or acetonitrile, are found to be brittle (Figure 1a) and hard due
to presence of a strong 3D hydrogen bonding network (HBN) in its structure (Figure 1b and
1¢).’7 As a result, INH powders are unfit for direct compaction. Built upon recent progress in
crystal engineering,* 34!l we hypothesised that the elimination of the strong 3D HBN by
cocrystallization could be effective in improving crystal plasticity (Scheme 1) and, thus,
tabletability. To test this hypothesis, we chose 3,4-dimethylbenzoic acid (DMBA) as a
coformer, as it has two hydrophobic methyl (—Me) groups. The —Me groups used here prevent
the extension of strong hydrogen bonding interactions in structure, hence can be considered as

supramolecular protecting groups.

The acid group of DMBA binds with INH and blocks its hydrogen bonding sites from

one side, while —Me groups close pack with themselves via soft supramolecular “shape



synthons” (i.e., geometrical shape driven, soft isotropic intermolecular interactions formed by
weakly interacting hydrophobic or van der Waals (vdW) groups),[** to form slip planes (Fig.
2). Such slip planes can mediate slippage of molecules upon mechanical action, leading to
higher plasticity and lower stiffness in crystals, as we show here. This report provides a unique
molecular level approach to alter the stiffness of pharmaceutical crystals to improve
tabletability in a predictable manner, which we achieved using soft supramolecular shape

synthons via lowering the dimensionality of HBN.
2. Materials and methods

The API (INH) and the coformer (DMBA) were purchased from Sigma-Aldrich and
commercially available solvents were used as received. Single component crystals of INH and
DMBA were separately crystallized from ethanol by slow evaporation. The multicomponent
crystal, INH-DMBA, was prepared by taking 1:1 molar ratio mixture of INH with DMBA using
solvent assisted grinding with methanol, followed by slow evaporation from the same solvent.
All the samples suitable for single crystal X-ray diffraction (SCXRD) and nanoindentation
studies were obtained in 4—6 days. Further characterization was done using FT-IR (Figure S1),
powder X-ray diffraction (PXRD, Figure S2) and differential scanning calorimetry (DSC,
Figure S3). The structure-mechanical property correlation is investigated by well-established
quantitative nanoindentation and powder compaction studies (see supporting information for

experimental details).
3. Results and discussion
3.1. Crystal structure analysis of INH

The crystal structure of INH (P 2i 21 2i; Refcode: INICACO03)***] consists of
hydrazide-hydrazide homosynthon through N-H---N (1.86 A, 159°) and hydrazide-pyridine
heterosynthon through N-H---N (1.95 A, 170°) hydrogen bonds, resulting in a strong 3D
network structure (Figure 1b). Energy frameworks analysis, which reveals the pairwise
interaction energies among molecules in crystals,***’] also confirmed that the strong 3D

hydrogen bonding network is the dominant feature in INH crystals (Figures 1c and S4).
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Figure 1. (a) Optical images of INH crystals and depiction of their brittle nature. (b) Strong
interlocked 3D hydrogen bonded network in INH. (c¢) Energy frameworks skeleton showing
the 3D nature of the packing (scale factor 25; energy threshold is 5 kJ mol™). (d)
Nanoindentation load (P) - displacement (%) curves (with excellent repeatability) at ImN load

on (010) face. (e) 2D and (f) 3D impressions at ImN load.
3.2. Quantification of mechanical properties of INH crystals

Although the crystals of INH, which grow in blocky rod type (or thick needle)
morphologies, were found to be brittle and stiff from qualitative tests (Figure 1a),[!!37]
quantitative assessment of mechanical properties of INH crystals was not done before.
Therefore, we evaluated it both by experimental and computational techniques. We performed
nanoindentation experiments on its major face (010) using a Berkovich diamond indenter tip
of a radius 150 nm under load-controlled mode (see Supporting Information, face indexing,
Figure S16). Typical load-displacement (P-4) curves and scanning probe microscopy (SPM)
images of the indentation impressions from several single crystals are demonstrated in Figure
1d-f. Surprisingly, the measured elastic modulus, £, for (010) of INH was as high as 16.48 —
20.96 GPa while the hardness, H, was 0.44 — 0.87 GPa (Figure 1d and Table 1). We examined
more than 25 crystals, each with several indents at different locations with smooth surface. The
E and H values depended on the quality of the crystals, surface roughness and local defects. To
eliminate any possible error in the measurement and to reconfirm such a high value, we have
done the indentation experiments using both quasi-static and nano-DMA (dynamic mechanical

analysis) methods for INH at 1 mN peak load and also at a higher load of 6 mN. The data



obtained from both the experiments show good repeatability with similar £ and H values as
discussed above (Figure S9-S12, Table S6). These exhaustive tests confirmed that the £ value,
~ 18 GPa of INH on (010) is one of the highest among experimentally determined values for
all pharmaceutical molecular crystals with known E, reported hitherto. The high E value of
INH is also supported by both Brillouin light scattering (BLS) experiment and theoretical

calculations (see supporting information for details).

