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ABSTRACT: Herein, a series of N-1-sulfonyl substituted deriva-
tives of 2-substituted benzimidazoles (2a—2e) were designed and
synthesized via structural tailoring of the acceptor part of
donor—z—acceptor schemes, and their nonlinear optic (NLO)
characteristics were reported. The structures of 2a—2e were kﬁg
investigated and their characterization was accomplished by e-
employing spectroscopic procedures, ie, UV—vis, FT-IR, and 'H
and C NMR. Further, a density functional theory (DFT)
approach was used to calculate UV—vis, vibrational, and 'H and
3C NMR techniques; frontier molecular orbitals (FMOs); global
reactivity parameters (GRPs); natural bond orbitals (NBOs);
optical and vibrational analysis; and nonlinear optics (NLO). The
most promising results were obtained for 6-nitro-2-(4-nitro-
phenyl)-1-(4-nitrophenylsulfonyl)-1H-benzo[d]imidazole among entitled compounds, as it exhibited the highest (@) and f,
values, showing it is an eye-catching NLO material. This DFT study evokes the interest of researchers regarding the development of
benzimidazole-based tempting NLO compounds that could be beneficial in modern hi-tech applications.
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H INTRODUCTION antiviral, anti-HIV,” antifungal,8 anticancer, cardio tonic,’
antihypertensive, and antihistaminic'*~"
associated with benzimidazoles. In chemistry, the reactivity is of
key importance because it is in confidential association with the
reaction mechanism, hence allowing subsequent understanding
of chemical reactions as well as improving the procedure of
synthesis to develop novel materials. DFT calculation is proved
to be one of the prominently utilized probes for investigating the
molecular properties.

Herein, taking the imidazole-based structure as a reference
point, various derivatives with a basic structural core of 2-
phenyl-2,3-dihydro-1H-benzo[d]imidazole are designed and
synthesized by modulation of the various substituent groups.
A detailed literature survey has revealed that the synthesized
molecules have neither been reported nor efficiently investigated
in terms of NLO response so far. Therefore, an exclusive
computational investigation has been done to explore their NLO

o . activities are also
Benzimidazoles are heterocyclic compounds also known as 1,3-

benzodiazoles." This bicyclic system consists of the fusion of
imidazole and benzene. Benzimidazole is also a part of naturally
occurring vitamin By, as N-ribosyl-dimethylbenzimidazole.” In
benzimidazoles, the ~NH— group shows relatively strong acidic
character and acts as a site for electrophilic substitution. The
benzimidazole scaffold is also beneficial for the growth of
molecules, which possess many pharmaceutical or biological
applications. Various commercially available drugs contain
benzimidazole as part of their structure,” as shown in Figure 1.

A variety of biological applications accompany benzimidazole
and its derivatives. Derivatives containing thio, acetamido, long
chains of propyl, and thiazole-amino functionalities at the —NH
group result in good antiulcer activity.4’5 Antihelmintic,®
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Figure 1. Commercially available drugs containing benzimidazole.
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Scheme 1. Reagents and Conditions: (i) MeOH, H,SO,, reflux 6 h; (ii) Ni(OAc),, CHCl,, room temperature; (iii) Na,$,0s,
DMEF, reflux 48 h; (iv) NaH, THF, 24 h stirring at room temperature
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Scheme 2. Structural Modulation Representation of 2a—2e
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response parameters through various DFT-based analyses. So,
the present DFT calculations provide a detailed account of the
electronic structure, electronic transitions, molecular surfaces,
global reactivity descriptors, natural population, and NLO
response features of the 2-phenyl-2,3-dihydro-1H-benzo[d]-
imidazole-based derivatives at the M06/6-311G(d,p) and
CAM-B3LYP/6-311G(d,p) levels of theory. The optimistic
opinion is that the presented DFT study will prove to be a
foundation not only for the researchers but also for technicians
to manufacture materials possessing extraordinary NLO
behavior.

B RESULTS AND DISCUSSION

Benzimidazole-based derivatives (2a—2e) having arylsulfonyl-
moiety at the N — 1 position were prepared in three steps as
shown in Scheme 1. First of all, methyl 3,4-diaminobenzoate was
synthesized from simple esterification of 3,4-diaminobenzoic
acid. In the second step, 2-substituted benzimidazoles (1),
which act as an intermediate for the formation of compounds
2a—2e, were synthesized via two synthetic routes. In first
synthetic route, methyl 3,4-diaminobenzoate was treated with
benzaldehyde in the presence of nickel acetate [Ni(OAc),]
using chloroform (CHCI,) as a solvent. In the second synthetic
route, 6-nitro-3,4-diaminobenzene was refluxed (48 h) with
benzaldehyde in the presence of sodium meta-bisulphite
(Na,S,0;) using dimethylformamide (DMF) solvent to get
respective intermediate 1. In the third step, targeted N-sulfonyl
derivatives of lwere obtained by simple stirring (24 h) of
intermediate 1 with respective arylsulfonyl chloride in the
presence of sodium hydride (NaH) using tetrahydrofuran
(THF) as a solvent. The compounds (2a—2e), which appeared
as a single spot on the thin layer chromatographic (TLC) plate,
separated from aqueous media via a solvent extraction
technique. The characterization of compounds (2a—2e) was
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performed by well-recognized spectroscopic techniques like,
FT-IR, UV, and 'H and 3C NMR.

The total numbers of proton and carbon signals are verified by
'H and "*C NMR data. In 'H NMR, a simulated three-proton
singlet is observed within the range of 3.32—3.39 ppm at CAM-
B3LYP and 3.12—3.21 ppm at the MO6 level of theory, which is
in good correlation with experimental values (3.67—3.84 ppm)
assigned to methyl (—CHj,) of the ester functionality. All other
proton signals are seen within the aromatic region with respect
to their specific integration and coupling constant values (see
Tables S1—SS and Figures S3, S7, S11, S15, and S19). In 3¢
NMR, carbonyl carbon (C=0) is identified within the range of
165.5—167.1 ppm, which exhibited good harmony with
simulated values at 163.99—164.39 ppm at CAM-B3LYP and
170.14—171.48 ppm at the MO6 functional. The rest of the
carbon signals are observed within the aromatic region
according to the substitution pattern (see Tables S1—SS and
Figures S4, S8, S12, S16, and S20). Both 'H and *C NMR
confirmed the number of proton and carbon signals for
compounds 2a—2e (see Scheme 2).

