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Abstract: A new polymorph of 1H-nicotineamidium chloride salt, (C¢H;N,O)"-Cl~, was grown by
slow evaporation at room temperature. It crystallizes in the monoclinic space group P2;/m. The
crystal structure study shows that the organic cations (C¢H;N,O)* and chloride anions are organized
into 2D-layers packed along the b-axis. The structural components interact by N-H---O, N-H---Cl
and C-H---Cl hydrogen bonds building up a two-dimensional network. The protonated organic
cations and the chloride anions show a T—Cl~ interaction enhancing stability to the crystal structure.
A description of the hydrogen-bonding network and comparison with similar related compounds of
nicotinamide and isonicotineamide are presented. The bulk morphology was also predicted and it was
found that the simulated morphology predicted by Bravais-Friedel-Donnay-Harker (BFDH) model
matches with the morphology of as grown single crystal. Moreover, to illustrate the intermolecular
interactions in the new studied polymorph, we report also the analysis of the Hirshfeld surface and
its fingerprint polts.

Keywords: crystal structure; new polymorph; 1H-Nicotineamide; hirshfeld surface analysis; BFDH
morphology prediction

1. Introduction

Crystalline organic materials are being actively explored for potential application in optoelectronics
and as piezoelectric and other type of functional materials [1,2]. To realize the potential of crystalline
organic materials in materials science, it would be helpful to be able to correlate molecular structure,
crystalline structure and macroscopic properties to “design” materials. Reasons behind a specific
arrangement of molecules inside a crystal structure are usually concluded from the arrangement and
nature of intermolecular interactions, and are sometimes sustained by theoretical calculations [3,4]. In
many cases, these interactions take the form of 1D, 2D or 3D hydrogen bond networks joining charged
or neutral molecules [5,6]. Stability, solubility and structure of a crystalline solid depend on the overall
system of intermolecular/interionic interactions, among which multiple hydrogen bonds play a very
important role.

Apart from those, the selection of nicotinamide as an excellent crystallizing compound is a key
for the construction of unusual salts and cocrystals. It has two hydrogen bonding groups suitable for
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the formation of an intermolecular skeleton. The amide group has two sites of hydrogen bonding
interactions and two lone pairs on the carbonyl oxygen atom. A second hydrogen bond acceptor is
the lone pair on the N atom of the pyridine ring. This makes the molecule very flexible for a variety
of hydrogen bonded interactions, particularly in pharmaceutical co-crystals [7-11]. Our objective
is to gain a better vision into the structural chemistry of a new polymorph of 1H-nicotineamidium
chloride salt as well as its control on the overall structure. Therefore, we cultivate the morphology of
1H-nicotineamidium chloride by computer software. We found that the result was then compared on
the basis of their most relevant characteristics. Moreover, the experimental and the predicted crystal
morphologies calculation using Bravais—Friedel-Donnay—-Harker (BFDH) model reveals similarities.
The global intermolecular interactions involved in the structure were quantified and fully explained by
Hirshfeld surface analysis.

2. Experimental

2.1. Synthesis

The 1H-Nicotineamidium chloride compound (C¢HyN,O)*-Cl~ was synthesized by slow
evaporation of aqueous solution containing a 1:1 stoichiometric mixture of 1H-nicotineamide and
concentrated HCI (37%). The resulting solution was stirred well then kept at room temperature. After
a period of about three weeks, bulk colorless crystals were obtained. A single crystal suitable for X-ray
diffraction analysis was selected and studied.

2.2. The SEM Technique

The scanning electron microscopy (SEM) technique (JEOL, JSM-6380-LA) was applied to observe
the morphology of the crystallized salt. The working distance was 15 mm with an accelerating voltage
of 10 kV.

2.3. X-ray Crystallography and Data Collection

A single colorless crystal of dimensions 0.32 x 0.21 x 0.12 mm? of the title compound was selected
and X-ray intensity data were collected at 298 K on a Bruker SMART APEXII D8 venture single crystal
diffraction system equipped with a graphite monochromatic, using Mo-K« radiation (A = 0.71073 A).
The structure was solved and refined by full-matrix least squares based on F? using SHELXT [12] and
SHELXL [13] respectively. All atoms were positioned from Fourier difference maps after looking to the
bond length calculations. The atomic positions were refined with anisotropic displacement parameters.
Hydrogen coordinates were idealized using appropriate HFIX instructions and included in subsequent
least-squares refinement cycles in a riding motion approximation. Molecular graphics were prepared
using Diamond 3 [14]. Crystal data and experimental parameters used for the intensity data collection
are summarized in Table 1.

