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In this study, the synthesized coupling component 1-(2-benzothiazolyl)-3-methylpyrazol-5-one reactedwith diazotised heterocyclic
amines to afford six novel hetarylazopyrazolone dyes.These azo dyes based on benzothiazole and benzimidazole ring systems were
characterized by spectral methods and elemental analyses. The solvatochromic behaviors of these dyes in various solvents were
evaluated. The ground state geometries of the dyes were optimized using density functional theory (DFT). Solvent, acid-base, and
substituent influences on the wavelength of the maximum absorption were examined in detail. Time-dependent density functional
theory (TD-DFT) calculations were performed to obtain the absorption spectra of the dyes in various solvents and the results
compared with experimental values. Besides, frontier molecular orbitals (FMO) analysis for the dyes is also described from the
computational process.

1. Introduction

The ease of availability of raw materials and ease of prepa-
ration [1], wide range of uses as dyestuff [2, 3], advanced
applications such as liquid crystal displays (LCDs) [4],
nonlinear optical (NLO) devices [5], dye-sensitized solar
cells (DSSCs) [6], optoelectronic systems [7, 8], and wide
application areas in biological and medical studies [9] are all
desirable characteristics of azo dyes.

Various experimental and theoretical studies on the
structure, tautomeric behavior, dyeing properties, and vibra-
tional analysis of azo dyes [10–19] and their metal complexes
[20–22] have been done. Due to their chemical significance
and spectroscopic properties, hetarylazo dyes were studied
extensively by spectroscopic and theoretical methods. Their
higher tinctorial strength and brighter dyeing make azo dyes
based on heterocyclic amines superior than aniline based azo
dyes [23–28]. Some hetarylazopyrazolone dyes have not only
potential use as dye stuff, but also other potential nontextile
applications such as optical materials [29].

Many studies via theoretical calculations have been per-
formed for determination of the structural, spectroscopic

properties, and tautomeric behaviors of azo dyes [30, 31].
Density functional theory (DFT) and time-dependent den-
sity functional theory (TD-DFT) have been one of the most
widely used methods in computational chemistry [32–37].

We have previously reported the synthesis, character-
ization, tautomeric behavior, and solvent effects on their
absorption spectra of some hetarylazopyrazolone dyes with
thiazole moiety together with their theoretical studies [38].
In continuation of this study, we report here the synthesis and
characterization of a series of newmonoazo dyes based on the
benzothiazole and benzimidazole ring systems. Optimization
calculations of the dyes in the ground state were done at the
DFT B3LYP/6-31G(d,p) level. Absorption spectra based on
the DFT-optimized structures were obtained by the time-
dependent density functional theory (TD-DFT/B3LYP) level
with the 6-31G(d,p) basis set.

2. Experimental

2.1. General. The reagents of analytical grade were purchased
from commercial sources and used without any further
purification. 1H NMR spectra were measured with a Bruker
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Figure 1: The general route for the synthesis of dyes 3a–3f.

Table 1: Characterization data and elemental analysis of dyes 3a–3f.

Dye Molecular formula Colora Cryst. Yieldb Melting point C% H% N% S%
number (mol.wt.) solvent (%) (∘C) Calc. Found Calc. Found Calc. Found Calc. Found
3a C18H12N6OS2 (392.5) Orange Acetic acid 87 255–257 55.09 44.90 3.08 3.11 21.41 20.94 16.34 16.09
3b C18H11ClN6OS2 (426.9) Orange Acetic acid 95 265–267 50.64 50.27 2.60 2.77 19.69 19.92 15.02 14.97
3c C19H14N6O2S2 (422.5) Dark red Ethanolc 56 248–250 54.01 53.96 3.34 3.34 19.89 19.53 15.18 15.03
3d C20H16N6OS2 (420.5) Orange Ethanol 94 270-271 57.12 56.73 3.84 3.56 19.99 19.42 15.25 14.82
3e C18H13N7OS (375.4) Orange Acetic acid/water 76 294-295 57.59 57.20 3.49 3.52 26.12 25.88 8.54 8.11
3f C20H17N7OS (403.5) Orange DMF/water 81 303-304 59.54 58.93 4.25 4.33 24.3 23.77 7.95 7.64
aPowder.
bYield of crude product.
cWashed with ethanol.

