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A benzimidazole crystal, specifically 2-(2-chlorophenyl)-1H-benzo[d]imidazole, exhibiting distinctive unit cell parameters has been
synthesized and its crystal structure (CCDC no: 2390665) has been confirmed through single-crystal X-ray diffraction. The stability of
the structure is primarily attributed to N-H---N interactions, while relatively weaker CIl---H interactions also play a role in the crystal

packing. Additionally, DFT quantum chemical calculations have been conducted to examine reactivity indices, electronic transition band
gaps and the density of states of the synthesized compound. It is postulated that this compound not only contributes to the existing
crystallographic data but may also serve as a material for ambipolar charge transfer applications, as well as in optical and nonlinear optical

studies.
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INTRODUCTION

Heterocyclic compounds have emerged as very versatile
compounds with application in numerous fields like, medicine
[1,2], agrochemistry [3], polymers [4], organic electronics [5]
and other areas. Imidazole is a 5-membered heterocyclic comp-
ound with two annular nitrogen with the formula CsN,H,. The
ring is amphoteric due to the presence of pyrrole-like and
pyridine-like nitrogen in the ring and are susceptible to the
electrophilic and nucleophilic attack [6]. Benzimidazole is a
bicyclic hetero-aromatic compound with a fused benzene and
imidazole compound. Benzimidazoles are commonly prepared
by the condensation of o-phenylenediamines with carboxylic
compounds [7] or aldehydes [8].

The benzimidazole nucleus forms a constituent of vitamin
B> and other cobamides [9-11]. Benzimidazole compounds
are found to exhibit pharmacological activities such as anti-
tuberculosis [12], antitumor [13], antimalarial [14], antihis-
tamine [15], antidiabetic [16], antimicrobial [17], antiviral

—I
formation. Hirshfeld surface analysis has been employed to investigate the non-covalent interactions and to gain insights into the crystal |
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[18,19], anticancer [17,20], anti-inflammatory [21,22], anti-
oxidants [21], analgetics [22], anti-HIV [23], efc. Besides their
biological activity they have found applications in organic light
emitting diodes (OLEDs) [24,25], chemosensors [26], fluore-
scent [27] and phosphorescent materials [28], solar cells [29],
corrosion inhibitors [30], non-linear optical (NLO) materials
[31,32], etc. In this work, a substituted benzimidazole molecule
with different unit cell parameters is reported with respect to
already existing structure and the crystal structure has been
examined extensively. DFT studies have also been performed
to study its charge transport properties, NLO properties, band
gap, density of states (DOS) and excitation properties.

EXPERIMENTAL

The chemicals and solvents were obtained from different
commercial suppliers and used as provided. The FT-IR spectra
of the compound were examined within the range of 4000-400
cm™' utilizing a Bruker FTIR ALPHA instrument with KBr in
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pellet form. Additionally, the UV-visible spectrum of the comp-
ound was obtained using a Shimadzu UV-1800 UV-visible
spectrophotometer, employing ethanol as solvent.

Synthesis: The synthesis of 2-(2-chlorophenyl)-1H-benzo-
[d]imidazole was achieved through a one-pot condensation
reaction involving o-phenylenediamine, 2-chlorobenzaldehyde
and ammonium chloride in ethanol. The progress of the reaction
was monitored by thin-layer chromatography (TLC) using a
solvent system of hexane and ethyl acetate in a 1:1 ratio. Upon
completion, the reaction mixture was transferred into ice-cold
water, allowing for the collection of precipitates, which were
subsequently purified via recrystallization in ethanol. Crystals
of 2-(2-chlorophenyl)-1H-benzo[d]imidazole were success-
fully obtained through a slow-evaporation technique in ethanol
(Scheme-I).

Single crystal X-ray diffraction analysis: Single crystal
X-ray diffraction analysis was conducted utilizing a BRUKER
APEX-II CCD diffractometer, employing graphite-monochro-
mated MoK, radiation (K = 0.71073 ;\) at 296.15 K. The
resulting diffraction data were processed through the Olex2
graphical user interface [33]. The structure was determined
using direct methods with the SHELXS-08 software, while
refinement was carried out using full matrix least squares with
the SHELXL.-2008 program [34,35]. Subsequently, the cryst-
allographic information file was submitted to the Cambridge
Crystallographic Data Centre (CCDC).

