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Three polymorphs (forms I, II and V) of isonicotinamide (INA) were mechanically flexible and exhib-
ited one-dimensional (1D) plasticity. Anisotropic intermolecular interactions contribute to the plasticity
of single crystals: weak dispersive interactions between slip planes such as 1D columns in forms I and
II or 2D layers in form V were stabilized by strong hydrogen bonds, allowing the layer or column’s sur-
face to glide smoothly without hindrance. The disparity of intermolecular interactions on plastic proper-
ties of INA polymorphic crystals was confirmed by energy framework analysis, nanoindentation tests and
micro-Raman spectroscopy. The crystal which exhibits plastic property provides a promising application
in pharmaceuticals and material sciences.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic crystals with plastic or elastic properties, a kind of ad-
vanced functional materials, are future prospects for optical waveg-
uides [1], organic electronics [2], muscle-mimetic biomaterials [3],
sensors [4], bioinspired natural fibers [5,6], fine chemicals [7],
pharmaceutical industry and other fields [8-11]. It was first ob-
served in hexachlorobenzene [12] and then other 16 bending crys-
tals were explored by Reddy [13], which greatly enlarged the types
of plastic bending crystals and proved the feasibility of finding
new bending crystals. However, it should be noted that approx-
imately >80% of organic compounds exist in different solid-state
forms [14]. Different polymorphs demonstrate potential different
physicochemical properties such as dissolution, solubility, etc., but
mechanical differences on bendable single crystals lack further in-
vestigations [15-18]. At present, the mechanical behaviors of poly-
morphic compounds remained unexplored.

Isonicotinamide (INA) is a popular coformer extensively em-
ployed as a partner molecule with active pharmaceutical ingredi-
ents (APIs) in cocrystal preparation. It was generally recognized as
safe (GRAS) and presented high water solubility [19-22]. So far,
it has been reported that INA was capable of forming six poly-
morphs (Table S1 in Supporting information) [22]. Forms I [23] and
I [24] are more easily obtained regardless of the solvent type
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and form V [27] occurred when the methyl group was presented.
However, forms III [25] and VI [28] were always obtained from a
cocrystal of API with INA, and form IV [26] was obtained only as
a mixture with form II. Hence, forms I, Il and V were selected and
prepared in the present study. The three polymorphs exhibit 1D
plasticity, which provides a model to explain the relationship be-
tween the types of intermolecular interactions in the crystal struc-
ture calculated by energy framework and the difference of plastic-
ity examined by nanoindentation tests among polymorphs.

The cell parameters obtained from single crystal X-ray diffrac-
tion (SXRD) were found to be consistent with CIF documents de-
posited in Cambridge Crystallographic Data Center (CCDC), imply-
ing that single crystals of forms I (CSD refcode EHOWIHO1) [23],
II (CSD refcode EHOWIHO02) [24] and V (CSD refcode EHOWIHO5)
[27] were successfully prepared (Table S2 in Supporting infor-
mation). Single crystals of forms I and II both underwent irre-
versible plastic deformation when bent with a metal needle on
(100)/(—100) faces with the largest area. Form V exhibits excellent
plasticity when stress is applied on narrow faces (010)/(0—10) but
not on the wider face (Fig. 1). All the polymorphs exhibit 1D plas-
ticity and were directly folded in half without fracture, which was
not allowed to be twisted [17].

In form 1 (space group P 21/c with a=10.1756 (11) A, b=
5.7319(6) A, c=10.034(1) A, $=98169(1)°), N—H---0 (2.93(3) A)
hydrogen-bonded dimers are interconnected along ¢ axis by
another N—H---O hydrogen-bonded dimer with NH; as donor
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Fig. 1. Screenshots of irreversible plastic bending of INA forms I, I and V and de-
formed into special shapes.

and C=0 as acceptor (2.93(3) A) and expanded along b axis
through N—H---O hydrogen-bonds and C—H---N weak interactions
a centroid-to-centroid distance of 5.73A. This generates a stable
column-like structure with two-independent tapes staggered in ar-
rangement through strong hydrogen bonds (Fig. 2). Columns are
formed parallel to (100) faces and extended through a axis with
weaker interactions composed of C—H---N (between pyridine rings,
3.42(3) A, 3.47(3) A), resulting in some smooth slip planes between
columns (Fig. S1 in Supporting information). When pressure is ap-
plied on (100) face, the internal columns slide along the c axis and
exhibit excellent plasticity.