DPX-400MHz spectrometer at room temperature inDMSO-
d6 with tetramethylsilane as the internal reference.UV-visible
absorption spectra were recorded on Analytik Jena Specord
200 double-beam spectrophotometer, using dimethyl sul-
foxide (DMSO), dimethylformamide (DMF), acetonitrile,
methanol, acetic acid, and chloroform as solvent. Infrared
spectra were taken in KBr on a Mattson 1000 spectropho-
tometer. Mass spectra were measured with a Micromass UK
Platform II LC-MS spectrometer. Elemental analyses were
performed with a LECO-CHNS-9320 instrument. Melting
points were obtained with a Gallenkamp capillary melting
apparatus and they are uncorrected.

2.2. Synthesis. The methods used for the syntheses of 2-
hydrazinobenzothiazole (1) and coupling component 1-(2-
benzothiazolyl)-3-methylpyrazol-5-one (2) were described in
the previous part of our study [38].

2.2.1. Synthesis of Hetarylazopyrazolone Dyes (3a–3f). Dia-
zotisation of various amineswas affectedwith nitrosylsulfuric
acid. General procedure was described below for 1-(2-
benzothiazolyl)-3-methyl-4-(2-benzothiazolylazo)pyrazol-
5-one and the other dyes were synthesized in a similar way.
The characteristic properties and elemental analysis of the
dyes are shown in Table 1. The synthesized dyes (3a–3f) are
shown in Figure 1.

2.2.2. Synthesis of 1-(2-Benzothiazolyl)-3-methyl-4-(2-benzot-
hiazolylazo)pyrazol-5-one (1). 2-Aminobenzothiazole (0.002
mol) was dissolved in icy acetic acid-propionic acid mix-
ture (3mL/2mL) and was cooled to −5∘C in ice-salt bath.
Nitrosylsulfuric acid, prepared with dissolving sodiumnitrite
(0.002mol, 0.14 g) in sulfuric acid (4mL), was added to

the heterocyclic amine dropwise in 30min at −5∘C. The
mixture was stirred in cold for additional 2 hours. Urea
was added to the mixture in order to decompose the unre-
acted nitrous acid. 1-(2-Benzothiazolyl)-3-methylpyrazol-5-
one (0.002mol, 0.46 g) was dissolved in KOH solution (10mL
0.2M) and cooled. The prepared coupling compound solu-
tion was added to the diazonium solution in half an hour.
The mixture was stirred for additional 2 hours at 0–5∘C and
Na2CO3 solution was added till the mixture had a value of
pH 5-6.Themixture was stirred for 30min. Water was added
to precipitate the product. The product was filtered, washed
with water, and air-dried. Recrystallization was performed
in ethanol to obtain the pure orange compound (Yield: 87%
(m.p. 255–257∘C)).

2.3. Computational Details. All calculations were carried
out with Gaussian09 program [39]. The geometries of the
dyes were fully optimized and calculated by B3LYP method
and 6-31+G(d) basis set without any symmetry constraints.
Vibrational frequency analysis confirms that all the optimized
geometries correspond to minima on the potential energy
surface. Time-dependent density functional theory/integral
equation formalism polarisable continuum model (TD-
DFT/IEFPCM) method has been used to obtain electronic
absorption spectra of the dyes [40]. The (default) nonequi-
librium procedure was selected for the TD-DFT calculations
[41].

3. Results and Discussion

3.1. Molecular Structure. Azo dyes can exist in four possible
tautomeric forms, namely, the keto-azo forms A and D, keto-
hydrazo form B, and enol-azo form C as shown in Figure 2.
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Figure 2: Tautomeric equilibrium of dye 3a.

Scan coordinate
550500450400350300250200150

−1885.1620

1885.1610

1885.1600

1885.1590

1885.1580

1885.1570

1885.1560

1885.1550

1885.1540

To
ta

l e
ne

rg
y 

(h
ar

tre
e)

(a)

To
ta

l e
ne

rg
y 

(h
ar

tre
e)

−1885.146

−1885.148

−1885.150

−1885.152

−1885.154

−1885.156

−1885.158

−1885.160

−1885.162

Scan coordinate
550500450400350300250200150

(b)

Figure 3: (a) Scanning graph of the dye 3a on dihedral angle (S24–C7–N22–C13). (b) Scanning graph of the dye 3a on dihedral angle
(N26–C16–N19–N27).

