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Externally Mechanical Force Induced Unusual Defect in the
Second Polymorph of Isoniazid/Fumaric Acid Co-crystal
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Abstract

In the case of external mechanical forces and other factors, the crystal morphology of the isoniazid/fumaric acid (INH/FUM)
co-crystal during the crystallization process will have an impressive phenomenon. Among the two observed polymorphic
crystals, namely block shape (Form 1) and needle shape (Form ll), the second one shows defect by occupying curve
morphology. Moreover, the curve crystals show different thermal properties for its original form. This phenomenon suggests
the way of defect formation in organic crystal without adding any additives.
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1. Introduction

It is considered that a single crystal of sharp and straight edges
consisting of a continuous crystal lattice through the entire
sample without grain boundaries. Moreover, growth of
nanocrystal arrested by surfactant produce unusual shaped
crystals such as kinetic products.'®! Single crystal of
diarylethene,®9  anthracene derivatives,’! azobenzene
derivatives,l'!l salicylideneaniline,'? olefin-based organic
molecules!'3! are also be deformed by light induced twisting,
bending, curling or changing shape. Recently deformations of
several single crystals by applying mechanical force were
extensively studied.'*'1 There are number of different types
of compounds have been reported to be helically twisted
during crystallization. Conversely, it is very rare without any
external additive naturally formation of bent or curve single
crystals during a slow crystallization process. In recent times
a curve single crystal of macrocyclic n-conjugated organic
molecule was found due to phase contamination.l's! Indeed,
changing the shape of co-crystal during crystallization process
could generate defects in crystal. Moreover, formation of
defect in organic crystal is very important as it governs the
crystal growth, dissolution rate, chemical stability physical
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stability, bioavailability, hygroscopicity, dehydration, and
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compaction behaviour.[*9

Isoniazid (INH) and fumaric acid (FUM) in 1:1 molar ratio
in 10% methanol-chloroform solution produced two types of
suitable single crystals (Fig. 1, image of crystal from optical
microscope) and characterized through single-crystal X-ray
diffraction, which is reported so far.?¥ Our reinvestigation of
INH/FUM co-crystals revealed one surprising phenomena, i.e.,
the curve shape crystals are formed. Interestingly, these
crystals appeared when externally mechanical force induced
slow evaporation were conducted at different conditions, such
as 2-5 °C (cooling), heating at 40 °C, vibration at room
temperature and vibration at 2-5 °C. But these special shapes
were not obtained from normal slow evaporation. Here, for the
first time, we report the formation of the second form of
abnormal defects in the INH/FUM co-crystal under the
influence of external mechanical forces.?l We have
characterized the defective form by SCXRD, PXRD, SEM,
DSC and TGA. In addition, we investigated the interactions
theoretically by Crystal Explorer Software.

2. Instrumental method
2.1 Materials and Methods

The following materials and methods are used for this study.

2.1.1. Materials

Isoniazid drug and fumaric acid were purchased from Sigma-
Aldrich. Commercially available solvents were used as
received without further purification.
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Fig. 1 Polymorphs of INH/FUM (a) Form | (Needle), (b) form Il (Block) and (c) Form 11 (Curve).

2.1.2. Methods

Single Crystal Preparation

INH and FUM in 1:1 stoichiometric ratio was subjected to
grind in an agate mortar and pestle for 10 min. After grinding,
the mixture was transferred to a 10 mL conical flask followed
by addition of 10% methanol/chloroform mixture. The
suspension was heated at 60 T until a clear solution was
obtained. The resulting mixture was boiled for 10 min
followed by filtered into a fresh conical flask. The filtrate was
left to evaporate slowly at ambient conditions. The single
crystals suitable for X-ray diffraction studies were obtained in
4-6 days.

HOOC
COOH

FUM

Scheme 1 Supramolecular homo- and heterosynthons exhibited
by INH/FUM (1:1) co-crystal polymorphs.