B FRONTIER MOLECULAR ORBITAL (FMO)
INVESTIGATION

The FMOs investigations are regarded as significant factors in
elucidating diverse perceptions like optical properties, chromo-
phore interactions, charge transfer, chemical stability, and
reactivity.'»"> The electron-rich highest occupied molecular
orbital (HOMO) possesses charge donating aptitude, while the
electron-deficient lowest unoccupied molecular orbital
(LUMO) manifested electron accepting capability. 1720 Com-
pounds with s higher E,,; are considered as rigid and slightly
reactive and hold excellent kinetic stability. Due to this reason,
the softer compounds owning smaller E,,, and enhanced
polarizability are believed to be magnificent candidates for
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Table 1. Computed E, ypo0, Enomo, and AE of 2a—2e

compounds Eyomo” Erumo energy gaps” EHOMob ELUMOb energy gapsb
2a —7.977 —0.866 7.111 —6.952 —1.960 4.992
2b —7.8158 —0.623 7.192 —6.798 —1.684 S5.114
2c —7.847 -1.076 6.771 —6.831 —2.151 4.680
2d —8.129 —2.063 6.066 —8.129 —2.063 6.066
2e —6.302 —2.421 3.881 —-5.385 —3.543 1.842

“CAM-B3LYP/6-311G(d,p) level of theory, energy in eV. bMo6/ 6-311G(d,p) level of theory, energy in eV.

HOMO LUMO

2a

2b

2c

2d

2e

Figure 2. FMO diagrams of 2a—2e with the CAM-B3LYP/6-311G(d,p) functional.

qualitative estimation of the NLO response.”’ The energies, i.e., functional, among all of the entitled compounds. Such a reduced
Enomor Eumor and Eg,,, of 2a—2e were determined with the energy gap is surely the consequence of increased resonance due
CAM-B3LYP/6-311G(d,p) and M06/6-311G(d,p) functionals, to the introduction of strong —NO, groups at the acceptor site,
and their results are listed in Table 1. which also possesses a potential —I effect. Contrarily, the energy

Table 1 shows that the lowest energy gap is observed in 2e, i.e., gaps calculated for 2b and 2d with the CAM-B3LYP and M06

3.881 eV with the CAM-B3LYP and 1.842 eV with the M06 functionals are 7.192 eV and 6.066 eV, respectively, which is
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found to be the highest among all of the investigated
compounds. This might be due to the existence of a hydroxyl
(—OH) moiety, which has the lowest value of the —I effect as
compared to —Cl, —NH,, and —NO, groups, because of which
the attraction of the electronic cloud toward the acceptor is
lower. The ascending order of E,, for entitled compounds at
CAM-B3LYP and MO06 levels of density functional theory is
foundtobe 2e <2d <2c<2a<2band2e<2c<2a<2b<2d,
respectively. Figure 2 displays the diagrammatic representation
of FMOs of 2a—2e compounds at CAM-B3LYP/6-311G(d,p),
while FMO diagrams at the MO06/6-311G(d,p) level are
presented in Figure S21. From Figure 2, it can be noted that
the electronic cloud is located all over the molecules in both
HOMO and LUMO orbitals for 2a and 2b molecules, while for
2c—2e, the charge density is concentrated over the whole
molecule in HOMO and at A, in the case of LUMO (see Figures
2 and S21). With the M06 functional, the electronic cloud for
LUMO/HOMO is located at the central donor and 7-bridge to
major and minor extents on acceptors in 2a and 2e. Moreover, in
2b—2d, for both the LUMO and HOMO, electronic charge
density is concentrated all over the molecule, except Al. An
effective charge transfer from the HOMO to LUMO along with
lower energy is seen for all compounds, which indicated that
these compounds might prove to be the best nonlinear
candidates for various NLO applications.

B GLOBAL REACTIVITY PARAMETERS (GRPS)

The energies of LUMO, HOMO, and AE obtained from FMO
analysis are effectively practiced to estimate global reactivity
parameters (GRPs). This leads to an interpretation of internal
charge transfer, stability, and chemical reactivity of 2a—2e.”*~**
The compounds exhibiting a larger energy gap are considered as
harder, thermodynamically stable, and lest reactive.” In contrast
to this, compounds having smaller energy gap are regarded to be
soft exhibiting a flexible nature, lesser kinetic stability, and higher
reactivity.”*"*® The ionization potential alludes to the electron
donating capability of a compound, while electronegativity
expresses its capability to accept electrons. Chromophores with
a greater value of hardness and chemical potential are regarded
as stable molecules.”” Global reactivity parameters (GRPs) for
entitled chromophores are calculated by utilizing eqs S1-S7,
and the results are shown in Table S36.

In this study, it is investigated that at the CAM-B3LYP level,
compound 2e has the smallest energy gap, hence it is softer and
more reactive with a softness value of 0.258 eV among all the
derivatives. The diminishing order of softness values is 2e > 2d >
2c¢>2a>2b. Alarger AE is demonstrated by compound 2b, so it
is less reactive with a softness value of 0.139 eV and is more
stable with a greater value of hardness of 3.596 eV. The declining
order of hardness values is 2b > 2a > 2¢ > 2d > 2e. The greatest
ionization potential value of 8.129 eV is exhibited by 2d with an
overall decreasing order of 2d > 2a > 2¢ > 2b > 2e. The greater
electrophilicity index value of 4.901 eV is shown by 2e with the
overall order of electrophilicity index as 2e > 2d > 2¢ > 2a > 2b.
By utilizing the M06 functional, compound 2e exhibits the
smallest energy gap, so it is more reactive and softer. The
descending order of softness is 2e > 2¢ > 2a > 2b > 2d. The
larger energy gap is exhibited by compound 2b; hence, it is less
reactive and soft with a softness value of 0.196 eV and has a
greater hardness value of 2.557 eV with more stability. The
decreasing order of hardness values is as follows: 2d > 2b > 2a >
2c¢ > 2e. Compound 2d exhibits a much greater value of
ionization potential as 8.129 eV with a decreasing order of 2d >

2a > 2c > 2b > 2e. A larger value of the electrophilicity index
(10.818eV) is demonstrated by compound 2e with a smaller
value of hardness and greater value of softness. The overall order
of electrophilicity index decreases as follows: 2e > 2¢ >2d > 2a >
2b. A comparative study discloses that softness values of all the
compounds are greater than hardness, therefore all of these
compounds are highly reactive with less kinetic stability. Hence,
all of these compounds might be proven as better NLO
candidates with advanced applications in modern research.
From the aforementioned discussion, it is thoroughly observed
that with both functionals, i.e, CAM-B3LYP and MO6, the
designed compound 2e exhibits better results. In summary, the
results obtained at the MOG6 level are observed to be potentially
better in comparison with those for CAM-B3LYP. Therefore,
MO6 is the best suited level for investigating the NLO response
of the afore-mentioned molecules.