The deprotonation of these four tautomers lead to common
anion form E.
1H NMR spectrum of dye 3a exhibits a broad peak

at 14.94 ppm, which was attributed to NH of the hydrazo
tautomer. This peak was observed at 15.00 ppm for dye 3b.
These results suggest that dyes 3a and 3b are present as keto-
hydrazo form in DMSO-d6. The absence of hydroxyl (OH),
imino (NH), and hydrazo (NH) peaks in the 1HNMR spectra
suggests that dyes 3c, 3d, 3e, and 3f exist in keto-azo (A) form
or in anionic form (E). The 1H NMR spectra are measured
in DMSO-d6 for the dyes except dye 3c, which is recorded
in CDCl3. Dye 3b showed a singlet peak at 2.30 ppm for
methyl group at pyrazolone ring.The 1HNMR spectra for the
dyes 3a–3f showed a singlet peak from 2.30 to 2.42 ppm for
pyrazoloneCH3. Aromatic protons of the dyes 3a–3f appear at
7.00–8.14 ppm. Dye 3c showed a singlet peak at 3.90 ppm for
OCH3 proton at benzothiazole ring and a peak at 2.40 ppm
for methyl group at pyrazolone ring. Dye 3d showed a singlet
peak at 2.31 ppm for methyl groups at benzothiazole ring
and two doubled peak at 7.79 ppm and 7.99 ppm for aromatic
protons at benzothiazole ring. 1HNMR spectra of dyes 3e and

3f exhibit a broad peak at 13.30 and 13.24 ppm, respectively,
which were due to NH benzimidazole proton.

FT-IR spectra of dyes 3a–3f showed a band at
1638–1684 cm−1 for carbonyl group and a band at
3390–3445 cm−1 for NH group. These results suggest
that these dyes are predominantly in keto-hydrazo (B)
form in solid state. The imidazole NH peaks of the dyes
3e and 3f were recorded at 3194 cm−1 and 3147 cm−1. The
other ]max values of 3021–3070 cm−1 (aromatic C–H) and
2915–2994 cm−1 (aliphatic C–H) were also recorded.

The molecular ion [M]+ peaks of the dyes are observed
at the expected 𝑚/𝑧 values as the main peak. Dyes give
[C11H8N5OS]

+ ion peak at 𝑚/𝑧 = 258 except dye 3c
with relative intensities 10–33%. The ion peak [C4N2H3]

+ is
observed at 79 (10%) for dye 3c. 1H NMR, FT-IR, and mass
spectra results of the dyes are shown in Table 2.

A detailed potential energy scan was performed on
dihedral angles (S24–C7–N22–C13) (Figure 3(a)) and
(N26–C16–N19–N27) (Figure 3(b)) in the range of 0∘–360∘
at HF/6-31G(d) level by 10∘ intervals to reveal all possible
conformations of the dye 3a.
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Table 2: Spectral data for dyes 3a–3f.

Dye number 1H-NMRa (ppm, DMSO-d6) FT-IR (cm−1, KBr) MS (m/e)

3a

2.30 (s, 3H, pyr CH3) 3245 (N–H), 3070 (Ar C–H), 393 [M]+ (%100)
7.35 (m, 2H, bth)
7.48 (m, 2H, bth)
7.59 (d, 1H, bth)
7.87 (t, 1H, bth) 2915 (Al C–H), 1682 (C=O) 258 (%33)
7.94 (d, 1H, bth) 1595, 1523 (C=C, C=N)
8.05 (t, 1H, bth)
14.94 (b, NH)

3b
2.30 (s, 3H, pyr CH3) 3212 (N–H), 3062 (Ar C–H), 427 [M]+ (%100)

7.33–8.14 (m, 7H, Ar CH) 2994, 2978 (Al C–H)
15.00 (b, NH) 1684 (C=O), 1597, 1523 (C=C, C=N) 258 (%31)

