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Abstract: The functionalization of N-(benzo[d]thiazol-2-yl)benzamide with a nitro (NO,) substituent
influences the solid-state arrangement, absorption and fluorescence properties of these compounds.
Each of these compounds crystallised in a different crystal system or space group, namely a monoclinic
crystal system with P2;/n and C2/c space groups for 0-NO, and m-NO, derivatives, respectively, and
an orthorhombic crystal system (Pbcn space group) for p-NO; derivative. The 0-NO, substituent
with intrinsic steric hindrance engendered a distorted geometry. Conversely, the m-NO, derivate
displayed the most planar geometry among the analogues. The solid-state architectures of these
compounds were dominated by the N-H--N and C—H:O intermolecular hydrogen bonds and
were further stabilised by other weak interactions. The dimer synthons of the compounds were
established via a pair of N—H---N hydrogen bonds. These findings were corroborated by a Hirshfeld
surface analysis and two-dimensional (2D) fingerprint plot. The interaction energies within the
crystal packing were calculated (CE-B3LYP/6-31G(d,p)) and the energy frameworks were modelled by
CrystalExplorer17.5. The highly distorted 0-NO, congener synthon relied mainly on the dispersion
forces, which included 7—t interactions compared to the electrostatic attractions found in m-NO,.
Besides, the latter possesses an elevated asphericity character, portraying a marked directionality in
the crystal array. The electrostatic and dispersion forces were regarded as the dominant factors in
stabilising the crystal packing.

Keywords: nitro; N-(benzo[d]thiazol-2-yl)benzamide; hydrogen bondings; non-covalent interactions;
Hirshfeld surface; interaction energies

1. Introduction

Benzothiazole is a multi-donor heterocyclic compound derived from thiazole and the compound
has been applied for a variety of biological applications such as antitumor [1], antifungal [2],
anticancer [3] and antibacterial [4]. The compound has also attracted interest from researchers
for its photosensitizing properties [5]. Besides, the current activity in benzothiazole research has also
gained much momentum from its potential applications as nonlinear optical (NLO) materials, light
emitting diodes (LED) and solar cells due to desired optical and electronic properties with proper
molecular tuning [6]. This multi-donor heterocyclic compound is of particular interest due to its
favourable properties in the fabrication of an optimum electron donor-acceptor system [7] when
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coupled with substituted aromatic compounds. Besides, this compound is advantageous for its diverse
ligating behaviour, thus, it can be used as a precursor for the templating reaction and a receptor or
active site for organic molecules [8].

In this research, we synthesised the N-(benzo[d]thiazol-2-yl)-R-nitrobenzamide (where R =0, m and
p) compounds (abbreviated as R-BITBA) and studied their structural and optical properties. This class
of compounds has been reported to possess good luminescent properties [9] and the incorporation of
the NO, group is expected to provide interesting electronic properties due to the mesomeric effect [10].
The structure of the parent molecule, BTBA, is simple and synthetically facile, and thus, led to an
upsurge of interest in this class of compounds [11,12]. Previously, it was reported that the position,
rather than the variety of the substituent, i.e., CH3, CCl3, CF; and Cl3 on the nitrobenzene, has a
greater impact on the kinetics of the reaction to form the desired R-Ph(NO,) product [13]. In addition,
we also investigated the compounds theoretically via density functional theory (DFT) calculations to
corroborate the experimental study.

Varying the positions of the NO, group on the phenyl ring has augmented the dipole moment and
doubled the hyperpolarizability of (2E-1-(4-aminophenyl)-3-(4-nitrophenyl)prop-2-en-1-one compared
to the meta and ortho derivates [14]. Previous study on the chemical reactivity properties, namely
hardness (1), chemical potential (i), and electrophilicity (w) for a series of diindolylmethane-R-phenyl
(R =0, m, and p) boronic acid, has demonstrated that the ortho analogue has the highest reactivity [15].