Bl NATURAL BOND ORBITAL (NBO) ANALYSIS

The NBO investigation is revealed as an adept technique to
examine the interactions between various bonds and to examine
the charge transfer process among filled and vacant orbitals.*”*"
The stabilization energies are calculated on account of this
charge transfer process, and their higher values indicate reliable
donor—acceptor interactions.”>>* In this scenario, a better
understanding of occupied and unoccupied orbitals is gained.”*
The two levels of theory were utilized, i.e., CAM-B3LYP and
MO06 for performing an NBO analysis on the optimized
structures of compounds 2a—2e. The results studied for
CAM-B3LYP and MO06 functionals are tabulated in Tables
S6—S10 and S11-S1S5, respectively. The second-order
perturbation method is used to obtain stabilization energies in
NBO analysis through eq 1.

(E,)
g

i —
&7 & (1)

E® =

where i and j represent the donor and acceptor, accordingly; g,
€, €, and F;; represent the orbital occupancy and the diagonal
and off-diagonal NBO Fock matrixes, while E® refers to the
stabilization energy elements.

The CT from donor (occupied orbitals) to acceptor
(unoccupied orbitals) is calculated among four kinds of
electronic transitions in all of the studied compounds. These
transitions include 7 — 7%, 6 = ¢*, LP — z¥, and LP — o¢%,
among which the most important type is 7 = #* due to the
conjugation of 7 electrons. The ¢ — ¢* transitions are less
dominant, and LP — ¢* and LP — 7* are dominant electronic
excitations. The CT in chromophores can be investigated by
investigating the major 7 — 7* transitions.

The study performed with CAM-B3LYP shoed in compound
2a that 7(C32—C38) — z*(C27—C29) displayed a maximum
stabilization energy of 34.76 kcal/mol while 7(C22—023) —
7*(C17—C21) presented the smallest energy of 4.63 kcal/mol.
Among ¢ — o* transitions, the superior energy of stabilization of
8.03 kcal/mol is observed in the 6(C17—C21) — ¢*(Cl11—
N13) transition. Likewise, ¢(C22—039) — oc*(C40—H42)
presents the lowest energy value of 0.50 kcal/mol. The transition
LP2(039) — z*(C22—C23) showed a 58.88 kcal/mol energy
value which displayed the greater stability. The energy value of
38.51 keal/mol is observed as the lowest energy value due to the
LP2(023) — ¢*(C22—039) transition.

In compound 2b, the z(C32—-C34) — =*(C27—C29)
transition with a 42.83 kcal/mol energy value has a greater
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value of stabilization. In addition, the transition from z(C22—
023) — 7*(C17—C21), with 4.60 kcal/mol, expressed a lower
value. The largest 6 — ¢* transition energy value of 7.96 kcal/
mol is shown by 6(C17—C21) — ¢*(C11—N13) in 2b, and the
lowest value is 0.51 kcal/mol in 6(C22—044) — ¢*(C45—
H47). Among electronic transitions, the largest feasible
transition is LP2(044) — #*(C22—023), and the lowest
transition is LP2(023) — 6*(C22—044), observed to have
58.68 and 38.54 kcal/mol stabilization energy values,
respectively.

In the case of 2¢, the highest and the lowest 7 — 7™ transitions
are 7(C5—C36) — n*(C3—C4) and n(C3—C4) — #*(C27—
C28) with stabilization energy values of 33.06 kcal/mol and 0.51
kcal/mol, respectively. Additionally, in 6 — ¢* transitions, 7.99
kecal/mol is seen as the uppermost energy in 6(C17—C21) —
6*(C11—-N13), and 6(S24—025) — ¢*(C27—C29) displayed
the slightest energy of 0.51 kcal/mol. Among the transitions
including the lone pair (LP), the highest value of energy, i..,
58.76 kcal/mol, is observed for transition LP2(038) —
7*#(C22—023), while the transition LP2(023)— o%(C22—
038) articulated the lowest energy value, i.e., 38.52 kcal/mol.

Compound 2d exhibited a 7z(C5—C36) — n*(C3—C4)
transition with the uppermost energy value as 33.51 kcal/mol
and 7(N39—040) — 7*(C32—C38) with the smallest stability
value, i.e., 4.44 kcal/mol. The highest stabilization energy value
among 6 — ¢* transitions for 2d is 8.09 kcal/mol observed in
6(C17—C21) — 0¢*(C11-N13), whereas the transition o-
(C32—C38) — 0¢*(C38—N39) displayed the lowest energy
value of 0.50 kcal/mol. The transition LP2(042) — 7*(C22—
023) is observed with a maximum energy of 59.04 kcal/mol and
LP2(023) — 6*(C22—042) with a minimum value of38.50
kcal/mol.

The chromophore 2e showed the transition 7(C1-C2) —
7*(C3—C11) with a maximum stability value of 20.36 kcal/mol.
The other 7 — 7* transition, 7(N26—027) — 7*(C20—C22),
is observed with the lowest value, i.e., 1.79 kcal/mol. The 6 — c*
transitions arise because the weaker transitions among o
(donor) and o6* (acceptor) showed 3.49 kcal/mol as the
maximum stability value in 2e occurring during 6(C16—C20) —
6*(C15—N29). The lowest value for the same transitions is 0.25
kcal/mol, observed in 6(S30—032) — ¢*(S30—C33). Some
prominent LP transitions include LP1(N13) — z*(C12—C18)
and LP2(027) — 6*(N26—028) with 21.74 and 11.31 kcal/
mol energy values, respectively.