Computational analyses: The computational analyses
were performed on a workstation featuring an Intel 19, 12th
Generation processor with 24 cores. DFT studies were carried
out using the Gaussian 09 program [36]. The analysis of hydr-
ogen bonds and the molecular electrostatic potential (MEP)
was conducted based on the optimized output structure obtained
from Gaussian optimizations. Gas phase optimization calcul-
ations utilized the DFT(B3LYP) method with 6-311g++(d,p)
basis sets. All constrained optimizations were executed using
the DFT(B3LYP) method with 6-31g basis sets, where polari-
zation and diffusion functions were excluded to reduce comp-
utational time. In the process of constrained optimization, all
surrounding molecules are fixed, allowing the optimization to
focus solely on the molecules of interest. The calculations emp-
loying TD-DFT were carried out with the X3LYP functional
and the 6-31++G(d,p) basis set. SMD was utilized as the solvent
model, with ethanol designated as the solvent, as reported by
Kostjukova et al. [37]. The output files from the DFT gas-
phase optimization served as the basis for the analysis of
molecular reactivity indices. From the computed values of the
HOMO and LUMO orbitals, energy gap (AEgap), ionization
potential (I), electron affinity (A), electronic chemical potential
(W), electronegativity (%), chemical hardness (1), chemical
softness (S), electrophilicity index (®) and dipole moment were

NH, CHO

derived. The parameters were calculated using the following
equations [38]:
Ionization potential (I):

I = _EHOMO (1)
Electron affinity (A):
A = _ELUMO (2)
Electronic chemical potential (L):
IEHOMO + ELUMO I + A
= = — 3
5 5 3
Electronegativity (y):
_ . _I+A @
2
Chemical hardness (n):
ELUMO — EHOMO I[-A
= = 5
n > 2 Q)
Chemical softness (S):
1
S=— 6
M ©)
Electrophilicity index (®):
2
u
0="—
on ©)

Hyperpolarizability serves as a measure of the nonlinear
optical activity of a molecule. The first molecular hyperpolariz-
ability is calculated based on ten specific components: Py,
Brxy. Bryy. Byyy. Bxx, Bxyz, Byyz, Brzz, Byze and Br... These components
are determined through Gaussian optimization using the
B3LYP functional and the 6-311++g(d,p) basis set. The equation
for first order hyperpolarizability (Biw) is given as [39]:

Bow = (B2 +52 +B2)

where, B, = Boo + Bay + Bus By = Buyy + By + Byass B = Bo +
B + By

Band gap and DOS calculations were performed using DFT
with the Quantum Espresso package [40]. 200 atoms were
considered in the unit cell and k-points were calibrated to 633.

Hydrogen bond analysis: The investigation of hydrogen
bonding interactions was conducted utilizing Multiwfn, a
software designed for the analysis of electronic wave functions.
Single point energy calculations for the target structure were
executed employing Gaussian DFT (B3LYP) methods with 6-
311++(d,p) basis sets. CHK files were transformed into FCHK
files, which were subsequently converted into WFX files for
use in Multiwfn. The binding energy of the hydrogen bonds
was estimated based on the electron density at the bond critical
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Scheme-I: Synthesis of 2-(2-chlorophenyl)- 1 H-benzo[d]imidazole
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point (BCP) [41]. The equation for binding energy in a neutral
H-bond is given as:

BE = -223.08 x p(rgcp) + 0.7423 8)

The symbol p (a.u.) represents the electron density at the
bond critical point, while BE (kcal/mol) denotes the hydrogen
binding energy.

Hirshfeld surface: The Hirshfeld surface is determined
by the molecular configuration and the proximity of its nearest
neighbours, thus offering valuable information about intermole-
cular interactions. The analysis of the Hirshfeld surface was
performed using the Crystal Explorer program [42]. The 2D
fingerprint plots were generated to assess all possible inter-
actions within the crystal. In these plots, d; indicates the distances
from the Hirshfeld surface to the nearest nucleus located inside
the surface, while d. represents the distances to the nearest
nucleus outside the surface. These fingerprint plots serve as a
visual representation of all interatomic interactions that contri-
bute to the overall packing of the crystal. The analysis also takes
into account the reciprocal contact of each interatomic inter-
action. Moreover, the calculations for shape index and curved-
ness were also conducted for the structure.

