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ABSTRACT
The crystal structures, Hirshfeld surface analysis, and computational studies of 4-chlorophenyl 
benzimidazole and 3-chlorophenyl benzothiazole have been presented. Compound I crystallized 
in the monoclinic space group I2/a whilst compound II crystallized in the orthorhombic space 
group Pbca. Both compounds had 8 molecules in their unit cells. The experimental and computed 
bond lengths and bond angles showed good agreement among the results with varying deviations 
from each other. Hirshfeld surface analysis of the compounds revealed that the most significant 
contributions to the crystal packing for compound I came from H⋯H (28.7%), H⋯C/C⋯H (26.5%), 
Cl⋯H (18.1%) and  H⋯N/N⋯H (4.5%) whilst the atoms contributing to the crystal packing in 
compound II were  H⋯H (34.5%),  H⋯C/C⋯H (30.1%), Cl⋯H  (12.5%) , H⋯N/N⋯H (10.2%),  
Cl⋯C (4.1%), Cl⋯N (1.9%) and Cl⋯Cl (2.1%). This work presents the first comparison of the 
computed and experimental bond parameters, Hirshfeld analysis and the HOMO-LUMO analysis of 
4-chlorophenylbenzimidazole and 3-chlorophenylbenzothiazole, providing the basis for comparison 
of bulkier bioactive benzimidazole and benzothiazole derivatives.
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Introduction
Benzimidazole is a bicyclic molecule 
that is mostly produced by condensing 
o-phenylenediamine with aldehydes or 
carboxylic acids. The have be reported to have 
a variety of biological and therapeutic effects. 
They have been synthesized by a variety of 
methods and have been reported to exhibit 
different biological activities1-3. Some have 
been found to be active against gram negative 

bacteria1, whilst others   are antimicrobial, 
antituberculosis and antiprotozoal 2, antitumor, 
diuretic, fungicidal, bactericidal, antihelmintic, 
antiallergic, antihistaminic, vasodilator, 
hypotensive, spasmolytic activities and local 
analgesic properties 3.  Scheme 1 gives the 
scheme for the synthesis of some N-substituted 
benzimidazole derivatives
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Scheme 1 Synthesis of N-substituted benzimidazole 
derivatives 

Some benizimidazole containimg compounds 
have been found to exhibit good activity 
against Mycobacterium tuberculosis 4. 
Different benzothiazole derivatives have been 
accessed by different methods 4-5, including by 
microwave irradiation 5, and by using a base 
together with a coupling agent 6.  Benzothiazoles 
have been found to be active against gram-
positive and gram negative bacteria7, and also 
as antifungal agents 8.  Some benzimidazole, 
benzoxazole and benzothiazole derivatives 
have been accessed from aromatic aldehydes 
with o-phenylene diamine, o-amino phenol 
and o-amino thiophenol 9.  Benzothiazole, 
benzoxazole and benzimidazole derivatives 
have been reported to exhibit good anti-
tumor activities.10. Benzothiazole derivatives 
have been reported to exhibit a variety 
of pharmacological activities including 
antitumor, antimicrobial, anti-inflammatory, 
anticonvulsant, and antidiabetic activities. It is 
a versatile scaffold that has found use in many 
drugs 11.
	 We herein report, the crystal structures, 
Hirshfeld surface analysis and computational 
studies of 4-chlorophenyl benzimidazole and 
3-chlorophenyl benzothiazole. A discussion on 
the single crystal XRD data of the compounds 
have been presented to provide insights into 
the structural properties of these compounds. 

The computed and experimental bond lengths, 
bond angles and the Hirshfeld surface analysis 
of the compounds have been discussed to 
show how the structural properties of these 
compounds can be exploited to develop 
compounds that have enhanced properties for 
different biological targets.