The study performed with M06 displayed that, in compound
2a, 7(C32—C38) — #*(C27—C29) displayed the maximum
while 7(C22—023) — 7*(C17—C21) presented the minimum
stabilization energy values, ie, 24.78 and 4.05 kcal/mol,
respectively. The maximum stabilization energy among ¢ —
o* transitions perceived in2a is 7.61 kcal/mol by 6(C17—C21)
— 6*(C11-N13). Likewise, 6(C28—H31) — o*(S24—C27)
presented the lowest stabilization energy value of 0.51 kcal/mol.
The transitions like LP2(039) — #*(C22—023) and LP2-
(023) - 0%(C22—039) are observed with maximal and
minimal stability values of 48.46 and 34.65 kcal/mol,
respectively.

In 2b, the 7(C32—C34) — #*(C27—C29) transition showed
the greatest value of stabilization energy, i.e., 30.73 kcal/mol. In
addition, transitions like 7(C22—023) — #*(C17—C21)
expressed the lowest value of 4.02 kcal/mol. Furthermore, the
energy value of 7.55 kcal/mol is observed in 6(C17—C21) —
6*(C11—N13) as the largest value among 6 — o™ transitions.
The other electronic interaction, ¢(S24—025) — ¢*(C27—

C29), expressed the minimal stability as 0.53 kcal/mol. Among
other transitions, the uppermost probable transition is LP2-
(044) - 7*(C22—023) with a 48.30 kcal/mol energy value,
and LP2(023) — 6*(C22—044) showed the lowest energy of
34.69 kcal/mol.

In 2c, the 7(C5—C36) — n*(C3—C4) transition exhibited
23.70 kcal/mol and #(C3—C4) — 7*(C29—C32) exhibited
0.54 kcal/mol, regarded as the highest and the lowest
stabilization energies, respectively. Among 6 — o™ transitions,
7.58 kcal/mol is noted as the largest stability value in 6(C17—
C21) - 6*(C11-N13), and 6(S24—C27) — ¢*(C28—H31)
exhibited the lowest energy value of 0.52 kcal/mol. The highest
stability (48.36 kcal/mol) is noted for transition LP2(038) —
7*#(C22—023) due to resonance. The transition LP2(023) —
6*(C22—038) expressed the lowest stability value of 34.66
kcal/mol.

The most important 7 — 7* transitions in compound 2d are
7(C32-C38) — 7*(N39—040) and 7(N39—040) —
7*(C32—C38) and exhibited the highest and the lowest
stabilization energy values, ie, 24.42 and 4.01 kcal/mol,
respectively. Amidst the weaker 6 — 6% excitations, 7.67 kcal/
mol is perceived as the greater value of energy shown in 6(C17—
C21) —> 6*(C11-N13), while 6(C15—H16) — o*(N12—
C14) displayed the lowest energy value of 0.50 kcal/mol. The
excitation LP2(042) — n*(C22—023) is observed with a
maximum energy of 48.59 kcal/mol, and LP2(023) —
6%(C22—042) showed the minimum value of 34.64 kcal/mol.

In the case of 2e, the transition with the utmost energy value is
7(C1-C2) - 7*(C3—Cl11), exhibiting 15.24 kcal/mol, while
7(N26—027) — n*(C20—C22) is the lowest energy transition
of the same type, i.e., 1.60 kcal/mol. The energy value of 3.30
kcal/mol arising by much weaker interactions is perceived as a
greater value in 2e for the o(C16—C20) — o*(C15—N29)
transition, while the transition from ¢(C20—C22) — ¢*(C22—
N26) showed the smallest energy value of 0.25 kcal/mol. The
electronic transition LP1 (N13) — z*(C12—C18) is noted as
the highest stability excitation with 18.19 kcal/mol, and
LP2(027)— o¢*(N26—028) with 10.33 kcal/mol exhibited
the lowest value.

Overall data revealed that the delocalization of z-electrons
plays a remarkable role in the stability of molecules. Therefore,
we can assume the prolonged hyperconjugation is present in
entitled compounds and plays a major role in their stabilization
and provides an excellent NLO response.

Bl VIBRATIONAL ANALYSIS

DEFT investigations were conducted in order to understand the
vibration bands associated with 2a—2e in the gas phase. The
complete data at two levels of theory, ie., CAM-B3LYP/6-
311G(d,p) and M06/6-311G(d,p), were computed to examine
the absorption bands and intensities related with specific
vibrations, and the results are given in Tables S16—S525, while
their experimental spectra are found in Figures S2, S6, S10, S14,
and S18.

C—H Stretching Vibration. In 2a at the CAM-B3LYP level,
the computed carbon—hydrogen (C—H) stretching modes
occurred at 3281—3073 cm™}, which is in good harmony with
the experimentally determined value, i.e., 3050 cm™". The C—H
stretching bands of the aromatic ring are shown as mixed
symmetrical and antisymmetric modes at 3223—3183 cm™". The
C—H stretching modes and other modes and their intensities are
additionally determined at the lowest frequencies, as shown in
Table S16. The rocking vibration modes are noted to be 1544—
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Figure 3. Absorption spectra of 2a—2e at CAM-B3LYP (left) and M06 (right) levels of theory in combination with the 6-311G (d,p) basis set.