Image of co-crystal at optical microscope
Curve shaped single crystals were prepared in same way with
externally mechanical force directed slow evaporation, like 2-
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5 <C (cooling), heating at 40 <C, vibration at room temperature
and vibration at 2-5 <C.

Crystallography Co-crystal of Isoniazid was individually
mounted on a glass pip. Intensity data was collected on a
Brukar’s KAPPA APEX II CCD Duo system with graphite-
monochromatic Mo Ka radiation (A = 0.71073 A). The data
was collected at 296 K (23 °C) temperature. Data reduction
was performed using Bruker SAINT software.??d Crystal
structures were solved by direct methods using SHELXL.-97
and refined by full-matrix least-squares on F2 with anisotropic
displacement parameters for non-H atoms using SHELXL-
97.122%1 Hydrogen atoms associated with carbon atoms were
fixed in geometrically constrained positions. Hydrogen atoms
associated with oxygen and nitrogen atoms were included in
the located positions. Structure graphics shown in the figures
were created using the Mercury software.

Powder X-Ray Diffraction (PXRD) The PXRD patterns
were collected on a Rigaku SmartLab with a Cu Ko radiation
(1.540 A). The tube voltage and amperage were set at 40 kV
and 50 mA respectively. Each sample was scanned between
10 and 90=26 with a step size of 0.02Fsec. The instrument
was previously calibrated using a silicon standard.
Differential Scanning Calorimetry (DSC) DSC was
conducted on a Mettler-Toledo DSI1 STAR® instrument.
Accurately weighed samples (2-3 mg) were placed in
hermetically sealed aluminium crucibles (40 pL) and scanned
from 30 <C to 300 T at a heating rate of 5 <T/min under a dry
nitrogen atmosphere (flow rate 80 mL/min). The data were
managed by STAR® software.

Thermogravimetric Analysis (TGA) TGA was performed
on a Mettler-Toledo TGA/SDTA 851¢ instrument.
Approximately 10-15 mg of the sample was added to an
aluminium crucible and heated from 30 to 500 <C at a rate of
10 <C/min under continuous nitrogen purge.

IR Spectroscopy Fourier transmission infrared spectra of the
solids were obtained using a Fourier-transform infrared
spectrometer (PerkinElmer 502). KBr samples (2 mg in 20 mg
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Fig. 2 Crystal packing in INH/FUM co-crystal polymorph (needle): (a) tetrameric motif, (b) 1D tape forming by terameric synthon.
Molecules are colored according to the elements colour. (Color mapping, Blue: N, Red: O, Gray: C and White: H)

of KBr) were prepared and 10 scans were collected at 4 cm™
resolution for each sample. The spectra were measured over
the range of 4000-400 cm™.

Hot Stage Microscopy (HSM) Thermomicroscopic
investigations were performed on with an optical polarizing
microscope (Leica MZ16) equipped with a Linkam hot-stage.
Samples were heated over the temperature range of 30 to
190 <T at a constant heating rate of 2-3 <T min.

Scanning Electron Microscopy (SEM) SEM was performed
at Cambridge scanning electron microscope with EDAX
attachment and JEOL microscope JSM-6700F (Voltage 10 kV,
chamber pressure 1.3e** mbar, magnification x200). For the
SEM study, the methanol solutions of were drop casted onto
microscopic glass slides, dried and coated with platinum.
Optical Microscopy. The crystal images were taken by using
Leica M80 microscope.