Experimental

Materials and physical measurements 
Analytical grade reagents and solvents for 
synthesis such as o-phenylenediamine, 
2-chlorobenzaldehyde, Bismuth nitrate 
pentahydrate and 4-methylpent-3-en-2-one 
were obtained from Sigma Aldrich (USA) 
whilst ethanol, acetone and ethanol were 
obtained from Merck Chemicals (SA). The 
reagents were used without any further 
purification. The reaction was followed with 
TLC using ethyl acetate: petroleum ether 
(1:1). 1H NMR and 13C NMR spectra were 
recorded on a Bruker Avance AV 400-MHz 
spectrometer operating at 400MHz for 1H 
and 100M Hz for 13C using dimethylsulfoxide 
as solvent and tetramethylsilane as internal 
standard. Chemical shifts are expressed in 
ppm. FT-IR spectra were recorded on a Bruker 
Platinum ATR Spectrophotometer Tensor 27. 
Microanalysis was performed using a Vario 
Elementar Microcube ELIII. Melting points 
were obtained using a Stuart Lasec SMP30 
and were reported uncorrected, while the 
masses were determined using a PerkinElmer 
GC Clarus 580 Gas Chromatograph interfaced 
to a Mass Spectrometer PerkinElmer (Clarus 
SQ 8 S) equipped with ZB-5HTMS (5% 
diphenyl/95% dimethyl polysiloxane) fused 
capillary column (30 × 0.25-μm ID×0.25-μm 
DF). The oven temperature was programmed 
from 100 °C (isothermal for 2 min), with 
an increase of 10 °C/min to 200 °C, then 
5 °C/min to 280 °C, and holding for 6 mins 
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at 280 °C. For gas chromatography–mass 
spectrometry (GC–MS) detection, an electron 
ionization system was operated in electron-
impact mode with ionization energy of 70 eV. 
Helium gas (99.9999%) was used as a carrier 
gas at a constant flow rate of 1 mL/min, and an 
injection volume of 1 μL was employed. The 
injector temperature was maintained at 250 °C, 
the ion-source temperature was 220 °C. Mass 
spectra were taken at 70 eV; a scan-interval 
of 1 s and fragments from 50 to 500 Da. The 
solvent delay was 0–3min, and the total GC/
MS running time was 50 min, respectively. 
The mass detector used in this analysis was 
Turbo-Mass, and the software adopted to 
handle mass spectra and chromatograms was 
Turbo-Mass ver-6.1.0. Interpretation on mass 
spectrum GC–MS was conducted using the 
database of the National Institute of Standard 
and Technology (NIST) having more than 
62,000 patterns.

2-(3-chlorophenyl)-1,3-benzothiazole (I)
10% Bismuth nitrate pentahydrate was placed 
in 20 mL of ethanol, 2-aminothiophenol (0.03 
mol, 3.76 g) and 3-chlorobenzaldehyde (0.03 
mol, 4.22 g) were added and stirred for 4 h at 
room temperature. The reaction mixture was 
decanted to remove the residual catalyst and 
allowed to stand overnight in the fume hood, 
to produce the impure products as the solvent 
evaporated. The product was recrystallized and 
obtained as a brown solid from ethanol:acetone 
(1:1).  Yield = 78%, Mp = 98–99 °C. 1H NMR 
(ppm): 8.12 (d, J = 8.0 Hz, 1H), 8.06 (m, 2H), 
8.06 (d, J = 7.2 Hz, 1H), 7.60 (t, J = 8.0 Hz, 
1H), 7.56 (q, J = 7.2, 7.6 Hz, 2H), 7.47 (t, J = 
7.6 Hz, 1H). 13C NMR (ppm): 166.2 (C=N), 
153.8 (C), 135.2 (C), 134.7 (C), 131.7 (C), 
127.1 (CH), 126.8 (CH), 123.7 (CH), 122.9 
(CH). IR (νmax, cm−1): 2981(C-H), 2112, 1568 
(C=N), 1500 (C=C), 1457 (C–N).  Anal.calcd. 
for C13H8ClNS: C, 63.54; H, 3.28; S, 13.05; N, 

5.70. Found: C, 63.48; H, 3.34; S, 13.00; N, 
5.62. LRMS (m/z, M+): Found for C13H8ClNS 
= 245.67, Expected mass = 245.73.
 
2-(4-chlorophenyl)-1H-benzimidazole (II) 
10% Bismuth nitrate pentahydrate was dissolved 
in 20 mL ethanol, o-phenylenediamine (0.03 
mol, 3.24 g) and 4-chlorobenzaldehyde (0.03 
mol, 4.22 g) were added stirred for 4 h at 
room temperature. The reaction mixture was 
decanted to remove the residual catalyst and 
allowed to stand overnight in the fume hood, 
to produce the impure products as the solvent 
evaporated. The product was recrystallized and 
obtained as a brown solid from ethanol:acetone 
(1:1) Yield = 80 %, Mp = 289–291 °C. 1H 
NMR (ppm): 12.98 (s, 1H), 8.20 (d, J = 8.4 
Hz, 2H), 7.64 (t, J = 8.4 Hz, 3H), 7.55 (s, 2H), 
7.22 (s, 2H). 13C NMR (ppm): 150.5, 134.8, 
129.5, 128.6, 123.2, 122.3, 119.4, 111.8. IR 
(νmax, cm-1): 3052, 2848, 1587, 1472, 1448, 
1397, 1372, 1321, 1273, 1226. Anal.calcd. for 
C13H9N2Cl: C, 68.75; H, 3.97; N, 12.25. Found: 
C, 68.61; H, 4.03; N, 12.31. LRMS (m/z, M+): 
Found for C13H9N2Cl = 228.55, Expected mass 
= 228.68.