The E of a material is the resistance exhibited by the indented material towards
reversible elastic deformation and mechanical hardness is the resistance towards permanent
plastic deformation.!*3#"! The high E observed in INH further supports recent suggestion that
strong hydrogen bonding networks lead to high stiffness in molecular crystals' 37! due to their
ability to act as shock-absorbers.[*%>!] The high £ of INH is also consistent with the significant
interaction energies in all directions obtained from energy frameworks analysis (Figure 1c).
Having established the unprecedented stiffness in INH, we further used INH as a model system

for tackling high stiffness issues in pharmaceutical drugs using cocrystallization.
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Figure 2. Crystal packing in the coformer, 3,4-dimethylbenzoic acid, DMBA showing (a)
formation of 1D tape, (b) side view of layer like structure with energy frameworks (scale factor
25; energy threshold is 5 kJ mol ') and (c) plastic mechanical bending nature. Packing in the
INH-DMBA cocrystal showing (d) hydrogen bonded tapes and (e) their further packing into
2D layer structure with slip planes. (f) Energy frameworks network and (g) qualitative plastic

bending nature.



3.3. Crystal structure analysis of DMBA and INH-DMBA

Our SCXRD studies revealed that the rod-shaped crystals of DMBA adopt a triclinic
space group P-1 (Table S4) with three molecules in the asymmetric unit. Overall packing is of
flat layer type. DMBA molecules form acid dimers via strong O-H---O (1.81 A, 171°)
hydrogen bonds, which stack along b-axis to optimize the aromatic groups. Adjacent dimers
interact via auxiliary C—H---O hydrogen bonds (2.6 A, 147°; 2.54 A, 155°) along a-axis
(Figure 2a). In the third direction, i.e., along c-axis, the molecules close pack via Me:--Me
shape synthons, which is in line with their expected dispersive nature. Energy frameworks
analysis also confirmed that the plane formed by Me---Me is the weakest (Figures 2b, S5 and
S6). Qualitative mechanical deformation tests revealed the plastic bending nature of the crystals

on the major (001) face (Figure 2c¢).

Cocrystals of INH-DMBA grow as needles in the triclinic P-1 space group (Table S4)
with one molecule of each INH and DMBA in the asymmetric unit. As strategized, the co-
crystallization with DMBA successfully eliminates the 3D HBN in INH (Figures 2d,e). In the
structure, two INH molecules interact with each other through head-to-head
hydrazide---hydrazide homosynthon via N—H---O (2.294, 125°) and N-H---N (2.1 A, 152°).
Between the two additional N—H groups, one connects adjacent homosynthons while the
second connects to the acid group of DMBA via a N—H:--O in stacking direction. On the other
hand, the pyridine group of INH binds to DMBA via acid-pyridine synthon (O—H---N: 1.7 A,
175°). The two -Me groups on the terminal end of DMBA do not form any strong hydrogen
bonds due to poor acidity of C-H. As a result, the HBN is not extended in that direction. These
—Me groups with shape and interaction complementarity, playing a role of protecting groups
in a supramolecular context, self-sort and close pack (Figure 2e). As a result, the hydrogen
bonding in this structure is limited to 2D, rather than 3D in INH. Quantitative evaluation of
intermolecular interactions by energy frameworks analysis revealed that the hydrogen bonded
network contributes more to the structural stability than the slip plane parallel to (001) formed
by the Me:--Me groups (Figures 2f, S7 and S8). Qualitative three-point bending tests revealed
that the cocrystal undergoes impressive plastic bending deformation (Figure 2g) on the (001)
plane (major face). Note that the slip planes formed by Me:--Me shape synthon shows in the
structure are parallel to (001) plane (Figure 2e).