Calculation of reorganization energy: The Marcus-Hus
semi-classical model is generally utilized for the examination
of charge transport characteristics in the organic materials [43].
This model posits that the rate of charge transfer in such materials
is influenced by the reorganization energy resulting from geo-
metric relaxation during the charge transfer process, as well as
the electron coupling, which refers to the orbital overlap between
adjacent molecules [44]. The model has been employed in the
theoretical investigations of charge transport systems within
the organic crystals [45-47]. The charge transfer rate (k) accor-
ding to Marcus theory [48,49] may be expressed as follows:

. [le/z V_Ze[]l:;T]

AT ) &

where T = temperature; k, = Boltzmann constant; V = effective
intermolecular electronic coupling; A = Reorganization energy.

The adiabatic potential energy surface method, specifi-
cally the four-point approach, is employed for the calculation
of reorganization energy [43]. As illustrated in Fig. 1, Ag repre-
sents the geometric change that occurs during oxidation or
reduction, while AE denotes the energy of adiabatic ionization.
E{ corresponds to the ground state of the neutral system, whereas
E{/Ey indicates the charged states resulting from oxidation or
reduction. Additionally, EI/E- signifies the relaxed states of
the oxidized or reduced species and EY/E” reflects the energy
of neutral state within the geometry of the oxidized or reduced
configuration.

The overall reorganization energy is comprised of two
components: the geometric relaxation energies (A, /A_) associ-
ated with the transition from the neutral-state geometry to the
charged-state geometry and the geometric relaxation energies
(A)/LY) related to the transition from the charged-state geo-
metry back to the neutral-state geometry. The hole reorgani-
zation energy (A,) and the electron reorganization energy (A.)
are defined in eqns. 10 and 11:
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Fig. 1. Energy potential diagram for four-point approach [50]

A, =A) +A; =(E —EJ)+(E; —E") (for hole transport) (10)

A, =LA +A] =(E’ —E))+(E, —E") (forelectron transport) (11)

To determine the reorganization energy, the molecules
were initially optimized in their neutral state for both hole and
electron reorganization energies. Subsequently, single point
energy calculations were performed by either removing an
electron (for hole reorganization energy) or adding an electron
(for electron reorganization energy). Following this, the geo-
metry of the molecule was optimized again after the electron
was either removed or added. Finally, single point energy cal-
culations were conducted on the optimized geometry resulting
from the addition (for hole reorganization energy) or removal
(for electron reorganization energy) of an electron.

RESULTS AND DISCUSSION

Brown crystalline precipitates of 2-(2-chlorophenyl)-1H-
benzo[d]imidazole was recrystallized multiple times to obtain
a pure form, characterized by a melting point of 232 °C. The
crystals were developed through a slow evaporation technique
using ethanol. The FT-IR spectrum (Fig. 2) shows an N-H
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Fig. 2. FT-IR spectrum of 2-(2-chlorophenyl)-1H-benzo[d]imidazole
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stretching frequency at 3453 cm™ and a C-H stretching range
from 2436 to 3065 cm'.

Crystal structure of 2-(2-chlorophenyl)-1H-benzo[d]-
imidazole: The crystallographic details pertaining to 2-(2-
chlorophenyl)-1H-benzo[d]imidazole have been archived in
the Cambridge Crystallographic Data Centre, with the CCDC
number 2390665 assigned to it. The database also contains three
additional crystal structures of the same molecule, which are
cataloged under CCDC numbers 960494 [51], 1062232 [52]
and 2218513 [53]. Each of these structures presents distinct
unit cell lengths, leading to variations in both volume and density.
Comprehensive information on data collection, structure
solution and refinement, along with the unit cell parameters
of the examined compound, is provided in Table-1.

The ortep diagram of the asymmetric unit is shown in
Fig. 3a. The unit cell consists of 8 molecules of 2-(2-chloro-
phenyl)-1H-benzo[d]imidazole and is shown in Fig. 3b.