1037 cm™! with experimental values at 1300—980 cm™! and

wagging at 805 cm ™', as displayed in Table S16. Similarly, in 2a
at M06, the carbon—hydrogen (C—H) stretching vibrational
mode is found at 3228—3024 cm™'. However, the frequency
mode at 3177—3024 cm ™" is observed as mixed asymmetric and
symmetric stretching of C—H. The computed rocking vibrations
found in the range of 1595—1009 cm ™" while wagging at 863—
838 cm™' is shown in Table S21. The afore-mentioned
frequencies show harmony with the experimental values (see
Figure S2). For 2b at CAM-B3LYP, the C—H stretching
frequencies are located in the range of 3282—3038 cm™, as
shown in Table S17. The aromatic ring C—H stretching bands
are displayed as symmetric and asymmetric modes at 3211—
3104 cm™'. However, 3104—3038 cm™' is displayed for
symmetric and asymmetric stretching of the C—H bond in the
methyl group. The rocking and wagging frequencies are
obtained at 1555—1042 cm™', showing harmony with the
experimental value (1570 cm™"). At M06, the carbon—hydrogen
(C—H) stretching vibrational mode is noted at 3235—3002
cm™". The frequency mode in the range of 3191—3119 cm™" is
observed as mixed asymmetric and symmetric stretching of C—
H, as shown in Table S22. The computed rocking and wagging
vibrational frequencies are found at 1590—1015 cm™', and the
experimentally determined frequency band is seen at 1570 cm ™,
as given in Table S$22. In 2¢ at CAM-B3LYP, the C—H
stretching frequencies appear at 3275—3072 cm ™', as shown in
Table S18. In the aromatic ring, C—H stretching is shown in the
symmetric and asymmetric modes of C—H at 3212—3146 cm™".
The rocking and wagging frequencies are archived in the range
of 1543—1039 cm™' and expressed a good relationship when
compared with the experimental value (1310 cm™"). Similarly, at
MO6, the carbon—hydrogen stretching vibrational mode at
3231-3024 cm ™' and the vibrational band at 3177—3105 cm™"
are observed as mixed symmetric and asymmetric stretching of
C—H, as shown in Table $23. The C—H rocking frequency
range is found at 1513—1092 cm ™', while its experimental value
was 1310 cm™' and wagging vibrational value was 861 cm™,
given in Table S23. Similarly, in 2d and 2e at CAM-B3LYP, the
C—H stretching modes are examined at 3280—3074 and 3255—
3199 cm™, respectively, as shown in Tables S19 and S20. In the
aromatic ring, the afore-mentioned vibrational modes for
symmetric and asymmetric modes exist in the ranges of
3213—3148 and 3249—3199 cm ™}, respectively. These vibra-
tional frequencies are in excellent correlation with their
experimentally determined vibrational modes (see Figures S19
and $20). The other C—H stretching bands are also collected at
low frequencies, as shown in Tables S19 and S20. The rocking
frequencies are found to be at 1544—1039 and 1576—10S58

31041

cm™, respectively, for 2d and 2e. The experimental values for
the above-mentioned frequencies are examined at 1200 and 922
cm™! as shown in Tables S19 and S20. At M06, the carbon—
hydrogen stretching vibrational mode is noted in the range of
3234—3025 cm™". In the same manner, the mixed symmetric
and asymmetric frequencies of the C—H mode are computed in
the ranges of 3203—3108 and 3203—3156 cm™’, accordingly
(Tables S24 and S25). The rocking and wagging frequencies are
found at 1512—1090 and 837 cm™’, respectively.

C—C Stretching Vibrations. At CAM-B3LYP, the C—C
stretching bands appeared in the range of 1685—1530 cm™" in
2a,1676—1512 cm™'in 2b, 1685—1532 cm ™! in 2¢, 1715—1508
em™! in 2d, and 1714—1520 cm™ in 2e, which showed good
agreement with the experimental values as represented in
Figures S2, S6, S10, S14, and S18, respectively. Nevertheless, at
MO06, the C—C stretching vibrations observed at 1660—1512
cm™! in 2a, 1655—1528 cm™! in 2b, 16611513 cm™! in 2c,
1718—1507 cm ™! in 2d, and 1711—1555 cm™! in 2e are shown
in Tables S21-S25.

C—N Bands. In 2a at CAM-B3LYP, the C—N stretching
bands are seen at 1615, 1347, and 1248 cm™'. The afore-
mentioned vibrational modes are observed at 1611, 1349, and
1249 in 2b. Likewise, the C—N mode of 2¢ appeared at 1611,
1382, and 1247 cm™ (Tables S16—S18). These modes are
observed at 1617, 1447, and 1247 cm™" in 2d, shown in Table
S19. Similarly, modes are observed at 1640, 1308, and 1213
cm™'in 2d, shown in Table S20. However, in 2a at M06, the C—
N stretching vibrations observed at 1631, 1318, and 1255 cm™!
in 2b; 1593, 1332, and 1296 cm™! in 2¢; 1598, 1366, and 1257
cm™!in 2d; and 1626, 1311, and 1241 cm™! in 2e are shown in
Tables $21—S25. Good harmony is seen when compared with
experimental absorption bands (see Figures S2, $6, S10, S14 and
S18).

C-O0 Bands. In 2a at CAM-B3LYP, the C—O stretching
modes are observed at 1827, 1381, and 1248 cm™" (Table S16).
Moreover, the C—O stretching bands are noted at 1826, 1349,
and 1249 cm™ in 2b (Table S17). Furthermore, in 2¢ the C—O
stretching modes are seen at 1827, 1711, 1382, and 1247 cm™!
(Table S18). The C—O stretching modes are examined at 1829,
1345, and 1247 cm™ in 2d (Table S19), and in 2e these
vibrational bands are found at 1717, 1347, and 1213 cm™!
(Table S20). Similarly, at M06, the C—C stretching vibrations
observed at 1837, 1392, and 1255 cm™ in 2a; at 1832, 1328, and
1271 cm ™' in 2b; at 1835, 1332, and 1232 cm™! in 2¢; at 1838,
1330, and 1230 cm ™" in 2d; and 1721, 1398, and 1241 cm™ in
2e are shown in Tables S21—S25. At both levels of theory, the
experimental values showed good agreement with the
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Table 2. Computed Dipole Moment, Linear Polarizability, and Hyperpolarizability of 2a—2e

properties 2a 2b
Hrowl” 4.15 7.49
(a)® 3.168 x 1073 4198 x 1073
Potal” 6.037 x 107%° 5.782 x 107%°
Hiow” 434 7.52
(a)? 3220% 1072 4331 x 1073
Proal’ 5.812 x 107%° 5.637 X 107

“CAM-B3LYP. “M06, dipole moment in Debye while {@) and S, are in

2c 2d 2e

6.24 233 3.04
4.614 x 1073 4.142 x 1073 4.866 X 1073
5.029 X 107 5.537 x 1073° 5.095 X 107

6.27 2.39 3.0406
4.760 x 1073 4287 X 1073 5379 x 1072
5.577 x 1073° 9.230 X 107 2.0418 x 10728

esu.

theoretical values as represented in Figures S2, S6, S10, S14, and
S18, respectively.