3. Results and discussion
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The INH molecule has a pyridyl N-atom, one terminal primary
amine group (—NH.) and a secondary amine group (>NH)
which is in between the carbonyl group (>C=0) and the
terminal primary amine group (-NH2). The pyridyl N-atom
acts as hydrogen bond acceptor and remaining two amine
groups (terminal primary amine group (—NHz) and a
secondary amine group (>NH)) act as hydrogen bond donor.
But interestingly this terminal primary amine group (-NH2)
did not take part any bond formation in the layer. The
conformer, FUM molecule, possesses two strong hydrogen
bonding functional groups; two carboxylic hydroxy!l groups at
the two ends of ethylene moiety and are present as a trans
position with respect to carboxylic hydroxyl group and two
carboxylic carbonyl O-atom making the presence of inversion
symmetry in itself. The two carboxylic hydroxyl groups act as
hydrogen bond donor and two carboxylic carbonyl O-atom

(b)

Fig. 3 (a) PXRD pattern of two polymorphs and curve shaped INH/FUM co-crystal. The arrow indicates the difference between
curve and needle co-crystal. (b) Image of the face indexing of curve co-crystal (defective form I1), where it shows the (013) face is

the bending face and the crystal is grown through (102) face.
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Fig. 4 Optical microscope image (200 uM) of crystals at different condition like (a) Cooling (~ 2-5 <C), (b) Heating (~40 <C), (c)
Vibration and (d) Vibration and cooling (~ 2-5 <C).

acts as hydrogen bond acceptor. Hence, in this case the
secondary amine group (>N2-H2A) donate hydrogen to
carboxylic carbonyl O-atom (>C7=03) to form a strong N2—
H2A...03; d/A, 6/° 2.013 A, 163.56° via synthon A and
carboxylic hydroxyl group (O2-H2B) donate hydrogen to
pyridyl N-atom (N1) to form a strong 02-H2B...N1; d/A, 6/°;
1.555 A, 174.70°via synthon B. Both the synthon A and B
together reveals a 1D tape (Fig. 2b) where, INH and FUM are
alternatively bonded form a tetrameric motif (Fig. 2a). Except
these strong interactions, there are few weak interactions like
C1-H1...02; d/A, 6/°; 2.711 A, 166.07°; C2-H2...03; d/A,
0/°; 2.576 A, 147.60°; C5-HS...N3; d/A, 0/°, 2.708 A,
150.85<

At PXRD (Fig. 3) the two forms of INH/FUM co-crystals
i,e., needle and block are completely different from each other
but the curve form is closely similar to the needle form except
few new peaks are indicated by arrows. The new peaks are
possibly due to dislocation the lattice points, arose from curve
shape of crystal. Generally, the defects in crystal like
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dislocations, epitaxial growth and grain boundaries will
introduce a branched growth of crystals with sharp bending.
[23-24]

Generally normal crystallization process offers the
formation of slow crystal nucleation by following Ostwald
dilution law.? Slow nucleation favours the formation of non-
defective solids by occupying periodic and regular lattice
position of molecule in crystal structure. Whereas, external
disturbance opposes some extent to form this regular
arrangement, which may produce defect in crystals. To obtain
a well organize smooth curve shape crystal at the macroscopic
level needs distortions at the molecular level.?® The curve
shape of INH/FUM crystal could be achieved by the external
mechanical disturbance such as heating, cooling or vibration;
possibly encourage the distortion at (01 3) face which
originates the defect in crystal reveals curve shape (Fig. 3b).
Optical microscope images of crystal at different conditions
are given in Fig. 4 which shows concomitant formation of two
polymorphs along with curve shaped crystals.
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Fig. 5 SEM image of curve INH/FUM co-crystal. Notice at the bent portion there is no junction i,e., it is not twisted crystal.

Although PXRD shows the close similarity between curve
shaped and needle form, SEM image (Fig. 5) clarify that it is
not a twin crystal, i.e., curve shape of needle crystals is not
intergrowth together at different orientation. The extra peaks
in PXRD patterns of curve co-crystal are due to defect
formation in the needle form by slight changing of lattice
points and planes. Several attempts were taken to know the
single crystal structure of curve crystal, but due to tiny nature
we could not get required diffraction spot for further collect
the data. The diffraction spots are showing in Fig. 6.