2. Materials and Methods

2.1. General Experiment

All reagents and solvents were purchased from Sigma-Aldrich and were used as received without
further purification. Thin layer chromatography (TLC) with ethyl acetate:n-hexane (ratio of 1:2) as
the mobile phase was used to monitor the reactions. 'H and >C NMR spectra were recorded at room
temperature with a Bruker Ascend 400 spectrometer (Bruker, Fédllanden, Switzerland), operating at
400 MHz, in which deuterated dimethyl sulfoxide (DMSO-d6) and tetramethylsilane (TMS) were
used as the solvent and internal reference, respectively. Chemical shifts and coupling constants (J) are
quoted in parts per million (ppm) and Hertz (Hz), respectively, relative to TMS. Mass spectrometry was
performed using the DIMS 2010 Shimadzu spectrometer (Shimadzu Corporation, Kyoto, Japan) with
electrospray ionization (ESI) in positive mode. Electronic spectra for the compounds were recorded on a
UV-1650 Pc Shimadzu Fision spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The emission
spectra of these three compounds were recorded on a Hitachi F-7000 spectrofluorometer (Hitachi
High-Tech Corporation, Tokyo, Japan). Infrared (IR) spectra were recorded using an Agilent Cary 630
spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a 5-bounce zinc
selenide attenuated total reflectance sampling accessory.

2.2. Synthetic Procedures

N-(benzo[d]thiazol-2-yl)-o-nitrobenzamide (I) was synthesised according to the literature [16].
A mixture of o-nitrobenzoyl chloride (0.5 mL, 3.33 mmol) and 2-aminobenzothiazole (0.5 g, 3.33 mmol)
in toluene with Et3N (0.5 mL, 3.33 mmol) was heated at refluxing temperature for 5 hours
(Scheme 1). The mixture was then allowed to cool to room temperature. The precipitate was
then filtered off using Biichner filter, washed with an excess amount of water and n-hexane.
The same method was repeated to synthesise N-(benzo[d]thiazol-2-yl)-m-nitrobenzamide (II) and
N-(benzo[d]thiazol-2-yl)-p-nitrobenzamide (III) by substituting the o-nitrobenzoyl chloride with m-
and p-nitrobenzoyl chloride, respectively.
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Scheme 1. The schematic reaction of 2-aminobenzothiazole with o0-, m- and p-nitrobenzoyl chloride to
synthesise I, IT and III, respectively.

Compound I: Yield = 0.89 g (90%). IR (ATR/cm™!): 3173 [v(N-H)], 1690 [v(C=0)], 1597 [v(C=N)],
1401-1550 [v(Arc—c)]. "TH NMR (400 MHz, DMSO-dé6) 5 = 7.36 (t, 1H, ] = 16 Hz), 7.48 (t, 1H, ] = 16 Hz),
7.78-7.94 (m, 4H), 8.04 (d, 1H, ] = 8 Hz), 8.22 (d, 1H, | = 8 Hz), 13.15 (s, 1H); 13C NMR (400 MHz,
DMSO-d6) 6 = 121.10, 122.36, 124.41, 124.92, 126.83, 130.15, 130.80, 131.84, 132.35, 134.90, 146.75, 148.82,
158.44, 165.90.

Compound II: Yield = 0.82 g (82.4%). IR (ATR/cm™!): 3124 [v(N-H)], 1674 [v(C=0)], 1599
[v(C=N)], 1437-1524 [v(Arc=c)]. "H NMR (400 MHz, DMSO-d6) 6 = 7.34 (t, 1H, | = 14.7 Hz), 7.47 (t,
1H, ] = 15.2 Hz), 7.75-7.86 (m, 2H), 8.00 (d, 1H, | = 7.84 Hz), 8.45-8.54 (m, 2H), 8.96 (s, 1H), 13.33 (s,
1H); 13C NMR (400 MHz, DMSO-d6) & = 120.24, 122.41, 123.70, 124.34, 126.86, 127.54, 129.35, 130.81,
131.40, 134.42,135.11, 148.23, 165.45, 165.99.