B OPTICAL ANALYSIS

UV-—visible spectroscopy provides aid in understanding the
types of transitions, leading to the arrangement of transitions
and the potential of transport of charge in compounds.*”*® The
excitations in absorption spectra of 2a—2e (Figure 3) were
estimated by using TD-DFT analysis at two different levels of
theory, i.e., CAM-B3LYP and MO6. Six lower singlet—singlet
transitions were examined utilizing TD-DFT analysis, and the
absorbance spectra of 2a—2e are included in Figures S1, S§, S9,
S13, and S17. Tables S26—S30 and S31—S3S present the
computed transition energies (Ege), absorbance wavelengths
(Amax), oscillation strength (f,,), and transition type for each
compound under investigation at CAM-B3LYP and MO6,
respectively.

The values of maximum absorbance for 2a—2e are found to be
275.355, 275.160, 290.927, 278.347, and 652.858 nm,
accordingly, with the CAM-B3LYP functional. Similarly, the
Amax Values calculated at the MOG6 level of theory are noted to be
300.260, 299.522, 317.095, 299.464, and 428.611 nm,
respectively. Their experimental absorbance spectra showed
the maximum absorbance nearly at 305, 275, 309, 280, and 345
nm for 2a—2e, respectively. These calculations disclosed that
experimental results showed good harmony with the MO06
functional and indicated it to be a suitable level for further
investigation of these compounds. Therefore, by comparing the
results at the MO6 level, the highest absorption value is observed
in 2e with the lowest transition energy value of 2.893 eV, which
demonstrated it to be the most red-shifted compound among all
entitled chromophores, while 2b and 2d are examined as the
blue-shifted compounds with higher excitation energies of 4.139
and 4.140 eV, accordingly. Overall, the descending order of
absorption values of molecules is 2e > 2¢ > 2a > 2b > 2d.
Compound 2e with a lower excitation energy and greater A,,,,
might show an appealing NLO response.

Bl NONLINEAR OPTICAL (NLO) ANALYSIS

In the modern era, many fields like signal processing, optical
switches, telecommunication technologies, and optical storage
systems require intensive utilization of NLO substances.”” The
objective of NLO is to explain the response of molecules to an
applied electric field. The optical response is governed via
electrical properties of the compound that are associated with
nonlinear (hyperpolarizability, ) and linear (polarizability, (c))
interactions. Nevertheless, determining the NLO properties of
large delocalized 7-systems utilizing the DFT approach is a
substantial challenge. Nonlinearity in organic molecules is
deeply linked to the functional property relationship, which can
be modified synthetically by estimating the effect of different
donor—acceptor molecules and modifying the structure of 7-

conjugated systems.’® Charge transport efficiency is consistently
higher in substances with substantial NLO characteristics.””*’
The NLO response of the 2a—2e series of compounds was
computed at two functionals [CAM-B3LYP/6-311G(d,p) and
M06/6-311G(d,p)], and their results are presented in the
Tables 2 and S37—S540, respectively.

The dipole polarizability (a) explains the capacity of a
compound to create an induced dipole moment when placed in
an external electric field. Understanding this fundamental
response attribute is crucial for explaining nonbonded
interactions such as induction and dispersion among the
molecules in condensed or cluster phases. Additionally,
understanding the dipole polarizability is crucial for designing
organic electro-optic (OPE) and NLO materials.”' Moreover,
the contributions of tensors are quite significant as they allow the
formation of well-separated spin-depended traps and a mutual
orientation of atomic polarization and light polarization. In our
studied compounds, the significant contribution tensor is found
to be a,, (see Tables S37 and S39). At CAMB3LYP, the (a)
values of 2a—2e compounds are as follows: 168, 4.198, 4.614,
4.142, and 4.866 X 1072 esu. At the MO06 level, the values are
3.220, 4.331, 4.760, 4.287, and 5.379 X 107> esu, respectively.
The linear polarizability response is found to be almost the same
for both functionals, and the decreasing order is noted as 2e > 2¢
> 2b > 2d > 2a. The dipole moment values are 4.15, 7.49, 6.24,
2.33,and 3.04 D for 2a—2e, respectively. The largest value of the
dipole moment, i.e., 7.49 D, is shown by compound 2b, while 2d
showed the smallest value, i.e., 2.33 D. The overall descending
order for the values of the dipole moment is 2b > 2¢ > 2a > 2e >
2d. The values of hyperpolarizability (f,,) and its nine
contributing tensors along %, y, and z directions are expressed
in Tables S38 and S40. A literature survey has revealed that the
AE between the LUMO and HOMO affected the polarizability
of the compounds. Generally, the molecules with a lower energy
gap show large hyperpolarizability values.*”** In our synthesized
compounds, 2e exhibited the highest hyperpolarizability
response, ie., 5.095 X 107 and 2.0418 X 10728 esu, while 2¢
exhibited the lowest values of hyperpolarizability, i.e., 5.029 X
107 and 5.577 X 107" esu with the CAM-B3LYP and M06
functionals, respectively. All investigated compounds follow the
given decreasing order of hyperpolarizability: 2e > 2a > 2b > 2d
> 2c at CAM-B3LYP with a slightly different order at M06, i.e.,
2e > 2d > 2a > 2b > 2c¢. By comparing the results at both levels,
MO06 showed comparatively better results than CAM-B3LYP. A
comparative analysis was also performed by utilizing the urea
molecule, which is utilized as a standard compound (4 = 3.4 D,
(@) = 4.878 X 107> esu, and S = 0.3728 X 107 esu). By
making a comparison of the dipole moments between urea and
2a—2e compounds—1.29, 2.20, 1.83, 0.68, and 0.89 at CAM-
B3LYP and 1.27, 2.21, 1.84, 0.7, and 0.89 at M06—the afore-
mentioned compounds show greater y values than those of urea.
For dipole polarizability, the above-mentioned compounds
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showed a comparable response, while for first-order hyper-
polarizability, the expressed 16.1, 16.5, 13.4, 15 and 137 at
CAM-B3LYP and 15.5, 15.1, 14.9, 24.7, and 54.77 with the M06
functional show a greater NLO response than that of urea
molecule. Interestingly, a more appealing NLO response is
studied for prepared compounds than that for the urea molecule,
which indicated their significance as used in photonic material.