The crystal structure depicted in Fig. 4 along the b-axis
reveals that the benzo-imidazole rings are arranged in ribbon-
like layers, forming a herringbone pattern. This structural feature

TABLE-1

CRYSTAL DATA AND STRUCTURE REFINEMENT DETAILS
OF 2-(2-CHLOROPHENYL)-1H-BENZO[J]IMIDAZOLE

CCDC number
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Cell volume

Cell formula units (Z)
Density

F(000)

0 max for data collection
Index ranges

Data completeness
Refinement method
Goodness-of-fit on F2

2390665

CHyN,Cl

228.67 mol/g

296 K

0.71073 A

Orthorhombic

Pbca

a=7.0556(13) A; o= 90°
b=9.9612(19) A; B = 90°

¢ =32.432(6) A; y=90°
2279.4(7)

8

1.333 g/em’

944.0

28.463°
-9<h<9,-13<k<13,-43<1<43
99.7%

Full-matrix least-squares on F*
1.109

Fig. 3. Crystal structure of 2-(2-chlorophenyl)-1H-benzo[d]imidazole (a) Ortep diagram of asymmetric unit (b) Unit cell diagram (different
colours representing different molecules)

Fig. 4. Herringbone pattern of crystal arrangement along b-axis
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is frequently encountered in molecular crystals that include
aromatic compounds [54]. In this crystal, the molecules are
bonded through N-H---N interactions, which contribute to the
formation of the herringbone pattern in the ab plane.

Ilustrated in Fig. 5, the N-H---N binding interaction within
the crystal exhibits a distance of 1.871 A. The electron density,
p(rscp), at the bond critical point for the N-H---N bond was
found to be 0.03539 a.u., while the calculated binding energy
is -7.2 kcal/mol, suggesting that this interaction represents a
weak hydrogen bonding scenario [55].

RMSD and R-squared analysis: In reference to the exp-
erimental XRD results, the RMSD and R-squared correlations
for the gas phase and constrained phase are computed. The
visual representations of the gas phase and constrained phase
are displayed in Fig. 6a-b.

The computed values for RMSD and R-squared correla-
tions are presented in Table-2, while the details regarding bond
lengths, bond angles and dihedral angles are given in Tables
3-5. Both the gas phase and constrained phase exhibit mini-
mal deviation and strong correlation concerning bond lengths

TABLE-2
RESULTS OF RMSD AND R-SQUARED
CORRELATION CALCULATION

Gas phase Constrained phase
RMSD 0.021 0.037
Bondlength b ared 0.991 0.972
Bond anale RMSD 1322 0.893
2 R-squared 0.967 0.984
. RMSD 17.803 2.174
DAEHEIIEE ) e 0.989 0.993

and bond angles. However, a notable deviation is observed in
the RMSD values for dihedral angles. Specifically, the gas phase
displays an RMSD of 17.803, whereas the constrained phase
shows an RMSD of 2.174. This significant deviation is pri-
marily due to variations in the dihedrals N2-C5-C9-C16 and
N3-C5-C9-C17, as detailed in Table-5. These dihedrals are
associated with the bond C5-C9, which links the benzo-imidazole
ring to the chloro-phenyl ring. In XRD structure, the dihedral
angles N2-C5-C9-C16 and N3-C5-C9-C17 are measured at
45° and 37°, respectively, while the gas phase geometry is

Fig. 5. Hydrogen bonding interaction in 2-(2-chlorophenyl)-1H-benzo[d]imidazole crystal

9 .Y 9

Fig. 6. Optimized structure of 2-(2-chlorophenyl)-1H-benzo[d]imidazole (a) Gas phase (b) Constrained phase

Frozen geometry

()
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TABLE-3
BOND LENGTH COMPARISON WITH GAS PHASE
AND CONSTRAIN PHASE OPTIMIZATION