Thermal property of needle and curve shaped INH/FUM
co-crystal DSC and TGA experiment were conducted. DSC
gives melting endotherms for INH/FUM (needle) at 172.12 °C
along with a pre-melting endotherm at 63.17 °C (Fig. 7) which
may be due to phase transition, for curve co-crystal the melting
endotherm observed at 169.07 °C with a small melting peak at
83.47 °C. this small melting peak was analysed by Hot Stage
Microscopy (HSM) (Fig. 7c and 7d) experiments provide
conclusive evidence. The similar pattern of TGA is indicating
the similarity between them.

The Hirshfeld surfaces and the associated 2D fingerprint
plots were calculated by using the Crystal Explorer!?”)

program, which accepts a structure input file in the CIF format.

A Hirshfeld surface is the outer contour of the space which a
molecule or an atom consumes in a crystalline environment.
The normalized contact distance dnorm based on both d.
(distance from the point to the nearest nucleus external to the
surface) and d; (distance to the nearest nucleus internal to the
surface) and the van der Waals (vdW) radii of the atom, given
by equation (1), enables identification of the regions of
particular importance tci),diuriltermoleculvzgv interactions:
o= (di;rj ) + (de_:e ) (1)

The value of theé dnorm IS nedative or positive when
intermolecular contacts are, respectively, shorter or longer
than vdW separations. Because of the symmetry between
de and d; in the expression for dnom, Where two Hirshfeld
surfaces touch, both will display a red spot with the same
identical as well as size and shape. The dnom Values are
mapped onto the Hirshfeld surface using a red—blue-white
colour scheme: red regions correspond to closer contacts
and negative dnorm Value, the blue regions correspond to
longer contacts and positive dnorm Value and the white
regions are those where the distance of contacts is exactly
the vdW separation and with a dnom Value of zero. The

vdw

Fig. 6 (a and b) Image of the mounting crystal, (c-e) X-ray diffraction spot at SCXRD at X-ray exposed time 30 sec/image using Cu

source (A=1.54051).
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Fig. 7 (a) DSC, (b) TGA, (c) and (d) HSM of curve and needle co-crystal of INH/FUM.
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Fig. 8 (a) Hirshfeld surface (surface index), (b) Hirshfeld surface (curveness) of INH/FUM (needle) polymorph-I and (c) Hirshfeld
surface (surface index), (d) Hirshfeld surface (curveness) of INH/FUM (block) polymorph-II.

combination of de and di in the form of a 2D fingerprint
plot provides summary of intermolecular contacts in the
crystal. The respective acceptor and donor atoms showing
strong C-H-N intermolecular hydrogen bonds are
indicated as bright red spots on the Hirshfeld surface (Fig.
8a and 8c). This finding is substantiated by the calculated
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electrostatic potential (Fig. 8b and 8d) of the molecule that was
used to generate the Hirshfeld surface. The negative potential
(acceptor) is indicated as a red surface around the two nitrogen
atoms and the blue surface area, indicating the positive
potential (donor), is mapped in the proximity of the hydrogen
atoms.
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Fig. 9 Fingerprint plot of (a) INH/FUM (Needle) form I, (b) INH/FUM (Block) form II.

The two polymorphs those structures we already got, easily
distinguished with the help of Hirshfeld surface analysis. To
generate the Hirshfeld surface we used the surface resolution
standard (high). Here we took the two picture namely surface
index and curveness (Fig. 8). The fingerprint plot of two
polymorphs of INH/FUM co-crystal is showing a clear
distinction between them. The shape of Hirshfeld surface
analysis is different which also approved this result (Fig. 9).

4. Conclusion

In conclusion, we noticed for the first time that defective
crystal (here, curve shaped crystal) can be achieved by simple
external mechanical force like heating, cooling or vibration
which encourage the defect formation at (013) face which
originates the defect in crystal reveals curve shape. The defects
are created due to disturbance of crystal nucleation which
changes the position of lattice point and planes. This is the
beauty of crystal engineering.[®! The technique provides an
efficient procedure to produce defect without adding any
additives. We are currently undertaking the single crystal
growth by employing various methods to determine their
crystal structures.
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