Natural bond orbital (NBO) charges can help to explain the
phenomenon of electronegativity balancing, kinetics of atomic
charge mechanisms, and electrostatic potential on the external
surface of structures.”* The structure and bonding efficiency of
molecules are significantly influenced by atomic electrical
charges.” The electronic density distribution over the aromatic
ring is uneven in the existence of sufficient electronegative
elements like O and N in the designed compounds, in
accordance with Mulliken population data.*® The objective of
utilizing a quantum chemical methodology is to accurately
explain the electron distributions throughout the different
chromophores and to predict the reactivity of the represented
charges.”” As shown by Figure S22, Mulliken atomic charges of
2a—2e are computed via CAM-B3LYP/6-31 lG(d,p) and M06/
6-311G(d,p) approaches with the basis set, and the data are
presented in Figure S22. Mulliken population analysis suggests
that there is no variation in charge distribution throughout all
hydrogen atoms. The sulfur atoms of SO,, nitrogen atoms of
NO,, and some carbon of the benzene ring possess high positive
charges because of the resonance effect. Whereas oxygen atoms
are possessed by —COOCH; and —OCH3, the nitrogen of the
imidazole ring and carbon atoms of benzene rings holding
—COOCH; and —OCHj; groups possess high negative charges
due to their highly electronegative nature.

B CONCLUSION

In this study, novel N-1-sulfonyl substituted derivatives (2a—2e)
with the D—z—A framework are synthesized, and their NLO
behavior is explored. The efficient electron withdrawing
acceptors are utilized for their structural tailoring, which
strengthened the charge transfer phenomena. Different
spectroscopic techniques, UV—visible, FTIR, and 'H and "*C
NMR, are utilized for the determination of structural character-
ization. Besides the synthesis, a computational study was also
performed in order to explore the NLO characteristics of 2a—2e.
FMO analysis explained the effective intramolecular charge
transfer (ICT) of molecules. The NBO results depicted the
development of a charge separation state owing to the effective
transference of electrons in the 7-conjugated schemes of 2a—2e.
The UV—visible analysis proved compound 2e to be the most
red-shifted among all other synthesized compounds, having a
reduced energy gap. Further, global reactivity parameters
(GRPs) findings support the FMO and UV—vis investigations
as a higher value of softness is seen for this molecule, elucidating
it as a more reactive compound. Therefore, the efficient linear
and nonlinear response ((a) = 4.866 X 107> and 5.379 X
10™3esu while S, = 5.095 X 107>° and 2.0418 X 1078 esu) is
also studied for this molecule. This NLO study has illustrated
the N-1-sulfonyl substituted derivatives as excellent materials for
researchers to disclose advanced applications in optoelectronics
and the telecommunication sector.

B EXPERIMENTAL PROCEDURE

Substrate and Reagents. Benzaldehyde (Applichem,
Germany), 3,4-diaminobenzoic acid, ethanol, tetra-hydrofuran

(THF) 99%, sulfuric acid 98%, nickel acetate (Merck,
Germany), methanol, chloroform, n-hexane, dichloromethane
(Riedel-de-Haen, Germany) and sodium hydride, 4-nitro-
benzenesulfonyl chloride 97%, 4-chlorobenzenesulfonyl chlor-
ide, 4-methoxybenzenesulfonyl chloride 97%, 2-naphthalene-
sulfonyl chloride 99% (Sigma-Aldrich, USA) were of high purity
grade and used as received.

Instrumentation. The progress and purity of the reaction
was monitored using precoated silica gel 60 F,s, aluminum thin
layer chromatographic sheets (Merck, Germany). Melting
points were determined with an A&E Lab (UK) melting point
apparatus and are uncorrected. To determine the characteristic
functional groups in the compounds, infrared spectra were
recorded on a Shimadzu Nicolet iS10 FT-IR spectrophotom-
eter. 'H and *C NMR spectra were recorded on a Bruker
Avance 300 MHz spectrometer.

General Procedure for the Synthesis of N-1-Sulfonyl
Substituted Derivatives of 2-Substituted Benzimida-
zoles (2a—2e). The respective 2-substituted benzimidazoles
(02 g 0.01 mmol) and sodium hydride (1.0 equiv) were
dissolved in THF solvent, and the temperature of the reaction
mixture was maintained between 5 and 10 °C. The reaction
mixture was stirred for 30 min. Then, respective arylsulfonyl
chloride (1.20 equiv) was added, and reaction mixture was left
for 24 h on stirring at room temperature. The progress of the
reaction was continuously monitored by taking TLC (n-hexane/
ethyl acetate, 3:2) after every 1 h. Upon completion, the reaction
mixture was poured on ground ice. The product was extracted
via solvent extraction using dichloromethane solvent, and the
organic layer was separated. The solvent was evaporated under a
high vacuum to obtain a dried product. Finally, the purity of the
synthesized compounds was ascertained by recrystallization in
ethanol.

Methyl 1-(4-Chlorophenylsulfonyl)-2-phenyl-1H-benzo-
[dlimidazole-6-carboxylate (2a). Light brown shiny solid.
Yield: 60%. Melting point: 167—168 °C. R 0.52 (n-hexane/
ethyl acetate; 3:2). IR (ATR, cm™): 2950 (C—H aliphatic
stretching),1708 (C=0 stretching), 1570 (C=N stretching),
1530—1420 (C=C aromatic ring stretching). '"H NMR (300
MHz, DMSOy): 6 3.84 (3H, s, —CHj ester), 7.02 (2H, d, Ar—
H, ] = 6.7 Hz), 7.20 (3H, m, Ar—H), 7.56 (2H, m, Ar—H), 7.75
(2H, d, Ar—H, J = 7.8 Hz), 7.84 (1H, d, Ar—H, ] = 8.4 Hz), 7.92
(1H, dd, Ar—H, ] = 8.4, 1.5 Hz), 8.11 (1H, s, Ar—H). *C NMR
(75 MHz, DMSOy): 52.6 (—CH, ester), 113.5, 119.6, 124.0,
124.5, 126.4, 127.9, 128.1, 129.4, 129.6, 129.7, 130.9, 136.0,
137.0, 146.2, 156.6 (Ar—C), 166.9 (C=0).