In form I (space group P 21/c with a=15.735(3) A, b=
7.9976(18) A, c=9.885(3) A, B =105.586(17)°), molecules run along
the ¢ axis by N—H--O hydrogen bonds (2.95(2) A) and C—H---O
weak interactions (3.24(3) A) and extend backward along b axis by
N—H--N (between pyridine rings, 2.98(6) A) hydrogen bonds and
C—H--N (3.83(1) A) weak interactions to form 2D tapes (Fig. 2). Be-
sides, two-independent tapes staggered in arrangement to extend
along a axis are derived from weak interactions C—H---C (3.52(3) A;
3.41(3) A) to form a column-like structure. These columns are par-
allel to (100) faces, with the same columnar structure exposed on
both sides. As a result, slip planes are formed parallel to the wider
(100) face of the crystals (Fig. S2 in Supporting information).

In form V (space group P 21/c with a=51923(11) A, b=
9.466(3) A, c=12.259(3) A, B =91.217(7)°), molecules extend along
the b axis by forming dimers of N—H--0(2.94(2) A) hydrogen
bonds and C—H---O (between the pyridine ring and the neighboring
carbonyl groups: 3.35(2) A) short contacts mediated dimers and
run along c axis by interconnecting through N—H---N hydrogen-
bonds (2.99(3) A) to form a zigzag tape parallel to (102) plane (Fig.
2). Meanwhile, the tapes expand along a and c axes with weak
interactions C—H.--0(3.37(3) A) to produce independent 2D layers
parallel to (001) face. Therefore, the slip planes (011) are formed
intersecting (001) faces at 52.32° (Fig. S3 in Supporting informa-
tion).

1D plastically bendable crystals should have a slip plane as
a prerequisite, and weakly interconnected molecular layers slide
over other layers when mechanically stressed [15]. Three crystal
forms of INA possess the same space group but exhibit different
intermolecular interactions. Weak interactions such as C—H---N and
C—H---C between rigid one-dimensional (1D) columns or chains in
forms I and II and two-dimensional (2D) layers generated by mod-
erately strong interactions such as C—H---O in form V are possible
as long as the column’s face is allowed to slip smoothly without
obstruction [18,29].

The energy framework was used to calculate the interlayer
and intralayer energy of slip plane identified by attachment en-
ergy (Eatt) (Table 1) [30-35]. The interlayer energy of sliding
plane is always found less than the intralayer energy [29]. The
(100) plane in INA form I is found to have the lowest attach-
ment energy and corresponds to the largest surface in the pre-
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Table 1

Total absolute intermolecular interaction energies between the intralayer and
interlayer in the slip planes of three isonicotinamide polymorphs calculated by
energy framework.

Crystal Energy Intralayer energy Interlayer energy
framework (kJ/mol) (kJ/mol)
Form I 100 -91.8 -86.2
Form II 100 —140.8 -90.4
Form V 011 -121.2 -1134
Table 2

Nanoindentation elastic modulus (E) and hardness (H) on major crystal faces of
three isonicotinamide polymorphs.

Crystal Indented face Elastic modulus, E (Gpa)  Hardness, H (Gpa)
Form I 100 12.110+0.515 0.278 £0.021
Form II 100 20.262 £ 0.660 0.498 +£0.027
FormV 100 15.147 +2.985 1.026 £0.337