3c∗
2.40 (s, 3H, pyr CH3) 3453 (N–H), 3070 (Ar C–H), 2940 (Al C–H) 423 [M]+ (%100)
3.90 (s, 3H, bth OCH3)
7.00–8.10 (m, 7H, Ar CH) 1670 (C=O), 1606, 1529 (C=C, C=N) 79 (%10)

3d

2.31 (s, 6H, dimetbth 2xCH3) 3420 (N–H), 3060 (Ar C–H), 421 [M]+ (%100)
2.47 (s, 3H, pyr CH3) 2968, 2919 (Al C–H), 1638 (C=O)

7.42 (t, 1H, bth) 1557, 1519 (C=C, C=N) 258 (%16)
7.52 (s, 1H, dimetbth)
7.61 (s, 1H, dimetbth)

7.79 (d, 1H, bth)

3e
2.41 (s, 3H, pyr CH3) 3416 (N–H), 3194 (benzimidazole N–H), 376 [M]+ (%100)

7.21–7.97 (m, 6H, Ar CH) 3057 (Ar C–H), 2935 (Al C–H),
13.30 (b, bimi NH) 1658 (C=O), 1621, 1570 (C=C, C=N) 258 (%43)

3f

2.33 (s, 6H, dimetbimi-2xCH3) 3390 (N–H), 3147 (benzimidazole N–H), 404 [M]+ (%100)
2.42 (s, 3H, pyr CH3) 3021 (Ar C–H)

7.34–8.14 (m, 6H, Ar CH) 2967 (Al C–H), 1669 (C=O), 258 (%10)
13.23 (b, dimethylbenzimidazole NH) 1616, 1529 (C=C, C=N)

as, singlet; d, doublet; t, triplet; m, multiplet; b, broad.
pyr: pyrazolone, bth: benzothiazole, and dimetbth: dimethylbenzothiazole.
bimi: benzimidazole; dimetbimi: dimethylbenzimidazole.
∗1H-NMR in CHCl3.

Then, final geometry optimizations were performed
within the framework of DFT/B3LYP at the level of 6-
31+G(d) without any geometrical restriction.Themost stable
conformation of the keto-hydrazo tautomer is shown in
Figure 4 with atomic numbering.

3.2. Effect of Solvent. The UV-Vis absorption spectra of the
dyes 3a–3f were recorded over the range of 𝜆 between 300
and 700 nm and the results are given in Table 3.
𝜆max values of dye 3a, dye 3b, and dye 3c exhibit

bathochromic shift in methanol, DMF, and DMSO. These
dyes show only one maximum and also only one tautomeric
form in all solvents.The isosbestic points are around 442 nm,
435 nm, and 465 nm, respectively. Absorption spectra of dye
3b in various solvents are given in Figure 5. It was determined
that the absorption maxima of the dye 3d in methanol,
DMF, and DMSO show no significant change, despite blue
shift in chloroform and acetic acid. The difference between
the experimental absorption maxima of dyes in the most
apolar solvent chloroform and in the most polar solvent

DMSOwe used lies between 5 and 50 nmwhile the calculated
absorption maxima of each dye do not change significantly
with solvent polarity (max. 4 nm).The difference between the
experimental and calculated absorptionmaxima lies between
0 and 36 nm.Theabsorptionmaximaof dye 3e anddye 3f vary
less with the solvent. All of the absorption bands of the dye 3e
and dye 3f show shoulders in a short wavelength, and their
symmetries are distorted. The shoulders can be attributed
either to the interference of a tautomer over the dominant one
or to the transitions𝜋-𝜋∗, n-𝜋∗, or charge transfer transitions.

Maximum absorption values and oscillator strengths of
the dyes were calculated by using the TD-DFT/IEFPCM
method with 6-31G(d,p) basis set in different solvents and the
results are shown in Table 4.

3.3. Effect of Acid and Base. Acid-base effects on the absorp-
tion spectra of the dyes were investigated. Changes in the
maximum absorption wavelength of the dyes with different
solvents obtained by addition of the acid-base solution are
also provided in Table 5.
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Figure 4: Computed optimized ground state geometry with atomic numbering of dye 3a using DFT.