X-ray crystallography
X-ray diffraction analysis of 
2-(3-chlorophenyl)-1,3-benzothiazole (I) and 
2-(4-chlorophenyl)-1H-benzimidazole (II) 
were performed at 200 K using a Bruker Kappa 
Apex II diffractometer with monochromated 
Mo Kα radiation (λ = 0.71073 Å). APEXII, 
12 was used for data collection and SAINT, 
12 for cell refinement and data reduction. The 
structures were solved by direct methods using 
SHELXS–2013 12, and refined by least-squares 
procedures using SHELXL-2013, 13 with 
SHELXLE, 14 as a graphical interface. All non-
hydrogen atoms were refined anisotropically. 
Carbon-bound H atoms were placed in 
calculated positions (C–H 0.95 Å for aromatic 
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carbon atoms and C–H 0.99 Å for methylene 
groups) and were included in the refinement 
in the riding model approximation, with Uiso 
(H) set to 1.2Ueq (C). The H atoms of the 
methyl groups were allowed to rotate with a 
fixed angle around the C–C bond to best fit the 
experimental electron density (HFIX 137 in 
the SHELX program suite (Sheldrick, 2008), 
with Uiso (H) set to 1.5Ueq (C). Nitrogen-bound 
H atoms were located on a difference Fourier 
map and refined freely. Data were corrected for 
absorption effects using the numerical method 
implemented in SADABS 14. 

Computational studies
Gaussian 09 program was used for all the 
calculations. The structures were fully 
optimized at the singlet ground state in the 
gas phase using the density functional theory 
(DFT). The functionals used for computation 
were the B3LYP, B3PW91, WB97XD and 
M06 functionals and 6-311g(d, p) basis set.  
The choice of functional used was based on 
work reported in literature 15-18. Optimization 
and frequency calculations were carried out to 
ensure that the optimized molecular structures 
corresponded to a minimum. The results were 
viewed in Avogadro or Gaussview 6.0. 

Results and discussion

Optimization of synthetic method.
The compounds were recrystallized from 
ethanol:acetone (1:1) as a brown solid 
crystals. Scheme 2 gives the reaction scheme 

for the synthesis of the benzothiazole and 
benzimidazole derivative. 

Scheme 2 Reaction scheme for benzothiazoles and 
benzimidale derivatives.

X-ray crystal structures of compounds I and 
II were obtained using single crystals grown 
by crystallization. Table 1 and 2 shows the 
crystallographic data, selected bond lengths 
and bond angles for the crystal structures 
of compounds I and II.  Compound I was 
recrystallized from ethanol:acetone (1:1) and 
obtained as a brown solid. It re-crystallized in 
the monoclinic space group I2/a. Figure 1 gives 
the ORTEP diagram for compound I whilst the 
ORTEP diagram of compound II which was 
recrystallized from ethanol:acetone (1:1) and 
obtained as a bown solid is given by Figure 2. 
Compound II crystallized in the orthorhombic 
space group Pbca. The bond distances of S1-
C1 and S1-C22 in compound I which were 
1.751(2) and 1.728(1) Å, respectively were 
consistent with the thione bond, whilst the 
bond distances of N1-C1 and N1-C21 were 
1.299(2) and 1.386(2) Å respectively. The 
bond distances of C1-C11 and C11-C12 were 
1.468(2) and 1.392(2) Å respectively. 
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TABLE 1
Crystallographic data and structure refinement summary for compounds I and II