Compound III: Yield = 0.73 g (73.7%). IR (ATR/cm™): 3121 [v(N-H)], 1673 [v(C=0)], 1597
[V(C=N)], 1441-1512 [v(Arc=c)]. 'H NMR (400 MHz, DMSO-d6) & = 7.36 (t, 1H, | = 14.9 Hz), 7.49
(t, 1H,] =14.8 Hz), 7.79 (d, 1H, ] = 7.8 Hz), 8.03 (d, 1H, | = 7.84 Hz), 8.33-8.39 (m, 4H), 13.29 (s, 1H);
13C NMR (400 MHz, DMSO-d6) 6 = 120.43, 122.44, 123.76, 124.11, 124.41, 126.88, 128.20, 130.39, 131.57,
138.39, 148.30, 150.20, 159.14, 165.52.

2.3. Single Crystal X-ray Diffraction Studies

Single crystal diffraction data for I and II were collected at 100 K while III was collected at 298 K on
a Rigaku XtaLAB Synergy-S diffractometer (Rigaku Corporation, Tokyo, Japan) with Cu-K radiation
(A = 1.54178 A). The crystal structures were solved by direct methods and refined by the full-matrix
least-squares method on weighted F? values for all reflections using ShelXL [17]. The molecular
graphics were produced by using Olex2 software [18]. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were positioned geometrically and allowed to
ride on their respective parent atoms with Ujso(H)=1.2Ueq for aryl H atoms. The N- and C-bound H
atom involved in hydrogen bonding was constrained by an AFIX command (AFIX 44).

2.4. Computational Methods

The Cartesian coordinates of all the molecules were extracted from the X-ray structure and used as
an input for geometrical optimization via density functional theory (DFT) calculations with Gaussian09
(C.01) software (B3LYP/6-31G (d,p)) [19]. The DFT calculations were performed to study the electronic
structure of the molecules based on molecular orbitals (MO). The vibrational frequency calculations
were established and verified to ensure that only positive eigen values were acquired. Hirshfeld
surface analysis with 2D fingerprint plot (FP) and the interaction energies (CE-B3LYP/6-31 G (d,p)) was
obtained with CrystalExplorer17.5 [20].

3. Results

3.1. Photophysical Properties

The photophysical properties of I, II and III are summarised in Table 1. The UV/Vis absorption
spectra of I, Il and III exhibit a strong and broad absorption band at Amax = 271-307 nm (Figure 1).
This electronic excitation is typical for benzothiazole derivatives and corresponds to the involvement
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of both m—7* and n—7t* transitions [21,22]. It was observed that the relative positioning of the NO,
group (o, m or p) induces a change in the optical properties. The absorption bands were progressively
red-shifted in the following order, I (271 nm) < II (303 nm) < III (307 nm). Based on DFT calculations,
the highest occupied molecular orbital (HOMO) of these compounds is essentially localised on the
benzothiazole moiety; while, the lowest unoccupied molecular orbital (LUMO) is significantly projected
towards the benzoyl fragment for IIl compared to that of Il and I. In I, the benzoyl moiety is substantially
twisted as a result of the proximity of NO, and the carbonyl groups, causing the two groups to repel
each other [23]. Therefore, the population of electrons towards the benzoyl moiety is hampered and
thus, requires a relatively higher energy (Amax = 271) to initiate the corresponding electronic transition.

Table 1. Photophysical data of I, IT and III.

C Absorption Emission
ompound
Amax (nm) b Amax (nm) Quantum Yield* (®)
I 271 2.16 380 0.56
1I 303 1.48 367 0.21
I 307 0.95 342 0.07

A% 104 M Lem ;P 1x1075 M; © 2-aminopyridine as reference (P = 0.37).
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Figure 1. The normalized absorbance (solid lines) and emission spectra (dashed lines) of I, IT and III
in acetonitrile.

Interestingly, the emission spectra of these compounds demonstrated a reversed trend with respect
to the absorption spectra (Amax) in the following manner: I (380 nm) > II (367 nm) > III (342 nm).
However, it should be noted that compound III exhibits a broader emission band compared to that
of the formers albeit with much lower intensity, which extends bathochromically further than that
of its congeners. The emission feature suggested that the HOMO/LUMO might be tuned differently
by the p-NO; substituent. Compound I possessed the highest quantum yield, ® = 0.56 compared to
II (@ =0.21) and III (® = 0.07). The increased steric hindrance caused by the o-substituted NO; has
sufficiently impeded the free-rotation of the pendant benzene ring, thereby, favouring radiative and
circumventing the non-radiative relaxation [24].