Table 3: Influence of solvent on 𝜆max (nm) of dyes 3a–3f.

Dye number Chloroform Acetic acid Methanol Acetonitrile DMF (log 𝜀) DMSO Δ𝜆max
a

3a Exp. 419 408 457 411 467 (4.443) 469 50
Calc.b 433 (0.9087) 432 (0.8890) 434 (0.8672) 432 (0.8779) 434 (0.9028) 433 (0.8990)

3b Exp. 421 409 459 412 469 (4.460) 469 48
Calc. 439 (0.9685) 438 (0.9548) 438 (0.9502) 437 (0.9543) 439 (0.9742) 439 (0.9715)

3c Exp. 450 434 467 469 469 (4.569) 469 19
Calc. 488 (0.8218) 487 (0.8212) 486 (0.8268) 488 (0.8240) 490 (0.8392) 490 (0.8372)

3d Exp. 450 425 465 462 469 (4.774) 473 23
Calc. 462 (0.8391) 461 (0.8168) 462 (0.7946) 462 (0.7981) 464 (0.8060) 463 (0.8026)

3e Exp. 452 397
s, 449 401

s, 442 400
s, 449 453 (4.576) 461 9

Calc. 447 (0.9126) 449 (0.9206) 446 (0.9126) 447 (0.9158) 449 (0.9307) 449 (0.9286)

3f Exp. 464 461 460 462 459 (4.649) 469 5
Calc. 480 (0.8510) 482 (0.8528) 480 (0.8510) 481 (0.8544) 483 (0.8710) 483 (0.8688)

a
𝜆max(DMSO) − 𝜆max(CHCl3); boscillator strengths are given in the parentheses; sshoulder.
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Figure 5: Absorption spectra of dye 3b in various solvents.

When acid was added to the methanol solutions of the
dyes 3c, 3d, and 3e, the absorption maxima shift to the
bathochromic area while the absorption maxima of the dyes
3a and 3b shift to the hypsochromic area. By the addition of
KOH to methanol solutions of the dyes hypsochromic shifts
were observed for dye 3f and the other dyes did not represent
a significant change by their absorption maxima.

The absorption spectra of the dyes in chloroform are
sensitive to the addition of piperidine while piperidine
addition to DMF and DMSO solutions led to no notable
change in the absorption spectra.Whenpiperidinewas added
to chloroform solution the absorption peaks obtained are
similar to the ones measured in DMF and DMSO solutions.
There is no significant change in the absorption spectra of the
dyes by the addition of trifluoroacetic acid to the chloroform
solutions. Absorption spectra of dye 3a in acid and base are
given in Figure 6.
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Table 4: Calculated structural parameters (bond lengths in Å, angles in degree) of the dyes 3a–3f.

Parameter Dyes
3a 3b 3c 3d 3e 3f

Bond lengths
C2-S24 1.759 1.759 1.759 1.759 1.759 1.759
S24-C7 1.781 1.780 1.781 1.781 1.781 1.781
C7-N23 1.290 1.290 1.290 1.290 1.290 1.290
C1-N23 1.388 1.388 1.388 1.388 1.388 1.388
C7-N22 1.389 1.390 1.389 1.389 1.389 1.389
N22-N25 1.405 1.405 1.405 1.405 1.404 1.404
C13-O21 1.229 1.229 1.229 1.229 1.229 1.229
C12-N27 1.307 1.306 1.309 1.308 1.310 1.311
N27-N19 1.319 1.321 1.317 1.318 1.319 1.317
N19-C16 1.381 1.380 1.382 1.382 1.382 1.382
C16-S18(N18) 1.771 1.773 1.774 1.772 1.371 1.371
C16-N26 1.294 1.294 1.294 1.295 1.310 1.310
S18(N18)-C17 1.763 1.761 1.762 1.763 1.391 1.391
N26-C15 1.386 1.385 1.385 1.386 1.389 1.389
Bond angles
S24-C7-N23 117.5 117.5 117.5 117.5 117.5 117.5
N23-C7-N22 124.4 124.3 118.1 124.4 118.1 118.1
C7-N22-N25 118.0 118.0 118.0 118.0 118.0 118.0
N25-C14-C12 110.4 110.3 110.4 110.4 110.4 110.5
N22-C13-O21 129.8 129.8 129.7 129.7 129.7 127.6
C13-C12-N27 127.2 127.1 127.1 127.2 127.0 127.0
N27-N19-C16 120.3 120.2 120.4 120.4 119.9 120.0
N19-C16-S18 120.8 120.6 120.8 120.8 121.9 121.9
C16-N26-C15 110.1 110.1 110.1 110.0 104.1 104.0
Torsion angles
S24-C7-N22-N25 0.0 0.0 0.0 0.0 0.0 0.0
N22-N25-C14-C28 180.0 180.0 180.0 180.0 180.0 180.0
O21-C13-C12-N27 0.0 0.0 0.0 0.0 0.0 0.0
N27-N19-C16-N26 180.0 180.0 180.0 180.0 180.0 180.0
N19-C16-N26-C15 180.0 180.0 180.0 180.0 180.0 180.0