Table 1. Crystallographic parameters and data collection for (C¢HyN,O)* CL

Crystal Data
Empirical Formula C¢H7CIN,O
Formula Weight (g mol™1) 158.59
Crystal System, Space Group Monoclinic, P2;/m

a (A) 7.1671(4)

b (A) 6.6664(3)

c(A) 7.4883(4)

V (A3) 352.84(3)

B 99.531(2)

Z 2
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Table 1. Cont.

Crystal Data
1 (mm™1) 0.467
Dy (Mg m~2) 1.493
F(000) 164
Crystal Size (mm) 0.32 x0.21 x 0.12
Crystal Habit Colorless block crystal
Data Collection
Diffractometer Bruker APEXII D8 venture, ¢ and w-scans
Monochromater Graphite
Radiation Type, A(A) Mo Ko, 0.71073
T (K) 298
Indexes Range -9<h<9,-8<k<8§;,-9<1<9
Measured Reflections 16573
Independent Reflections 880
Observed Refl. with I> 20(I) 821
Rint 0.086
Refinement
Refinement on P2
Data/Restraints/Parameters 880/0/61
R[F2 > 20(F?%)] 0.054
wR(F?) 0.160
GooF =S 0.93
APmax/APmin (€ A73) 0.79/-0.85

2.4. Hirshsfeld Surface Analysis

In order to envisage the intermolecular interactions in the crystal of the title compound, a Hirshfeld
surface (HS) analysis [15,16] was carried out by using Crystal Explorer 3.1 [17]. The crystallographic
information file (cif) is given as input to the Crystal Explorer program. The d; (inside) and d. (outside)
characterizes the distances to the Hirshfeld surface from the nuclei, with respect to the relative van der
Waals radii. In the HS mapped over dnorm, the white surface designates contacts with distances equal
to the sum of van der Waals radii, and the red and blue colors represent distances shorter or longer
than the van der Waals radii [18].

3. Results and Discussion

3.1. Structure Description

The asymmetric part of the (C¢H;N,O)*-Cl~ salt consists of a (C¢HyN,O)" cation and C1~ chloride
anion (Figure 1). These ions are organized in the crystal to produce centrosymmetric assemblages with
space group P2;/m. This means that organic cations (C¢H;N,O)* and chloride anions are situated in the
mirror plane (x, 1/4, z) creating strictly planar layers (Figures 2 and 3). These layers are approximately
parallel to each other by —CI~ interactions between centroid of pyridinium group and chloride anions
(3.46 A).

The crystal packing is stabilized mainly by three intermolecular N-H:-O and N-H---Cl hydrogen
bonds. The terminal nitrogen N1 of amide groups is related by one hydrogen bond to the chloride
anions (N1-H1A--Cl1). The N2 atom forms two intermolecular hydrogen bonds to chloride anions
(N2-H2--CI1) and to oxygen atoms (N2-H2--O1). Additionally, the cations show two C-H--Cl
interactions between the carbon atoms of pyridine rings and the chloride anions (C5-H5--Cl1 and
C6-Hé6---Cl1) (Figure 3). There is also an intramolecular hydrogen bond between O1 and H5 (C5-H5--O1)
which promotes also the coplanar arrangement of the amide group with the plane of the aromatic ring.
The main characteristics for hydrogen bonds data are listed in Table 2.
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Table 2. Hydrogen bonds parameters for (C¢H;N,0)*-Cl~.

D-H-A H-A (A) D-A (A) D-H-A (°) Symmetry Operations
N1-H1A--Cl1 2.07 2.913 (8) 167 -
N2-H2.--Cl1 2.63 3.282(8) 134 X, y,z—1
N2-H2--01 2.14 2.799 (2) 133 x,y,z-1
C5-H5--Cl1 2.71 3.537 (8) 148 x+1,y,z-1
C6-Hé6--Cl1 2.83 3.389 (8) 120 X,y,z-1
C5-H5-01 2,51 2.982 (4) 112 Xy z—1

H1A ci

Figure 1. Molecular structure and labeling scheme (50% probability ellipsoids) of the studied salt.
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Figure 2. Autostereogram of (C4H;N,0)*-Cl~ showing a 2D-layers stacked along the b-axis.
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Figure 3. A view along [010] showing organic cations linked by chloride anions via N-H--O (Red),
N-H---Cl and C-H:--Cl (Green) hydrogen bonds shown as dashed lines.