3.2. Crystal Structural Descriptions

The crystallographic details for these three new compounds are given in Table 2. Single crystals
of I and III were obtained from the slow evaporation of acetonitrile while II was crystallised from a
mixture of chloroform and n-hexane solutions. The molecular structure of I, IT and III are shown in
Figures 2a and 3a,b, respectively. Figure 2 exhibits two crystallographic independent molecules of
compound I (IA and IB) in the asymmetric unit. The image of the two molecules, viz. inverted molecule
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IB (fuchsia) on molecule IA (blue) with a root mean square (RMS) deviation of 0.798 A, is shown in
Figure 2b. The p-NO, group of the benzoyl moiety was disordered in two sets of atomic sites with
0.54(4) and 0.46(4) occupancies. Interestingly, these three compounds crystallised in different crystal
systems or space groups, albeit having the same molecular formula. However, these compounds are
subjected to positional isomerism with regards to the NO, group. I and II crystallised in the same
crystal system (monoclinic) but with different space groups, namely, I (P2;/n) and II (C2/c), respectively.
III crystallised in the orthorhombic crystal system (Pbcn). The bond lengths and angle of these series of
compounds are similar to benzothiazole derivatives reported previously [16].

Table 2. Crystal data and structure refinement parameters for I, Il and III.

Compound I I II1
Formula C14H9N303S
Formula weight (g/mol) 299.30
Wavelength 154178 A 1.54178 A 1.54178 A
Temperature (K) 100 100 298
Crystal system Monoclinic Monoclinic Orthorhombic
Space group P2y/n C2/c Pben
Unit cell dimensions a(A) 7.60873(3) 29.35796(17) 29.0714(5)
b (A) 23.76332(8) 7.18924(3) 7.8433(2)
c(A) 14.33447(6) 12.63074(6) 11.6150(2)
B(°) 92.2481(4) 97.5932(5) -
Volume (A3) 2589.802(17) 2642.49(2) 2648.40(9)
z 8
Density (calculated) (g cm™3) 1.535 1.505¢g 1.501
Absorption coefficient (mm™1) 2.368 2.321 2.316

Crystal size (mm)
F(000)
Refinement method

0.22 x 0.16 x 0.16

0.13 x 0.13 x 0.08

1232

0.27 x 0.09 x 0.06

Full-matrix least-squares on F

Data/restraints/parameters 4620/0/380 2355/0/190 2373/0/209
Measured reflections 60534 30398 16585
0 min/Omax 3.603/67.059 3.037/67.067 3.040/67.047
Rint 0.024 0.022 0.030
Goodness-of-fit on F2 1.053 1.090 1.027
. .. R1 =0.0265 R1 =0.0277 R1 =0.0316
Final R indices [I'>20(D)] WR2 = 0.0646 WR2 = 0.0720 WR2 = 0.0886
.. R1 = 0.0266 R1 =0.0278 R1 =0.0357
Rindices (all data) wR2 = 0.0646 wR2 = 0.0721 wR2 = 0.0930
Largest diff. peak and hole (e/A%) —-0.29 and 0.27 —0.36 and 0.18 —0.17 and 0.28

The CCDC number for I, I and III are 1991706, 1991705 and 1991707, respectively.

(b)

Figure 2. (a) The molecular structure of (I), showing the atom labelling and displacement ellipsoids
drawn at the 50% probability level. (b) Overlap of the inverted molecule IB (fuchsia) on molecule

1A (blue).
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(@) (b)

Figure 3. The molecular structures of (a) II and (b) III (disordered O atoms of the NO, substituent
group were omitted for clarity), showing the atom-numbering schemes. Displacement ellipsoids are
drawn at the 50% probability level.