TABLE-5
DIHEDRAL COMPARISON WITH GAS PHASE
AND CONSTRAIN PHASE OPTIMIZATION

Bond length XRD Gas phase Constrain phase Dihedral angle XRD Gas phase Constrain phase
Cl1-C16 1.72058 1.77438 1.83418 Cl1-C16-C9-C5 -0.48092 -0.00051 3.85786
C16-C21 1.38793 1.39322 1.39095 N2-C5-C9-C16 45.14529 -0.05568 40.24253
C9-Cl6 1.38959 1.40515 1.40294 N3-C5-C9-C17 37.88356 -0.04566 35.22549
C5-C9 1.46718 1.47332 1.46604 C9-C16-C21-C22 -0.52824 0.00141 -0.67830
N2-C5 1.35263 1.38053 1.37972 C17-C19-C22-C21 -0.40089 -0.00113 0.70042
N2-H24 0.98391 1.00720 1.03352 C16-C9-C17-C19 -1.52138 -0.00164 -0.71274
N2-C4 1.37193 1.37895 1.38753 N2-C4-C6-N3 -0.47363 -0.00365 -0.54215
N3-C5 1.32547 1.31922 1.34023 N3-C5-N2-C4 -0.56234 -0.00467 -0.31090
N3-C6 1.37865 1.37756 1.39799 C6-C4-C7-C14 0.29382 -0.00346 0.00105
C4-C7 1.37675 1.39539 1.39972 C7-C14-C12-C10 0.09262 0.00000 0.22942
C12-C14 1.40910 1.41001 1.41624 C4-C6-C10-C12 0.95460 0.00039 1.00903
C6-C10 1.39071 1.40113 1.40293 RMSD 17.803 2.174
C9-C17 1.38463 1.41069 1.41248 R-squared 0.989 0.993
C19-C22 1.37134 1.39481 1.39905
RMSD 0.021 0.037
R-squared 0.991 0.972 -1070.7[~ Dihedral angle 2-5-9-16

WAEILISS -1070.7 Crystalline phase
BOND ANGLE COMPARISON WITH GAS PHASE m
AND CONSTRAIN PHASE OPTIMIZATION 2 qo707)

Bond angle XRD Gas phase Constrain phase iI“,
ClII-C16-C21  117.85391  114.99320 116.42641 & -1070.7 1.004 keal/miol
Cl1-C16-C9 121.49963 123.02626 120.93179 g
Cl16-C21-C22 120.27549 120.07108 119.32757 ® -1070.7[- : T
C19-C22-C21 120.42700 119.45835 119.80175 s TT—— ¢
C17-C19-C22 119.83787 119.98439 119.94427 -1070.7 Gas phase
C9-C17-C19 121.00961 122.18936 121.57117
C5-C9-Cl16 123.90863 127.63021 125.39256 -1070.7 |
C5-C9-C17 118.29026 116.05352 117.84083 45 -4 35 -30 25 -20 -15 -10 -5 0
N2-C5-C9 124.71854 125.85572 125.11833 Scan coordinate
N3-C5-C9 123.10178 122.34794 123.12946 Fig. 7. Calculated energy-change in dihedral angle N2-C5-C9-C16
N2-C5-N3 111.95051 111.79633 111.60884
C4-N2-C5 108.36074 107.53133 107.59159 [d]imidazole are detailed in Table-6. The electronic chemical
C5-N3-C6 104.99974 105.94957 106.05715 potential (1) value, which reflects the system’s capacity to
N2:C4-C6 104.31777 104.66297 105.65868 exchange electron density with its environment at the ground
N3-C6-C4 110.36755 110.05980 109.08081 .. .
N2-C4-C7 13294368 132.81077 132.25260 state, indicates a slight electron-dppor character'for the molecule
N3-C6-C10 13075566 130.09833 130.43648 [38]. The values of electronegativity characterize the molecule
C4-C7-Cl4 117.44632 116.67709 116.84143 as having low electronegativity. Chemical hardness (1), which
C6-C4-C7 122.73081 122.52625 122.08565 denotes the resistance of a molecule to the exchange of electron
C4-C6-C10 118.87396 119.84187 120.48051 density with its surroundings, is low for this compound, sugges-
C6-C10-Cl12 118.81559 117.92453 117.56623 ting a stable ground state structure [38]. The electrophilicity
Clo-C12-Cl4 121.08856 121.47348 12153725 index (), which assesses the energy stabilization of a molecule
RMSD 1.322 0.893 . . .. . .
I o 0.967 0.984 when it gains additional electron density, shows that this comp-

linear, resulting in both dihedrals being zero. Conversely, the
constrained phase exhibits only a minor deviation from the
specified dihedral angles. It can be inferred that the structure
of the constrained phase demonstrates a higher correlation and
reduced deviation from the experimental structure.