In the previous polymorph of hydrochloride salt of nicotinamide [19] the cation is also planar but
the angle between the planes of the pyridinium and amide moieties is 29.75°. Some nicotinamide-form
compounds [20-22] contain amide-amide, amide-chloride and pyridinium-chloride interactions but
the title compound shows the equivalent amide-chloride, amide-pyridinium and pyridinium-chloride
interactions. In addition, the chloride anions in the title compound contribute to 7-C1~ interaction
between two parallel layers but in the other polymorphs act only as hydrogen-bond acceptor atoms
between donor atoms of molecules in the same chain, with no further interactions between the chains.

3.2. Crystal Morphology and Packing

The morphology of (C¢HyN,O)*-Cl™ molecule was predicted using the Materials Studio
program [23]. BFDH method is based on geometrical calculations of unit cell dimensions and
symmetry operators to define a list of potential growth faces and their eagerness to grow. The aims
of BFDH [24-26] law led to the assumption that the size of any face {hkl} is inversely proportional
to the inter-planar distance (dy) that characterize the family of planes parallel to that face. As a
consequence, the thinner the spacing between each repeated face, the faster the growth of a specific
face. Thus, faces are classified on the basis of their morphological importance (MI) and generally
according to BFDH law, the larger inter-planar distance dy,y is the larger morphological importance of
the corresponding hkl face. The combination of all these theories and experimental evidences gives an
explanation of the leading role of low Miller indices faces as the morphologically important (MI) faces
in the crystal morphology.

The BFDH morphology and crystal morphology observed by SEM was shown in Figure 4. It
illustrates that the predicted morphology is very similar to the experimental one. The observed
morphology of (C4HyN,O)"-Cl™ is that of a bulk crystal (Figure 4b). The calculated results show
that the crystal morphology dominated by six faces, (001), (100), (101), (011), (110) and (111). The
most important growth surfaces are (001) and (100) which contribute significantly to the surface
area. Table 3 summarizes the growth rate and morphological importance of different planes of
(C¢H7N,0)*-Cl™ crystal.

The (C¢HyN,O)*-Cl™ crystal surfaces have different molecular orientations, as shown in Figure 5.
The (C¢H;N,O)* cations on the (001), (100) and (101) faces are organized perpendicular to the crystal
plane, while the ones on the (110), (011) and (111) faces are at an angle to the crystal plane.
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Figure 4. (a) BFDH predicted morphology (morphological importance (MI) faces are shown together
with their Miller indices) (b) Experimental crystal morphology (SEM image).

Table 3. Morphology predictions for the monoclinic structure of (C¢H7N,0)*-Cl~ by means of
Bravais-Friedel-Donnay-Harker (BFDH).

hkl Multiplicity Dp (A) % of Total Facet Area
001 2 7.39 27.67
100 2 7.07 26.02
101 2 5.59 6.89
011 4 495 20.58
110 4 485 17.57
111 4 428 127

Figure 5. Molecular arrangement of morphologically crystal faces (C¢HyN,O)*-Cl™. The relative Miller
indices are shown together with the respective outcropping atoms.

3.3. Hirshfeld Surface Analysis

The Hirshfeld surfaces of this new polymorph of 1H-nicotineamidium chloride salt and the
previous polymorph [19] plotted over dnorm in the range —0.487 to 1.029 a. u and —0.537 to 1.105 a. u.
are elucidated in Figure Sla and Figure S2a respectively. Information concerning the intermolecular
interactions of the studied polymorph, visible as spots on the Hirshfeld surface (Figure Sla), is
recapitulated in Table 2. For instance, the distinct circular red spots are due to the N-H---O(Cl) and
C-H:--Cl contacts, whereas the white spots are due to H---H contacts. The shape-index of the HS is a
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tool to visualize the m-m stacking by the presence of adjacent red and blue triangles; if there are no
neighboring red and/or blue triangles, then there are no 7— interactions. Figures S1b and S2b clearly
show that no 7—m interactions are present in the title structure and the previous polymorph. The absence
of the 7— interactions in the two polymorphs is also confirmed by the absence of the flat regions on
the Hirshfeld surface plotted over curvedness in Figures Slc and S2c. (See Supplementary Materials).