All compounds displayed N—H-+N and C—H-O intermolecular hydrogen bonds (Table 3).
The two independent molecules (IA and IB) in the asymmetric unit of I formed a dimer through
N-H---N intermolecular hydrogen bonds. Congruently, Il and III also displayed a complementary
pair of molecules involving N—H--N intermolecular hydrogen bonds, albeit juxtaposed with a centre
of inversion. The intermolecular connection established by the centrosymmetric dimer of II and III
constitute a R§(8) loop [25]. The supramolecular structure of I (Figure 4) was constructed through
three C—H---O intermolecular hydrogen bonds, namely C(4A)-H(4A)--O(3A), C(5A)-H(5A)--O(2B)
and C(13A)-H(13A)--O(3A). The centrosymmetric dimer of II propagates in two directions via
C(13)-H(13)---O(1) along the c-axis, C(4)—H(4)---O(3) and C(12)-H(12)---O(2) intermolecular hydrogen
bonds along the a-axis, giving rise to a column along the b-axis (Figure 5). Compound III showed
centrosymmetric dimers propagating along the c-axis through the C(13)-H(13)---O(1) intermolecular
hydrogen bond (Figure 6). This one-dimensional chain was then extended via the C(4)-H(4)--O(2A)
intermolecular hydrogen bond, giving rise to a herringbone packing pattern. In addition, the NO,
substituent was arranged in an anti-parallel arrangement. Furthermore, the packing of these crystals
was also stabilised by other weak interactions, as discussed in detail below.

Table 3. Hydrogen-bond geometry (A, °) for I, IT and IIL.

Compound D-H--A D-H H-A D--A D-H-A
N(A)-H(2AA)---N(1B) 0.832(13)  2.226(11)  2.9505(15)  145.7(3)
N(2B)-H(2BB)--N(1A) 0.833(12)  2.138(12) 2.9512(15)  165.2(6)

I C(4A)-H@4A)-O(3A) 0.954(16)  2.541(13) 3.2989(17)  136.5(3)

C(5A)-H(5A)--O(2B)t2 0.958(15)  2.479(16)  3.3822(18)  157.3(7)
C(13A)-H(13A)--O(A){2  0.950(14)  2.450(13) 3.0805(17)  123.7(5)

N(2)-H(2A)--N(1)1iP 0.800(16)  2.137(15)  2.9046(15)  160.7(2)

I C(4)-H(4)--O(3)vb 0.975(12)  2.504(12)  3.4614(18)  167.4(10)
C(12)-H(12)--O2)" 0.943(12)  2.582(10)  3.4288(18)  149.7(8)
C(13)-H(13)--O(1)iiib 0.933(14)  2.513(8)  3.1676(16)  127.4(5)
N(2)-H(2A)--N(1)!ic 0.74(2) 2.286(19)  3.0072(17)  165.3(3)

111 C(4)—H@)--O(2A)+iic 0.996(16)  2.534(18) 3.495(9) 162.1(7)
C(13)-H(13)--O(1)ic 0.956(17)  2.536(8) 3.172(2) 124.1(6)

Symmetry codes: (ia) % - X, %+ y, % — z; (iia) —% + X, %— y, — % + z; (iiia) -1 + x, y, z; (ib) —%— X, %+ Y, —%— z;
(iib) = x, y, — % - z; (iiib) x, 1-y, —% + z; (ivb) % + X, %— \/ % +Z . (ic)x, 1 -y, —%+ z; (iic) =x, y,

% - z; (iiic) - % + X, %— y, 1 — z. * The hydrogen bond geometry for the disordered O(2B) atom was omitted for

clarity purposes.
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Figure 4. The partial crystal packing of I, displaying the two-dimensional framework, viewed from the
a-axis. The N—H--N and C-H:--O intermolecular hydrogen bonds are shown as blue and red dotted
lines, respectively.

Figure 5. The N-H--N (blue dashed lines) and C—H:--O (red dashed lines) intermolecular hydrogen
bonds generate centrosymmetric dimers which propagate to give rise to a column along the b-axis.

S

Figure 6. A partial view of the crystal packing of III depicting a herringbone packing pattern.