The transition of the dihedral angle N2-C5-C9-C16 from
the gas phase to the crystalline phase is shown in Fig. 7, high-
lighting the associated energy barrier. In the crystalline phase,
the dihedral angle is -45.14°, contrasting with -0.05° in the gas
phase. The calculated energy required for rotation about the
C5-C9 bond is roughly 1.004 kcal/mol.

Molecular reactivity indices analysis: The parameters
related to the reactivity indices of 2-(2-chlorophenyl)-1H-benzo-

ound, with an electrophilicity index of 3.66, is regarded as a
strong electrophile [56].

TABLE-6
MOLECULAR REACTIVITY INDICES ANALYSIS FOR
2-(2-CHLOROPHENYL)-1H-BENZO[d]IMIDAZOLE

Quantum chemical descriptors V)
Ionization potential (I) = —Eyoumo 6.16
Electron affinity (A) = -E;yyo 1.81
AE,,, 4.35
Electronic chemical potential () -3.99
Electronegativity () 3.99
Chemical hardness (1) 2.16
Chemical softness (S) 0.46
Electrophilicity index (o) 3.66
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Molecular electrostatic potential: In the MEP surface
of studied compound under investigation (Fig. 8), the vicinity
of H24 is positively charged, in contrast to the negatively charged
areas surrounding N3. Thus, the compound exhibits both electro-
philic and nucleophilic properties.

-4.752e-2

Fig. 8. MEP plot of 2-(2-chlorophenyl)-1H-benzo[d]imidazole

Hirshfeld surface of 2-(2-chlorophenyl)-1H-benzo[d]-
imidazole crystal: The analysis of Hirshfeld surfaces facili-
tates the quantification of intermolecular interactions in crystal-
line systems. Figs. 9 and 10 illustrate the Hirshfeld surfaces,
which include dyom, shape index and curvedness. The dark red
areas observed in the d,om (Fig. 9) confirm the existence of
hydrogen bonding interactions involving the imidazole ring

Asymmetric
structure

Shape index

Curvedness

(a)

Fig. 10. Hirshfeld surface of 2-(2-chlorophenyl)-1H-benzo[d]imidazole crystal (a) Top view (b) Bottom view

and two adjacent molecules. The blue regions further indicate
significant van der Waals interactions. The shape index (Fig.
10) highlights notable hollows (red regions) at both the top and
bottom of the molecule, suggesting a close molecular arrange-
ment with neighboring molecules. The lack of extensive green
regions in the curvedness surface (Fig. 10) corresponds to the
absence of molecular stacking among the molecules.

Fig. 9. Hirshfeld surface (dyom) of 2-(2-chlorophenyl)- 1 H-benzo[d]imidazole
crystal with hydrogen bonds

(b)
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The fingerprint plot for the crystal is illustrated in Fig. 11,
indicating that 67% of the interactions are linked to H---H and
C---H interactions. The presence of a pair of spikes at lower d;
and d. values points to significant intermolecular N-H---N
hydrogen bonds. This dual spike pattern implies that the mole-
cule serves as both an acceptor and a donor in these interactions.
Moreover, the absence of a red region in the central area of
the plot suggests that m---7 interactions are not present. The
pair of spikes at elevated d; and d. values corresponds to Cl---H
interactions.

Charge transport analysis: According to the principles
of Marcus theory, the charge transfer rate (k) is primarily deter-
mined by the reorganization energy values. Specifically, a redu-

ction in reorganization energy leads to an enhancement in the
charge transfer rate. The computed values for hole reorgani-
zation energy (Ay = 0.34 eV) and electron reorganization energy
(A. = 0.35 V) indicate that this molecule can function effect-
ively as an ambipolar material for charge transport, given that
the reorganization energies for both types of charge carriers
are almost equal.