dicted crystal morphology. The molecules within (100) plane are
hydrogen-bonded (N—H.--0, 2.93(3) A), whereas weaker interac-
tions C—H--N (3.42(3) A; 3.47(3) A) are present between these
planes (Fig. S1). Therefore, the total interlayer interaction energy
(—86.2KkJ/mol) is lower than the total intralayer interaction ener-
gies (—91.8 kJ/mol), indicating that the molecules slide along (100)
plane is energetically favorable (Tables S3 and S4 and Fig. S4 in
Supporting information). The molecules in slip plane (100) iden-
tified by Eatt in INA form II are interconnected through N—H.--O
hydrogen bonds (2.95(2) A), while only weak contact C—H---C
(3.52(3) A, 3.41(3) A) interacted between layers (Fig. S2). The
significantly smaller interlayer energies (—90.4kJ/mol) than in-
tralayer energies (—140.8 kJ/mol) imply that (100) sliding plane is
also energetically feasible. For INA form V, within the (011) plane
identified by Eatt molecules are interconnected through N—H-..O
(2.94(2) A) hydrogen bonds, whereas weak interactions C—H---O
(3.35(2) A; 3.37(3) A) present between layers (Fig. S3). Therefore,
the molecules stacking across (011) plane exhibit slightly weaker
interaction energy (—113.4kJ/mol) than the bonding energy within
(011) plane (—121.2kJ/mol), demonstrating comparable intra and
interlayer intermolecular bonding energies. It indicated that inter-
layer energies of INA polymorphs decreased following the order of
form I > form II > form V corresponding to the plasticity increased
in the order of form I > form II > form V based on a Wang’s previ-
ous study [36]. Additionally, the other three polymorphs of INA (III,
IV and IV) may present plastic property if they could be prepared
successfully according to the slip planes and energy calculation re-
sults (Tables S4-S6 and Figs. S5-S8 in Supporting information).
Nanoindentation tests were employed to further examine the
relationship between interlayer energy and plasticity and to quan-
tify the mechanical properties of INA polymorphs. Since all three
polymorphs are plate-like, the nanoindentation is performed on
(100) faces of forms I, I and V. The representative load (P) ver-
sus depth (h) curve is illustrated in Fig. 3. The high value of hyax
and the large residual depths are linked to excellent plastic behav-
ior [37]. At a peak load of 5 mN, the maximum depth of pene-
tration (hmax) increased in the order of form I (~568 nm) > form
II (~529nm) > form V (~236 nm), confirming the highest plastic-
ity of form L The elastic modulus (E) and nanohardness (H) was
then estimated from P-h response using the standard Oliver-Pharr
method [38]. H values of polymorphs decreased in the order of
form I > form II > form V (Table 2). Since H reflects the resis-
tance to plastic deformation, the very smallest H value indicates
that INA form I exhibits the best bending properties [10,39]. From
P-h curves, forms I and V indented in (100) faces are comparably
smooth, probably due to the presence of parallel slip planes that
readily accommodate the advance of indenter tip through facile
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Fig. 2. Molecular packing in forms I, I and V viewed along (100), (010) and (001) faces.

Fig. 3. Representative load—depth (P—h) curves obtained from nanoindentation on
(100) faces of forms I (black), II (red) and V (blue) crystals and arrows in form II
curve indicate the “pop-in” events during loading. AFM diagrams of forms I, I and
V.

slip page [18]. Meanwhile, several pop-ins were observed in (100)
face of form II with the largest elastic modulus value. Pop-ins here
can be attributed to sudden stress release when the elastic limit
is exceeded and discrete plastic displacement bursts to facilitate
easier stress dissipation during indenter tip penetration [40,41].
Verified by nanoindentation experiment, plastic properties of INA
forms increased in the order of form I > form II > form V, consis-
tent with decreased order of interlayer energies of INA polymorphs
calculated from energy framework. Accordingly, form I exhibits the
best plasticity among other polymorphs with the weakest inter-
layer bonding energies.

Micro-Raman spectra were conducted to gain insights into
structural changes of bending at the molecular level [18,42]. Ra-
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Fig. 4. The microscopic images of the bent crystal and the area for the micro-
Raman test in (a) and Raman spectra of straight and deformed crystals of forms
I (b), I (c) and V (d).