The benzene and thiazole rings of the compounds in this series are essentially coplanar
[0.08(6)-3.74(6)°]. The dihedral angle between the benzothiazole and phenyl (benzoyl moiety) rings are
67.88(5)° [59.60(5)° for molecule IB], 17.16(5)° and 38.27(5)° for I, Il and III, respectively. Compound I
displayed a distorted geometry due to the substitution in the o-position on the phenyl ring, which
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was sufficient to exert a steric hindrance on the benzamide moiety [24]. Compound II was observed
to be the most planar as the amide group (NHCO), benzene ring of the benzoyl moiety, and also the
two oxygen atoms of the substituent group were involved in the intermolecular hydrogen bonds.
This phenomenon restricts the rotation of the benzene ring, giving rise to a planar geometry similar to
previously reported compounds [26]. Similarly, the O1 atom of Il also participates in the intermolecular
hydrogen bonding, however, the benzene ring of the benzoyl moiety of III has fewer intermolecular
hydrogen interactions than that of II and thus, the benzene ring was more susceptible to a distortion.

By taking into account the maximum centroid—centroid distances (Cg-Cg) of 3.8 A as a criterion
for m—m interactions [27], compound II and III were found to display very weak stacking interactions
(>3.8 A). However, I which consists of IA and IB in the asymmetric unit displayed four 7—r interactions
(<3.8 A). Cg(1) [centroid of the thiazole ring, S(1A)/C(6A)/C(1A)/N(1A)/C(7A)] and Cg(2) [centroid of
the benzene ring, C(1A)-C(6A)] planes of molecule IA interacts with Cg(7) [centroid of the benzene
ring, C(9B)-C(14B)] of molecule IB from the same asymmetric unit; whereas, Cg(5) [centroid of the
thiazole ring, S(1B)/C(6B)/C(1B)/N(1B)/C(7B)] and Cg(6) [centroid of the benzene ring, C(1B)-C(6B)]
planes interact with Cg(6) and Cg(5) planes, respectively, in the vicinity of IB molecule (Table 4). As per
earlier discussion, at first sight, the dimer synthon formed by IA and IB seemed to be constructed
primarily through the interaction of N—H--N hydrogen bonds. However, the strong overlay of -
interactions displayed between IA and IB may suggest otherwise. Therefore, it is interesting to see how
the -7t connections fare with the N—H---N hydrogen bonds in terms of interaction energies (vide infra).

Table 4. 7—m stacking interactions displayed by I.

Compound Cg—Cg Symmetry Code Cg-Cg (A) Slippage (A)
Cg(1)-Cg(7) - 3.7900(7) 1.306
I Cg(2)-Cg(7) - 3.6808(8) 0.938
Cg(5)-Cg(6) l1-x-yl-z 3.4893(7) 0.538
Cg(6)-Cg(5) 1-x,-y1-z 3.4893(7) 0.569

3.3. Hirshfeld Surface Analysis

Hirshfeld surface analysis was conducted to gain insights into the nature of non-covalent
interactions involving the molecules. The generated plots for the compounds (Figure 7) depict
four prominent features for the intermolecular interactions with the exemption of III. The Hirshfeld
surface analysis for III was judiciously interpreted to avoid errors in the elucidation caused by the
disordered NO; group [28]. The distinct deviation for the IA fingerprint plot (Figure 7a) stems from
the conspicuously dispersed blue spots, bottom right ‘bat-wing’ on the Hirshfeld surface involving
H:---N/N--H interconnections (d; > de) in contrast to the contracted wing at the top left (d; < de).
Meanwhile, the IB congener (Figure 7b) depicts a complementary spread-out wing at the top left
(dj < de), indicating the relevant contact environment is different. This information asserts that the
donor-acceptor atoms veered from the favourable head-on interaction which can only stem from a
deviated N—H--N (< 180°) interaction and corroborates the contribution of the steric effect imposed
by the o-substituted NO,. In general, the H---N/N--H feature renders the closest intermolecular close
contact across the four molecules with ca. d; + de = 2.0 A, despite having a mere 5.4-9.5% contribution
(Figure 8).