Property Compound I Compound II
Formula C13H8ClNS C13H9ClN2

CCDC 1528309 1528306
Formula Weight 245.71 228.67
Crystal System Monoclinic orthorhombic
Space group I2/a Pbca
a [Ǻ] 16.5507(11) 9.1475(3)
b [Ǻ] 5.7730(4) 9.7503(3)
c [Ǻ] 23.2480(15) 23.8121(8)
α [°] 90 90
β [°] 99.734(4) 90
γ [°] 90 90
V [Å^3] 2189.3(3) 2123.82(12)
Z 8 8
D(calc) [g/cm^3] 1.491 1.43
Mu(MoKa) [ /mm ] 0.506 0.329
F(000) 1008 944
Crystal Size [mm] 0.28 x 0.31 x 0.66 0.10 x 0.12 x 0.53
Temperature (K) 200 200
Radiation [Ǻ] MoKa  0.71073 MoKa   0.71073 
Theta Min-Max [°] 2.5,  28.3 2.8,  28.3
Dataset -22: 21 ;  -7:  7 ; -31: 31  -12: 12 ; -13: 13 ; -30: 30 
Tot., Uniq. Data, R(int) 18576, 2718, 0.015 45214, 2631, 0.023
Observed Data [I > 2.0 sigma(I)] 2459 2291
Nref, 2718 2631
Npar 145 149
R 0.0303 0.0375
wR2 0.0811 0.0970
S 1.04 1.04
Max. and Av. Shift/Error 0.00, 0.00 0.00, 0.00 
Min. and Max. Resd. Dens. [e/Å^3] -0.33 -0.26
Min. and Max. Resd. Dens. [e/Å^3] 0.33 0.34

The bond angles of N1-C1-C11, N1-C21-C22 
and N1-C21-C26 were 123.4(1), 115.00(1) 
and 125.1(1)° respectively whilst the S1-
C22-C21 and S1-C22-C23 bond angles were 
109.5(1) and 129.1(1)° respectively. The bond 
angles of C1-S1-C22, S1-C1-N1 and S1-
C1-C11 were 89.1(1), 115.00(1) and 120.7(1)° 
respectively In compound II, the bond 
distances of N1-C1, N1-C11, N2-C1 and N2-
C12 which were 1.328(2), 1.393(2), 1.362(2) 
and 1.376(2) Å, and consistent with the C-N 
single bond, 15 respectively, whilst the  Cl-C24 

and C21-C22 bond distances in compound II 
were  1.738(1) and 1.390(2) Ǻ respectively . 
The bond distances of C22-C23, C11-C12 
were 1.381(2) and 1.406 (2). The bond angles 
of C1-N1-C11, C1-N2-C12, and N1-C1-N2 
in compound II were 104.8 (1), 107.2(1), 
and 112.9(1)° respectively. Whilst the N1-
C1-C21, N2-C1-C21, and N1-C11-C16 bond 
angles were 125.1(1), 122.0(1), and 130.8(1)° 
respectively. The bond angles of N1-C11-C12, 
N2-C12-C13 and N2-C12-C11 were 109.5(1) 
132.0(1) and 105.6(1)°.
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Fig.1: An ORTEP view of 2-(3-chlorophenyl)-
1,3-benzothiazole (I) showing 50% probability 
displacement ellipsoids and the atom labelling.

Fig.2: An ORTEP view of 2-(4-chlorophenyl)-
1H-benzimidazole (II) showing 50% probability 
displacement ellipsoids and the atom labelling.

Comparison of theoretical and experimental 
bond parameters 

Table 2 gives the summary of theoretical and 
experimental bond lengths and bond angles for 
compound I using B3LYP, B3PW91, WB97XD 
and M06 functionals and 6-311g (d,p) basis 
set. The bond lengths of Cl1-C13, C1-C11, 
C11-C12 and C11-C16 was experimentally 
determined as 1.509(1), 1.468(2), 1.392(2) 
and 1.397(2) Å, whilst the computed bond 
lengths gave deviations between 0.030 and 
0.158 Å from the experimental values. For 
the amide bonds N1-C1 and N1-C21 the 
experimental bond lengths obtained were 
1.299(2)  and 1.386(2) Å, respectively, the 
computed values deviated by 0.008 and 0.095 
Å. The bond lengths of S1-C1 and S1-C22 
were experimentally determined as 1.751(2) 
and 1.728(1) Å whilst the computed values 
gave deviations between 0.012 and 0.026 Å. 
The bond angles of N1-C1-C11, N1-C21-C22 
and N1-C21-C26	  were experimentally 
determined as 123.4(1), 115.00(1) and 
125.1(1)° with deviations  between 0.40 and 
2.2° for the computed values. 

TABLE 2
Summary of theoretical and experimental bond lengths (Å), and bond angles (°) for 2-(3-chlorophenyl)-1,3-ben-

zothiazole (I) using B3LYP, CAM-B3LYP, B3PW91, WB97XD and M06 functionals and 6-311g(d,p) basis set.