Methyl 1-(4-Methoxyphenylsulfonyl)-2-phenyl-1H-benzo-
[dlimidazole-6-carboxylate (2b). Light brown solids. Yield:
66%. Melting point: 173—174 °C. Rg 0.50 (n-hexane/ethyl
acetate, 3:2). IR(CATR, cm™"): 2943 (C—H aliphatic stretching),
1705 (C=0 stretching), 1562 (C=N stretching), 1516—1442
(C=C aromatic ring stretching). 'H NMR (300 MHz,
DMSOy): 6 3.84 (3H, s, —CHj ester), 6.99 (2H, d, Ar—H, |
=6.7Hz),7.28 (3H, m, Ar—H), 7.53 (2H, m, Ar—H), 7.75 (2H,
d,Ar—H, J = 7.8 Hz), 7.84 (1H, d, Ar—H, ] = 8.4Hz), 7.92 (1H,
dd, Ar—H, J = 8.4, 1.5 Hz), 8.10 (1H, s, Ar—H). *C NMR (75
MHz, DMSOy): 52.6 (—CHj ester), 55.6 (—OCH;), 113.2,
113.6, 1242, 124.6, 126.4, 127.5, 128.1, 129.4, 129.6, 131.1,
135.9, 136.9, 145.6, 156.5 (Ar—C), 166.9 (C=0).

Methyl 1-(Naphthalen-2-ylsulfonyl)-2-phenyl-1H-benzo-
[d]imidazole-6-carboxylate (2c). Black solid. Yield: 60%.
Melting point: 86—87 °C. Rp: 0.48 (n-hexane/ethyl acetate.
3:2). IR (ATR, cm™): 2916 (C—H aliphatic stretching), 1716
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(C=O stretching), 1581 (C=N stretching), 1543—1435 (C=
C aromatic ring stretching). '"H NMR (300 MHz, DMSOy): &
3.80 (3H, s, —CH, ester), 7.30 (1H, m, Ar—H), 7.40 (4H, m,
Ar—H), 7.50 (4H, m, Ar—H), 7.80 (2H, d, Ar—H, ] = 8.7 Hz),
7.90 (1H, d, Ar—H, ] = 6.9 Hz), 8.00 (1H, s, Ar—H), 8.20 (1H, 5,
Ar—H), 8.28 (1H, s, Ar—H). *C NMR (75 MHz, DMSQOy): &
524 (—CH, ester),113.3, 119.6, 123.8, 123.9, 124.3, 126.3,
127.2, 128.0, 129.0, 129.1, 129.3, 129.5, 129.7, 129.9, 130.5,
130.9, 1333, 154.2 (Ar—C), 167.1 (C=0).

Methyl 1-(4-Nitrophenylsulfonyl)-2-phenyl-1H-benzo[d]-
imidazole-6-carboxylate (2d). Brown solid. Yield: 45%.
Melting point: 130—131 °C. R 0.49 (n-hexane/ethyl acetate,
3:2). IR (ATR,cm™): 2930 (C—H aliphatic stretching), 1720
(C=0 stretching), 1585 (C=N stretching), 15311442 (C=
C aromatic ring stretching). '"H NMR (300 MHz, DMSOy): &
3.67 (3H, s, —CH}; ester), 6.05 (1H, s, Ar—H), 6.84 (1H, d, Ar—
H, ] = 8.7 Hz), 6.94 (1H,m, Ar—H), 7.73 (1H, m, Ar—H), 8.18
(4Hm, Ar—H), 8.51 (4H, m, ArH). '*C NMR (75 MHz,
DMSOy,): 52.0 (—CH, ester), 115.4, 116.5, 116.9,125.3, 131.0,
133.2, 134.4, 143.1, 151.5, 152.8 (Ar—C), 165.5 (C=0).

6-Nitro-2-(4-nitrophenyl)-1-(4-nitrophenylsulfonyl)-1H-
benzo[d]imidazole (2e). Brown solid. Yield: 45%. Melting
point: 232—233 °C. Ri: 0.65 (n-hexane/ethyl acetate;, 1:1). IR
(ATR, cm™): 3030 (C—H aliphatic stretching), 1665 (C=N
stretching), 1531—1442 (C=C aromatic ring stretchings). 'H
NMR (300 MHz, DMSOy): 6 6.67 (1H, d, Ar—H, ] = 8.7 Hz),
7.62 (1H, d, Ar—H, ] = 9.0 Hz), 7.78 (1H, d, Ar—H, ] = 9.0 Hz),
7.88 (1H, d, Ar—H, ] = 8.7 Hz), 7.97 (1H, s, Ar—H), 8.04 (1H,
dd, Ar—H, ] = 2.4 Hz), 8.13 (1H, dd, Ar—H, ] = 2.1 Hz), 8.27
(1H, d, Ar—H, ] = 8.7 Hz), 8.45 (3H, m, Ar—H). *C NMR (75
MHz, DMSOgy): 6 113.9, 116.1, 117.8, 118.9, 124.7, 125.0,
128.5, 128.9, 129.5, 135.3, 143.5, 148.8, 153.9, 162.7 (Ar—C).

Computational Study. The quantum chemical analysis for
all of the synthesized compounds was conducted using the
Gaussian 09" package program with the CAM-B3LYP/6-311G
(dp) and M06/6-311G(d,p) functionals. Avogadro,” the
GaussView 5.0°° package, and Chemcraft’' were utilized for
various DFT and TDDFT computations along with some
graphical displays of studied compounds. These investigations
included UV—vis, vibrational, and 'H and "*C NMR techniques
and the frontier molecular orbital (FMO), natural bond orbital
(NBO), global reactivity parameters (GRPs), and nonlinear
optical (NLO) response of imidazole-based molecules. The
stabilization energy calculations of the entitled compounds were
confirmed via NBO analysis and second-order perturbation
theory, respectively, with the aid of the program package NBO
3.1.77%" By utilizing_ the energies of FMOs, global reactivity
parameters (GRPs)™ were calculated. The NLO parameters,
i.e., dipole moment (), linear polarizability () and first order
hyperpolarizability (B,,)°® of the title compounds were also
computed by utilizing eqs S8—S10.
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