Crystals 2020, 10, 348 90of 13

269 | de
2.2
(a) 18
14
1.0
0.6

-

di ¢C di
de

2.6

22

(b) 18

14

1.0 ‘ | |

06H-+-0/O-H i HN/N--H i HH di|cC di
de

2.6

2.2
(c) 18
1.4

1.0
O'GLH"'O/O'"H di H"-N/N---H di H-

0.6 1.0 1.4 1.82.2 2.6 d i

26°¢

2.2

0.6 H--*N/N---H dilH+H di CC di
061014182226 061014182226 061014182226

Figure 7. Comparison of 2D fingerprint plots for the compounds (a) IA, (b) IB, (c) II and (d) III
(Erroneous H---O/O---H plot (disordered O atoms of NO,) was omitted) with the depicted non-covalent
interactions (d; and de represent the internal and external distances (A) away from a point on the
Hirshfeld map, respectively).

One of the largest contributors in the intermolecular contacts originates from the H.--O/O--H
(25.8-27.7%) due to the availability of three donor oxygen atoms per compound molecule, despite having
arelatively distant contact in comparison with the H---N/N---H connections. The blue projections between
the H---N/N---H spikes arise from the closest H--H contacts, and it is obvious that I has appreciably
closer H---H interconnections than other analogues with a 23.1% contribution. The corresponding
features observed in IA and III are bifurcated, revealing that the H---H contacts are presumably not
based on a one-on-one arrangement [29]. Compound IB displays a more subtle H---H plot with scarcely
diffused blue points surrounding a centre spike. The loosely distributed points observed at a larger
surface area reflects a less crowded environment in terms of H---H contacts. The blue patches centred at
d; = de ~ 1.8-2.0 A manifest a typical interlayer space for aromatic rings [30]. The blue plots of IT and
III exhibit distinct shapes as compared to a ‘blob” generated for I. This implies that the arrangement of
the r—7t assembly is more orderly aligned with the supramolecular framework that was attributed to
the relatively planar geometry of the molecule compared to the latter.
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Figure 8. Percentage contributions of non-covalent intermolecular connections.

3.4. Interaction Energies

The solid-state structures of I and II, are further compared and discussed since they exhibit
distinctive planarity features. The calculated pairwise total interaction energy can typically be dissected
into four energy terms viz. electrostatic, polarization, dispersion and exchange-repulsion. The calculated
interaction energies involving the dimer synthon and a cluster of molecules were listed in Table 5.
The highest projected interaction energy among the compounds arise from the complementary
molecular couples connected via a pair of N-H--N hydrogen bonds. Surprisingly, the interaction
of the corresponding pair of molecules for I (Eiota1 = —97.9 kJ-mol~!) is more robust as opposed
to the twin molecules of II (Eipta = —88.9 kJ-mol~!). However, the mean planes of the interacting
domains, H2AA/N2A/C7A/N1A and H2BB/N2B/C7B/N1B, of I deviate significantly from each other
with a dihedral angle of 63.50(8) °. Meanwhile, the relevant mean planes deviate slightly [34.15(6)°]
in the case of II. The interacting molecules of the latter have gained more electrostatic stabilisation
(Eele = —97.4 kJ-mol~!) than the former (E¢je = —80.6 kJ-mol ™). Nevertheless, the weaker electrostatic
attraction found in the case of I was compensated with a higher dispersion energy (Eeje = —86.6 kJ-mol™1)
through the inherent —7t connections (vide supra). Additionally, the crystal framework of I was boosted
with a wider range of interconnections available across the structure than that of II (See Supplementary
Materials Figures S1-5S3).

Table 5. Selected interaction energies (kJ mol™) for I and II.

Compounds EeleC Epolc EdisC ErepC Etotal ZEtotald
IA® —-80.6 -18.6 -86.6 123.7 -97.9 -336.0 (IB = —279.4)
i -974 -26.6 -50.7 126.1 -88.9 -313.6

2 JA = IB in terms of interaction energies involving the dimer synthon via N(2A)-H(2AA)--N(1B) and
N(2B)-H(2BB)--N(1A); * N(2)-H(2A)--N(1B) and N(2)-H(2A)--N(1); symmetry operation: — X, y, — z + %;
¢ ele = electrostatic, pol = polarisation, dis = dispersion and rep = exchange-repulsion; ¢ Sum of all individual total
interaction energies involved around the reference molecule within a 3.8 A molecular cluster.