The intermolecular interactions present in the studied polymorph are also observable on the
two-dimensional fingerprint plot, which can be decomposed to quantify the individual contributions
of each intermolecular interaction involved in the structure. The overall two-dimensional fingerprint
plot, Figure 6a, and those defined into H---H, H---Cl/Cl---H, H---O/O--H, H---C/C---H and CI---C/C---Cl
contacts [27] are elucidated in Figure 6b—e, respectively, together with their relative contributions to
the Hirshfeld surface. The most important contribution to the overall crystal packing (26.7%) is from
H---H interactions, which are shown in Figure 6b as widely scattered points of high density due to
the large hydrogen content of the molecule. The fingerprint plot, Figure 6¢, defined into H---Cl/Cl---H
contacts associated with N(C)-H:--Cl hydrogen bonding, which make a 23.5% contribution to the HS,
shows a pair of characteristic wings and a pair of spikes with the tips at de + d; ~ 2.5 A. The H--O/O--H
contacts in the structure with a 19% contribution to the HS have a symmetrical distribution of points,
Figure 6d, with the tips at de + d; = 2.05 A result from the short interatomic N-H---O hydrogen bonding
(Table 3). The 17.4% contribution from the C---H/H--C contacts to the Hirshfeld surface, generally
slightly preferred in a sample of CH aromatic molecules, results in a symmetric pair of wings, Figure 6e.
The Cl.--C/C--Cl contacts, which are the measure of m—Cl~ stacking interactions, occupy 6.3% of the
Hirshfeld surface and seem to be a unique triangle at about de = d; ~ 1.7 A (Figure 6f). The Hirshfeld
surface analysis demonstrates also the existence of other weak intermolecular contacts, for which
the percentage participations to the Hirshfeld surface area are low: N---Cl/Cl--N (4.2%), N---C/C-N
(1.5%), N-N (0.7%), H--N/N---H (0.6%) and O---C/C---O (0.1%). All these intermolecular contacts mostly
contribute to the packing of the new polymorph of 1H-nicotineamidium chloride salt.
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Figure 6. The full two-dimensional fingerprint plots for the title compound, showing (a) all interactions,
and delineated into (b) H---H, (¢) H---Cl/Cl---H, (d) H---O/O---H, (e) H---C/C---H and (f) CI---C/C---Cl.
The d; and de values are the closest internal and external distances (in A) from given points on the
Hirshfeld surface.
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Compared with the newly polymorph, the two-dimensional fingerprint plot of the previous
polymorph (Figure S3e,f) shows that the main contribution to the overall crystal packing comes from
H---Cl/Cl---H (30.6%). In addition, the C---C/Cl---C contacts represent only 0.4%. These results are in
good agreement with the structural study of the old polymorph in which the structure was dominated
by the N-H---Cl hydrogen bonds with absence of m—Cl~ stacking interactions. Figure 7 shows the
percentage contributions of the various contacts in the two polymorphs.

Bl Frevious polymorph
B New polymorph

Cl...CiC..Cl

H..C/C...H

H...0M0..H

Contact type

H...CIfCI..H

0 5 10 15 20 25 30
Contribution (%)

Figure 7. Relative contribution (%) of various intermolecular interactions to the Hirshfeld surface area
of the two polymorphs.

4. Conclusions

A new organic salt (C¢H7N,0)*-Cl™ has been synthesized by slow evaporation method at room
temperature. The single crystal X-ray diffraction was carried out in order to perform structural
analysis. The crystal structure of the title salt is stabilized by N-H---O, N-H:--Cl and C-H---Cl hydrogen
bonds. Moreover, the protonated organic cations and the chloride anions show a 7-CI™ interaction
enhancing stability to the two-dimensional architecture. The crystal morphology of (C¢H7N,O)"-C1~
has successfully been predicted using BFDH and shows a big similarity with the experimental one.
The main crystal faces (001), (100), (101), (011), (110) and (111) are dominant in predicted morphology
bulk. Hirshfeld surface analysis revealed that H---H (26.7%), H---Cl/Cl---H (23.5%), H---O/O---H (19%)
and H--C/C---H (17.4%) contacts appear to be a major contributor in the crystal packing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/11/571/s1,
Figure S1: View of the three-dimensional Hirshfeld surface of the new polymorph plotted over (a) dnorm, (b)
shape-index and (c) curvedness, Figure S2: View of the three-dimensional Hirshfeld surface of the previous
polymorph [19] plotted over (a) dnorm, (b) shape-index and (c) curvedness, Figure S3: The full two-dimensional
fingerprint plots of the previous polymorph [19], showing (a) all interactions, and delineated into (b) H---H, (c)
H--Cl/Cl---H, (d) H--O/O--H, (e) H--C/C-~-H and (f) Cl---C/C---Cl. The d; and d values are the closest internal and
external distances (in A) from given points on the Hirshfeld surface.

Author Contributions: Crystal growth and manuscript writing, H.E; software and validation H.C.; analysis,
O.S.A. and S.A A -H.; English checking A.G.
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