Bond length (Å)
Compound I

Experimental B3LYP B3PW91 WB97XD M06 Min

Deviation

Max 

Deviation
Cl1-C13 1.740(1) 1.703 1.692 1.700 1.692 0.037 0.048
S1-C1 1.751(2) 1.775 1.764 1.768 1.773 0.013 0.024
S1-C22 1.728(1) 1.716 1.709 1.702 1.707 0.012 0.026
N1-C1 1.299(2) 1.307 1.367 1.382 1.363 0.008 0.083
N1-C21 1.386(2) 1.370 1.305 1.291 1.301 0.016 0.095
C1-C11 1.468(2) 1.403 1.402 1.381 1.394 0.065 0.158
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C11-C12 1.392(2) 1.430 1.425 1.441 1.425 0.030 0.049
C11-C16 1.397(2) 1.453  1.450 1.447 1.445 0.048 0.056
C12-C13 1.383(2) 1.377 1.376 1.370 1.371 0.006 0.013

Bond Angles (°)
Experimental B3LYP B3PW91 WB97XD M06 Min

Deviation

Max 

Deviation
C1-S1-C22 89.1(1) 89.0 89.0 89.2 88.6 0.1 0.5
C1-N1-C21 110.6(1) 111.6 111.2 111.3 111.3 0.6 1.0
S1-C1-N1 115.8(1) 114.4 114.8 114.2 114.8 1.0 1.6
S1-C1-C11 120.7(1) 124.2 123.9 124.5 123.5 2.8 3.8
N1-C1-C11 123.4(1) 121.2 121.9 121.3 121.7 1.5 2.2

N1-C21-C22 115.00(1) 115.4 115.4 115.6 115.5 0.4 0.6
N1-C21-C26 125.1(1) 124.5 124.4 124.3 124.5 0.6 0.8
S1-C22-C21 109.5(1) 109.6 109.6 109.7 109.8 0.1 0.3
S1-C22-C23 129.1(1) 129.8 129.7 129.7 129.4 0.3 0.7

The bond angles of S1-C22-C21, S1-
C22-C23 and S1-C1-C11 were experimentally 
determined as 109.5(1), 129.1(1) and 
120.7(1)° with deviations between 0.1 and 
3.8° representing the lowest and  largest 
deviations, respectively, from the experimental 
values. The bond angles of C1-S1-C22, C1-
N1-C21 and S1-C1-N1 were experimentally 
determined as 89.1(1) 110.6(1) and 115.8(1)°, 
whilst the computed values gave  deviations  
between 0.1 and 1.6° from the experimental 
values. In compound II the bond length of 

the amide bonds N1-C1, N1-C11, N2-C1 and 
N2-C12 were experimentally determined as 
1.328(2), 1.393(2), 1.362(2) and 1.376(2) 
Å, whilst the computed bond length gave 
deviations between 0.003 and 0.033Å from 
the experimental values. The bond length 
of C1-C21, C22-C23 and C11-C12 was 
experimentally determined as 1.466(2), 
1.381(2) and 1.406(2) Å, whilst the computed 
bond length gave deviations between 0.001 
and 0.015Å from the experimental values. 
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TABLE 3
Summary of theoretical and experimental bond lengths (Å), and bond angles (°) for of 2-(4-chlorophenyl)-1H-
benzimidazole (II) using B3LYP, CAM-B3LYP, B3PW91, WB97XD and M06 functionals and 6-311g(d,p) basis 

set.
Bond length (Å)

Compound II
Experimental B3LYP B3PW91 WB97XD M06 Min

Deviation

Max 

Deviation
Cl-C24 1.738(1) 1.673 1.664 1.664 1.664 0.065 0.074

C21-C22 1.390(2) 1.382 1.380 1.384 1.377 0.006 0.013
N1-C1 1.328(2) 1.308 1.306 1.295 1.303 0.020 0.033
N1-C11 1.393(2) 1.390 1.385 1.393 1.379 0.003 0.014
N2-C1 1.362(2) 1.359 1.356 1.344 1.352 0.003 0.018
N2-C12 1.376(2) 1.385 1.380 1.390 1.383 0.004 0.014
C1-C21 1.466(2) 1.477 1.473 1.480 1.472 0.006 0.014
C22-C23 1.381(2) 1.382 1.394 1.384 1.389 0.001 0.013
C11-C12 1.406(2) 1.421 1.419 1.419 1.417 0.011 0.015