3.4. Quantitative assessment of mechanical properties and structure-mechanical property

correlation



Though the mechanical bending experiments help quickly establish the deformation
behavior of crystals, quantitative information is needed for distinguishing the crystals of a same
class, and for more accurate prediction of bulk compaction properties. This is achieved through
the well-established nanoindentation tests. The P-4 curves from nanoindentation data show
that, under the same load of 1 mN, the residual depth in the co-crystal INH-DMBA is
considerably higher than that in parent INH crystals (Figure 3 a, ¢, and S13-15), indicating a
significant improvement in its plasticity. This is confirmed by its significant lower A than INH

(Table 1).

Indented
Compound E (GPa) H (GPa)
facet
INH 010) 18.82 (60 =1.25) | 0.61 (6=0.13)
(Brittle) [16.48 —20.96] [0.44 — 0.87]
DMBA ©001) 6.56 (0 = 0.28) 0.26 (6= 0.01)
(Plastically bendable) [5.82 —6.99] [0.23 - 0.29]
INH-DMBA 001) 6.9 (0 = 0.68) 0.41 (6 = 0.06)
(Plastically bendable) [6.1 —8.82] [0.3-0.5]

Table 1. Crystal mechanical properties quantified by nanoindentation at 1 mN load (n > 25).

The E showed a remarkable ~ 2.5 times decrease compared to that of INH crystals with
respect to the major face (Table 1). Comparatively lower values of E and H in case of INH-
DMBA than that of INH can be ascribed to the relatively softer intermolecular interactions

resulting from 2D layer like structure separated by weak Me**Me shape synthons.

The E of the three crystals followed the descending order of INH > INH-DMBA >
DMBA (Table 1). The pop-in features of the loading curves in DMBA and INH-DMBA
indicate layer like structures and the response of slip planes during the indentation, which is
generally observed in crystals undergoing shearing or plastic deformation (Figure S13-
14).1441 Hence, the results obtained from nanoindentation analysis quantitatively confirm the

significant decrease in the stiffness of the cocrystal compared to that of the parent INH crystal.
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Figure 3. (a) Representative P-4 curves for INH, DMBA and INH-DMBA. (b) Tabletability
profiles of INH (red line), DMBA (black line) and INH-DMBA cocrystal (blue line). The
desired tablet tensile strength of 2 MPa is shown as a horizontal dashed line and the desired
compaction pressure zone is shown by the shaded area. (c) 3D indent impressions obtained
from nanoindentation on crystals of INH, DMBA and INH-DMBA (from left to right,

respectively).
3.5. Tabletability study

The improved plasticity of INH-DMBA cocrystal has a direct impact on tabletability.
The desired tablet tensile strength for avoiding tableting problems is 2 MPa.?%! Tensile strength
of INH increases nearly linearly with pressure and exceeds 2 MPa at about 300 MPa
compaction pressure (Figure 3b). This is just outside the typical tabletability range as the
desired compaction pressure normally varies between 150 — 250 MPa. In contrast, the more
plastic DMBA and INH-DMBA formed tablets with 2 MPa tensile strength at about 100 MPa
and 130 MPa, respectively (Figure 3b). The cocrystal is now well within typical pressure range
in pharmaceutical tablet manufacturing. Thus, tableting performance of the INH-DMBA is

significantly improved over INH.



4. Conclusion

In conclusion, here we report an exceptionally high stiffness of ~ 18 GPa in INH using
nanoindentation and Brillouin light scattering measurements, supported by theoretical
calculations. Presence of extensive strong hydrogen bonding network in INH leads to high
stiffness. Hence, the INH crystals are found to be brittle and its bulk powder exhibits borderline
tabletability. Note that the tabletability of INH would have been even poorer if the stiffness of
all the faces was comparable to or higher than the (010) face (lower stiffness faces contribute
more to deformation). Further, we successfully employed the crystal engineering approach to
alter the 3D HBN crystal structure in INH to 2D network in the cocrystal by using the
supramolecular shape synthons, much like the protecting groups used in organic synthesis. This
allowed us to significantly reduce the stiffness and hardness in the cocrystal. As a result, the
tabletability of the cocrystal was significantly improved. Thus, here we successfully showed
that the crystal mechanical properties as well as tabletability of bulk APIs can be reliably
modified using molecular level principles of crystal engineering. This study demonstrates that
the soft supramolecular shape synthons can be effectively used for terminating strong hydrogen
bonding networks in crystal structures, thus allowing manipulation of the dimensionality of
HBN networks. The ability to manipulate mechanical properties through crystal structure
engineering is particularly vital for designing various other dynamic crystalline materials, such
as mechanochromic, luminescent, photosalient, thermosalient, and flexible optoelectronic,

piezoelectric materials, etc. 52721
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