Figure 9 provides a graphical description of the interaction energies represented as coloured
cylinders bridging the pertinent molecular centroids. Besides, the size (diameter) of the cylinders reflects
the magnitude of interaction energy. Based on Figure 9a, the electrostatic component represented
as cylindrical red capsules dominate exclusively between the dimer molecules. The molecular
synthon gains further traction in the molecular array in two directions. Firstly, by virtue of
relative strength in terms of total energy, the synthon conjoined to its vicinal synthon across the
c-axis mainly through dispersion forces (Egjs = —42.1 kJ-mol™1) (Figure 9b), represented by the
longer green cylinders connecting the two shorter green capsules with By = —44.2 kJ-mol ™
(Figure 9¢), involving IA molecules. Meanwhile, on the opposite end, the synthon also interacts
(Egis = —56.8 k]'mol™!; Eioa1 = —33.6 kJ-mol~!) with the neighbouring synthon which involves
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the IB molecules (Figure 9¢,(f). Secondly, the same synthon reaches out to its nearest synthon
(Egis = —44.7 KJ'mol™!; Eyyra1 = —41.5 kJ'mol™!) along the a-axis and conjured the propagation of
molecular stacking discernible as a column in a similar direction, which can be viewed appreciably
from the slightly tilted-view of Figure 9¢,f.

Figure 9. A comparison of energy framework (2 X 1 X 1 unit cell) comprised of (a) electrostatic

(b) dispersion and (c) total energies for IA, (d—f) for IB, viewed from a-axis, and (g—i) corresponding
diagrams for II (1 X 2 X 1 unit cell) viewed from b-axis. (Tube size scale factor = 80; energy
threshold = 30 kJ-mol~1).

The centrosymmetric dimer of I is bonded with a total energy of —88.9 k]-mol~!, observable across
the (010) plane as isolated red capsules. The synthon then connects to its neighbouring synthons on each
side of its essentially planar surfaces to form a column that traverses along the (010) plane. The energy
involved on each side of the contacting surfaces are different as the following, Eia1 = —49.3 k]-mol ™~
and —37.5 kJ-mol~!. These prominent interacting features could have been involved in the initial
stages of molecular assembly and dictated the molecular arrangement in the supramolecular scaffold
(Figure 9f) [31]. The total interaction energy measured for compound II (XE;u, = —313.6 kJ-mol™1)
is proportionally higher than the associated average energy value for IA and IB, —307.7 k]J-mol~'.
Fundamentally, the Hirshfeld surface of II exhibited a higher anisotropic quality mirrored by a greater
asphericity attribute ((Q = 0.431 a.u.) compared to IA (2 = 0.334 a.u.) and IB (2 = 0.337 a.u.).
Moreover, compound II possesses a concomitant surface area (312.42 A2) property that is relatively
larger in comparison to its analogues I [IA (303.41 A2) and IB (303.2 A2)]. Consequently, these implicit
characteristics associated with the former compound provide a conducive platform for a repertoire of
non-covalent interactions to occur. Thus, they can be directionally packed more closely, bolstering
stronger intermolecular contacts.

4. Conclusions

We have successfully synthesised a series of N-(benzo[d]thiazol-2-yl)-o/m/p-nitrobenzamide and
inspected their solid-state structural properties. The presence of the NO, group has played a pivotal
role in determining the crystal packing and to some extent their electronic properties. The NO, group
(0, m or p) influenced the absorption bands and were progressively red-shifted in the following order,
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I <1II < IIL. The packing of I, with the intrinsic steric hindrance was mediated by weaker non-covalent
interactions, as opposed to the much more selective crystal packing motifs for II. N—H---N interaction
involved significantly in the interconnections of the molecules in this series, but 7—m interactions
engaged more in I compared to II and III. The Hirshfeld surface of II exhibited a higher anisotropic
quality compared to L. Overall, the study has demonstrated that the position of the substituents played
an important role in the structural and electronic properties of the compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/5/348/s1,
Figure S1: Interaction energies for a 3.8 A cluster around IA, Figure S2: Interaction energies for a 3.8 A cluster
around IB, Figure S3: Interaction energies for a 3.8 A cluster around II.
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