		  Bond Angles (°)

Experimental B3LYP B3PW91 WB97XD M06 Min

Deviation

Max 

Deviation
C1-N1-C11 104.8(1) 106.4 106.2 106.4 106.2 1.4 1.6
C1-N2-C12 107.2(1) 108.0 108.0 108.1 107.8 0.6 0.9
N1-C1-N2 112.9(1) 110.6 110.7 110.1 110.7 1.9 2.8
N1-C1-C21 125.1(1) 127.4 127.4 127.5 126.9 1.8 2.4
N2-C1-C21 122.0(1) 122.1 122.2 122.4 122.4 0.1 0.4
N1-C11-C16 130.8(1) 128.9 128.8 129.0 128.9 1.8 2.0
N1-C11-C12 109.5(1) 110.6 110.7 110.8 110.7 1.1 1.3
N2-C12-C13 132.0(1) 133.4 133.4 133.2 133.3 1.3 1.4
N2-C12-C11 105.6(1) 104.5 104.5 104.7 104.4 0.9 1.2

The bond lengths of Cl-C24 and C21-C22 
were experimentally determined as 1.738(1) 
and 1.390(2) Å, whilst the computed bond 
lengths gave deviations between 0.006 and 
0.0740 Å from the experimental values. The 
bond angles of N1-C1-N2, N1-C1-C21, N2-
C1-C21 and N1-C11-C16 were experimentally 
determined as 112.9(1), 125.1(1), 122.0(1) 
and 130.8(1)° with deviations  between 0.1 
and 2.8° for the computed values. The bond 

angles of C1-N1-C11 and C1-N2-C12 were 
experimentally determined as 104.8(1) and 
107.2(1)° with deviations  between 0.6 and 1.6° 
for the computed values. The bond angles of 
N1-C11-C12, N2-C12-C13 and N2-C12-C11 
were experimentally determined as 109.5(1), 
132.0(1) and 105.6(1)° with deviations  
between 0.9 and 1.4° for the computed values. 
Figures 3 and 4 gives the crystal packing for 
compounds I and II.
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Fig.3: The crystal packing in 2-(3-chlorophenyl)-1,3-benzo-
thiazole (I) 

Fig.4: The crystal packing in 2-(4-chloro-
phenyl)-1H-benzimidazole (II) 

Hirshfeld surface analysis
Hirshfeld surface analysis is a quantitative way 
of studying the intermolecular interactions of 
the molecules in a crystal structure. It gives 
details of their crystal packing behaviour. 
Hirshfeld surfaces and fingerprint plots were 
mapped with Crystal Explorer 3.1 software 19. 
The analysis was visualized by the normalized 

contact distance (dnorm), which was obtained 
using a high surface resolution with a static 
colour scale and computed with the equation 
below.

From the equation, de is the distance from the 
Hirshfeld surface to the nearest nucleus outside 
the surface, di is the corresponding distance to 
the nearest nucleus inside the surface, whilst 
rvdw is the van der Waals radius/ of the atom 
20.  The surface describes the dnorm parameter 
with a red white-blue colour scheme 21. The 
bright red spots denotes the intermolecular 
contacts less than their vdW radii, while the 
blue spots indicates intermolecular contacts 
longer than their vdW radii. The white spots are 
the sum of their vdW radii. Hirshfield surfaces 
which comprises of dnorm surface, shape index 
and curvedness of compound I was generated 
using a standard (high) surface resolution as 
illustrated in Figure 5. The dnorm surface 
was mapped on over the range of -0.0365 Å to 
1.1265 Å, whilst di was mapped over the range 
of -1.0931 to 2.4756 Å. The parameter de was 
in the range of 1.0961 to 2.5373 Å, the shape 
index ranging from -1.0000 Å. to 1.0000 Å and 
curvature lying between -4.0000 Å to 0.4000 
Å, whilst the fragment patch was between 
0.0000 to 13.0000 Å. For the shape index the 
red and blue patches confirm the presence of 
π-π stacking interactions among the aromatic 
rings in the crystal structure of the compound.
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Fig.5: Hirshfeld surfaces mapped for (a) d norm surfaces (b) de surfaces (c) di surfaces (d) shape index (e) 
curvature  and  fragment patch of 2-(3-chlorophenyl)-1H-benothiazole (I).