man peak between 970 and 1010 cm~! is the ring breathing mode
of pyridine, including ring vibrations and ring bond stretching [43].
Forms II and V provide a peak at 995-996 cm~! while form I
shows a peak maximum at 1002 cm~!. The same 995-996 cm~!
band in the outer arc demonstrates a blue shift with a broaden-
ing of up to 1002 cm~! because of fewer and weaker intermolec-
ular interactions such as C—H---C in form II and C—H---O in form
V produced between pyridine C—H groups and amide groups and
carbonyl groups as molecules are farther apart. However, the band
of 1002 cm~! in form I does not shift from the outer arc to the
inner arc due to weak interactions C—H.--N formed between pyri-
dine groups that neutralize vibrations and bond stretching of the
single pyridine ring when molecules expand (Fig. 4). Thus, bend-
ing leads to significant changes in C—H..-C, C—H---0, and C—H---N
intermolecular weak interactions of the three INA forms.
Additionally, the band at 1611 cm~! is ascribed to stretching
vibration of amide N—H groups involved in forming hydrogen-
bonded N-H---O and N-H---N and weak interactions C—H---N with
carbonyl groups and pyridine groups. The peak intensity at 1611
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Fig. 5. Plastic bending model of single crystals of INA forms I (a), I (b) and V (c).

cm~! increased in the order of outer > inner > middle > straight,
implying that the increase in peak intensity corresponds to a larger
intermolecular distance in bent crystal. The shorter distance in
the inner arc, when contraction occurs, and longer distance in the
outer arc, when expansion occurs [18]. Concurrently, we stated that
the intensity of the middle region is the smallest among the other
two mentioned above, implying that during crystal bending the
molecules in the middle accumulated the most with the closest
distance when subjected to compression and tension forces (Figs.
S9-S11 in Supporting information).

A schematic depiction of these events is displayed in Fig. 5. The
pyridine rings in form I are shown as blue balls, and N—H---O hy-
drogen bonds form between -CONH, groups represented by yellow
right angle disks. They are connected in pairs and extend along c
axis to produce a column-like structure in form I as viewed on the
(100) face. The molecules formed in different directions are exhib-
ited by blue and yellow disks, and they are stacked along c axis via
N—H---O hydrogen bonds to generate column-like structure in form
II on (100) face, while along b and c axes via N—H---O and N—H---N
hydrogen bonds, they form zigzag tapes in form V on (010) face.
Additionally, the white region between columns and tapes corre-
sponds to C—H---N, C—H---C and C—H---O weak interactions, respec-
tively. In short, the bending models depicted in Fig. 5 are com-
posed of columns and tapes, which were stabilized via strong hy-
drogen bonds and weaker interactions in the orthogonal direction.
Weaker interactions play a lubricating role between these columns
and tapes, thus forming slip planes parallel to the bending face.
When subjected to stress, columns can slide more easily than clas-
sical stacking flat sheets structure of plastic crystals [44]. Therefore,
forms I and II composed of columns or chains are easy to slide and
exhibit better plasticity than form V. Although forms I and II are
both composed of columnar structures, the difference of pyridine
ring orientation with two-independent 2D tapes to form a column-
like structure in form II is responsible for less favorable bending
geometry of form II than form I [26]. In addition, molecules in
chains or tapes staggered in arrangement make some short-range
movements to adapt the bending process, in which the intermolec-
ular distance become longer in the outer arc as molecules stretch
and closer in the inner arc as molecules gather. As a result, the
bulk crystal demonstrates plastic bending rather than brittle be-
havior.

The crystal packing of pyrazine-2-carboxamide [13] form I does
conform to this bending model with stronger interactions, in which
amide dimers are stacked along the c¢ axis (3.72A) and weak
N-H--N (2.46A), C-H---O (2.49A) and C-H--N (2.55A) interactions
are present in the other two orthogonal directions and it could be
bent under stress (Fig. S12 in Supporting information). While the
crystal structure of nicotinamide, with the same molecular weight
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but different positions of nitrogen atom on pyridine ring, does not
conform to the bending model with three-dimensional networks
of hydrogen bonds having comparable interactions, this may resist
deformation and makes it as a stiff material exhibiting brittle frac-
ture under compressive stress (Fig. S13 in Supporting information)
[45].

In conclusion, three INA polymorphs exhibited significant bend-
ing properties. The crystal packing with strong and weak interac-
tions in the orthogonal direction of the slip plane is a prerequi-
site for crystals to exhibit bending mechanical behavior. The super
plasticity of INA makes it a good cocrystal coformer to regulate the
mechanical behavior of APl with poor tabletability. It is a thriv-
ing field of chemical material sciences with extensive application
prospect.
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