NLO analysis: Table-7 provides the values for the compo-
nents of the first molecular hyperpolarizability, presented in
atomic units. The computed first molecular hyperpolarizability
(Brotar) is 0.37005 x 107 esu, which is nearly twice that of urea’s
first hyperpolarizability (0.1947 x 10~*), utilized as a reference
for investigating the nonlinear optical properties of molecular
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Fig. 11. Finger print plot of 2-(2-chlorophenyl)-1H-benzo[d]imidazole crystal
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TABLE-7
COMPONENTS OF FIRST HYPERPOLARIZABILITY VALUES
OF 2-(2-CHLOROPHENYL)-1H-BENZO|d]IMIDAZOLE

Parameters LEILAE, Parameters LEILNIE,
6-311++g(d,p) 6-311++g(d.,p)

Bow -35.1701 Byz 6.5731
B, 11.6788 By -0.0100
B.. 0.0044 By -0.0181
By, -0.0799 B, 1760.037428
Buy 9.6077 B, 74.72219364
B 0.0037 B, 0.00000361
B -6.7028 Buow 0.37005 x 10 esu

structures. The significant first hyperpolarizability of this mole-
cule indicates its promising application in optoelectronic tech-
nologies.

TDOS and PDOS of 2-(2-chlorophenyl)-1H-benzo[d]-
imidazole crystal: The total density of states (TDOS) serves
as an indicator of the number of permissible states at specific
energy levels, whereas the partial density of states (PDOS) illus-
trates the contribution of individual fragments or atoms to the
overall density of states. Fig. 12 presents the density of states
diagram, with the x-axis denoting energy levels in electron volts
(eV) and the y-axis indicating the number of states per energy
level. The highest occupied molecular orbital (HOMO) at
0.7421 eV and the lowest unoccupied molecular orbital (LUMO)
at4.0742 eV are marked in the diagram, revealing a band gap
of 3.3321 eV. The DOS plot indicates a significant electronic
transition from HOMO to LUMO, which will be further valid-
ated through UV-Vis spectroscopic analysis.

15

— TDOS
F — PDOS

HOMO LUMO
4.0742

10 0.7421

Number of states per eV

0 \
20 -15 -10 -5 0 5 10 15 20
Energy (eV)

Fig. 12. Graphical representation of the TDOS and PDOS

UV-Visible studies: The UV-visible spectrum of the mole-
cule, encompassing both experimental and theoretical data, is
presented in Fig. 13. The theoretical calculations indicate that
the maximum wavelength (An.x) is predicted to occur at 308.89
nm, which closely aligns with the experimental measurement
of 306 nm. Furthermore, the transition observed at 306 nm

[0]

g

L. o

2

3 3 >

Q HOMO

©

b 3

82

g — Experimental

g 1 — XBLYP/6-31++g(d,p)
0 |
200 250 300 350 400 450

Wavelength (nm)

Fig. 13. UV-visible spectrum of 2-(2-chlorophenyl)-1H-benzo[d]imidazole
(experimental and theoretical)

can be ascribed to the HOMO-to-LUMO transition, as suggested
by the theoretical predictions.

The details of the major electronic transition are compared
and outlined in Table-8. Upon analyzing the frontier molecular
orbitals, it is observed that the charges are evenly distributed
across the molecular surface in both the highest occupied mole-
cular orbital and the lowest unoccupied molecular orbital.

Conclusion

A distinctive benzimidazole derivative featuring unique
unit cell parameters has been synthesized, with its structure anal-
yzed using FT-IR and single-crystal X-ray diffraction techni-
ques. The crystal structure is primarily influenced by N-H---N
hydrogen bonding, exhibiting a binding energy of -7.2 kcal/mol,
which results in a herringbone arrangement within the ab plane.
The stability of the crystal structure is further enhanced by
Cl---H interactions. Analysis of RMSD and R-squared correla-
tion indicates that the constrained optimized structure aligns
more closely with the XRD structure, particularly regarding
the angle between the benzimidazole and phenyl ring. Quantum
chemical descriptors affirm the compound’s stability, while MEP
analysis indicates its amphoteric characteristics. Examination
of the Hirshfeld surface provides insights into the crystal packing
patterns and the roles of various intermolecular interactions.
The first hyperpolarizability of the compound is approximately
twice that of urea, suggesting its potential application as a non-
linear optical (NLO) material. Additionally, both experimental
and theoretical UV-spectroscopic analyses, along with density
of states studies, reveal that the electronic transition at 306 nm
is predominantly a HOMO to LUMO transition. Reorganization
analysis supports the recommendation of this compound as
an ambipolar charge transport system.
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