Figure 6 gives the two-dimensional (2D) 
fingerprint plots from Hirshfeld surface 
analyses of compound I. It illustrates the 
relative contribution (in percentage) of the 
major intermolecular contacts associated with 
it. The 2D fingerprint plots complement the 
Hirshfeld surface by providing quantitative 
information on the nature and type of 
intermolecular contacts. The most important 
interaction is H-H which contributes 28.7% to 
the overall crystal packing. Furthermore, the 
C-H 26.5%) and Cl-H (18.1%) N-H (4.5%) 
fingerprint plots also provide information 
about the intermolecular hydrogen bonds and 
the contribution of the individual elements 
towards the crystal packing. H-H interaction 
(indicated by one spike) is one of the most 
significant contacts. The fingerprint plot of 

C-H contacts shows characteristic ‘‘wings’’ 
which are identified as a result of weak 
C-H∙∙∙π interactions. The red triangles on the 
shape index represented by concave regions 
indicate π-stacking interactions, whereas the 
blue triangles represented by convex regions 
indicate the ring atoms of the molecule inside 
the surface. The red triangles on the shape index 
mapping refer to the C-H∙∙∙π interactions with a 
contribution of 26.5%, which is in accordance 
with the 2D fingerprint plot. The curvedness 
indicates the electron density of surface curves 
around the molecular interactions. The flat 
areas of the surface correspond to low value 
of curvedness, while the sharp curvature area 
corresponds to high values of curvedness and 
usually tends to divide the surface into patches, 
indicating contacts between neighbouring 
molecules. 
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Fig. 6: Relative contributions to the percentage of Hirshfeld surface area for the various intermolecular contacts 
in 2-(3-chlorophenyl)-1H-benzothiazole (I)

The dnorm surface, shape index, di, de, 
fragment patch and curvedness of compound 
II are provided in figure 7. The dnorm surface 
was mapped on over the range of -0.5710 Å 
to 1.1897 Å, whilst di was mapped over the 
range of 0.7562 to 2.5256 Å. The parameter 

de was in the range of 0.7552 to 2.5371 Å, 
the shape index ranging from -1.0000 Å. to 
1.0000 Å and curvature lying between -4.0000 
Å to 0.4000 Å, whilst the fragment patch was 
between 0.0000 to 15.0000 Å. 

Fig.7: Hirshfeld surfaces mapped for (a) d norm surfaces (b) de surfaces (c) di surfaces (d) shape index and (e) 
curvature  (f) fragment patch of 2-(4-chlorophenyl)-1H-benzimidazole  (II).
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Figure 8 gives the two-dimensional (2D) 
fingerprint plots from Hirshfeld surface 
analysis of compound II. It illustrates the 
relative contribution (in percentage) of the 
major intermolecular contacts associated with 
it. The 2D fingerprint plots has been provided 
to complement the Hirshfeld surface analysis. 
It provides quantitative information on the 
nature and type of intermolecular contacts. 
H-H contributes 34.5% to the overall crystal 
packing, with C-H (30.1%), Cl-H (12.5%) 
and N-H (10.2%). The fingerprint plots 

provides information about the intermolecular 
hydrogen bonds and the contribution of 
the individual elements towards the crystal 
packing. H-H interaction is one of the most 
significant contacts. The fingerprint plot of 
C-H contacts shows characteristic ‘‘wings’’ 
which are identified as a result of weak C-H∙∙∙π 
interactions. There are minor contributions 
from Cl-C (4.1%), Cl-N (1.9%) and Cl-Cl 
(2.1%) to the surface maps of the compound. 
The curvedness indicates the electron density 
of surface curves around the molecular 
interactions. 

HOMO–LUMO analysis
Chemical stability of any species can be 
predicted with the help of the HOMO and 
LUMO 22, 23, the ability to accept an electron 
is defined by the LUMO whilst the ability to 

Fig.8: Relative contributions to the percentage of Hirshfeld surface area for the various intermolecular contacts 
in 2-(4-chlorophenyl)-1H-benzimidazole (II).

donate an electron described by the HOMO. 
The ionization potential is determined by the 
HOMO whilst the electron affinity depends 
on the LUMO. The energy of the HOMO 
decides the ionization potential whilst the 
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energy of the LUMO determines the electron 
affinity. The HOMO-LUMO energy gap 
indicates the stability, reactivity and the 
electrical conductivity of the molecules 24, 25. 
A lower energy gap corresponds to a higher 
conductivity and vice versa.  The hardness of 
a molecule also depends on the magnitude of 
the HOMO-LUMO gap 26. Chemical reactivity 
and kinetic stability of the molecule can be 
characterized using the energy gap 27. The 
energies of frontier molecular orbitals, energy 
band gap (EHOMO-ELUMO), electronegativity (χ), 
chemical potential (μ), global hardness (ŋ), 
global softness (S) and global electrophilicity 

index (ꞷ) all contribute to the reactivity of 
the molecule concerned. Kinetic stability of 
molecules have been reported to be related to 
hardness 28. The electrophilicity index enables 
the quantitative classification of the global 
electrophilic nature of a molecule within 
a relative scale 29-31. The HOMO–LUMO 
energy levels and plots of compounds I and II 
using B3LYP, B3PW91, WB97XD and M06 
functionals and 6-311++G (3df, 3pd) basis sets 
are provided in Tables 4,  5, S1 and S2. The 
HOMO and LUMO for the compound I gave 
energy gaps between 0.04428 and 0.16538 eV, 
whilst the HOMO-LUMO gap for compound 
II was between 0.06639 to 0.19189 eV 32.

TABLE 4
HOMO–LUMO energy levels of 2-(4-chlorophenyl)-1, 3-benzimidazole (I) using

B3LYP, B3PW91, WB97XD and M06.
Compound I

Energy levels B3LYP B3PW91 WB97XD M06
LUMO+4 -0.30824 -0.30961 -0.23058 -0.29882
LUMO+3 -0.31100 -0.31213 -0.23825 -0.30243
LUMO+2 -0.31953 -0.32092 -0.25028 -0.31198
LUMO+1 -0.38997 -0.39114 -0.32610 -0.38170

LUMO -0.49076 -0.49407 -0.43617 -0.48436
HOMO -0.53504 -0.53795 -0.60155 -0.54198

HOMO-1 -0.54977 -0.55274 -0.62519 -0.55909
HOMO-2 -0.57321 -576761 -0.64463 -0.58128

HOMO-3 -0.58343 -0.58718 -065136 -0.59039

HOMO-4 -0.60262 -0.60414 -0.68895 -0.61415

HOMO-LUMO GAP (eV) 0.04428 0.04388 0.16538 0.05762

TABLE 5
HOMO–LUMO energy levels of 2-(3-chlorophenyl)-1H-benzothiazole (II) using

B3LYP, B3PW91, WB97XD and M06 functionals and 6-311++G (3df, 3pd) basis set.
Compound 1I

Energy levels B3LYP B3PW91 WB97XD M06
LUMO+4 -0.29137 -0.29214 -0.21739 -0.28326
LUMO+3 -0.30104 -0.30195 -0.22530 -0.29264
LUMO+2 -0.31363 -0.31481 -0.23894 -0.30563
LUMO+1 -0.37277 -0.37396 -0.30633 -0.36492

LUMO -0.47563 -0.47849 -0.42044 -0.46943
HOMO -0.54211 -0.54488 -0.61233 -0.55267

HOMO-1 -0.56007 -0.56302 -0.62617 -0.56677
HOMO-2 -0.57084 -0.57423 -0.64712 -0.58021
HOMO-3 -0.59295 -0.59509 -0.67009 -0.60205
HOMO-4 -0.59986 -0.60131 -0.68423 -0.61219

HOMO-LUMO GAP (eV) 0.06648 0.06639 0.19189 0.08324
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Conclusions
The study confirms the successful synthesis 
of 3-chlorophenyl benzothiazole and 
4-chlorophenyl benzimidazole via Bismuth 
nitrate catalysis. The compounds were 
characterized using Infra-red spectroscopy, 
Nuclear Magnetic Resonance Spectroscopy, 
microanalysis and Gas Chromatography-
Mass Spectrometry. The X-ray diffraction 
studies showed that compound I crystallized 
in the Monoclinic I2/a and whilst compound 
II crystalised in the       orthorhombic Pbca, 
with eight molecules each in the unit cell 
held together Van der Waals interaction. The 
crystal packing for compound I showed that 
the contributions came from H⋯H (28.7%), 
H⋯C/C⋯H (26.5%), Cl⋯H (18.1%) and 
H⋯N/N⋯H (4.5%) whilst the crystal packing 
in compound II were from H⋯H (34.5%), 
H⋯C/C⋯H (30.1%), Cl⋯H (12.5%) , H⋯N/
N⋯H (10.2%),  Cl⋯C (4.1%), Cl⋯N (1.9%) 
and Cl⋯Cl (2.1%). 
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