Table 5: Absorption maxima of dyes in acidic and basic solutions.

Dye
number Methanol Methanol +

HCl
Methanol+

KOH CHCl3
CHCl3 +
TFAA

CHCl3 +
piperidin DMF DMF +

piperidin DMSO DMSO +
piperidin

3a 457 440 459 418 418 469 469 469 469 469
3b 462 440 463 422 420 469 469 469 469 469
3c 467 479 466 450 452 469 469 469 472 472
3d 465 477 465 450 449 469 469 469 469 469
3e 400

s, 442 453 400
s, 442 452 451 457 457 457 461 461

3f 460 462 449 464 464 464 462 462 469 469
TFAA: trifluoroacetic acid.
sshoulder.

Absorption spectra of the dyes 3a–3f were taken in
pure chloroform and chloroform/DMF mixtures of 80/20,
60/40, 40/60, 20/80 (v/v), and pure DMF to understand
whether the bathochromic shift results from tautomerization

or ionization in basic chloroform solution (Table 6). Even
a slight increase in the percentage of DMF in chloroform
solution shifted the absorption maxima of the dyes 3a–3d
to a sudden longer wavelength. These results suggest that
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Table 6: The 𝜆max values of dyes in different percentages of chloroform/DMF mixture.

Dye number Chloroform 20% DMF 40% DMF 60% DMF 80% DMF DMF
3a 419 445 466 466 467 467
3b 422 460 461 469 469 469
3c 451 469 469 469 469 469
3d 443 453 469 469 469 469
3e 453 459 459 457 453 452
3f 465 468 469 467 467 457

Table 7: The maximum absorption wavelengths (nm) of dyes at different temperature and concentration in chloroform and DMF.

Dye number
Chloroform DMF

Concentrated Concentrated Diluted Concentrated Concentrated Diluted
(25∘C) (40∘C) (25∘C) (25∘C) (40∘C) (25∘C)

3a 419 417 418 470 468 467
3b 421 420 422 469 469 469
3c 450 450 450 469 469 469
3d 450 449 450 469 469 469
3e 452 452 452 452 452 453
3f 464 464 463 457 457 459

1
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3
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5
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7

(1) Chloroform
(2) Chloroform + trifluoroacetic acid
(3) Chloroform + piperidine
(4) DMF

(5) DMF + piperidine
(6) DMSO
(7) DMSO + piperidine
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700600500400

0.0

0.3

0.5

0.8

1.0

1.3

1.5

Ab
so

rb
an

ce

Figure 6: Absorption spectra of dye 3a in acid and base.

these dyes absorbed at long wavelength exist in anionic
form. But such a shift was not observed for the dyes 3e and
3f.

3.4. Effect of Concentration and Temperature. The effect of
molarity and temperature on the absorption spectra of the
dyes 3a–3f was studied and the results are listed in Table 7.
Therefore, chloroform and DMF solutions were diluted 50%
and the absorption spectra were recorded at 25∘C versus
40∘C. The difference between the 𝜆max values of the neutral
molecule and the anion is in the range 1–48 nm. The dyes
can easily ionize even in neutral polar solvents and the
equilibrium resulting from the solvent change is an ionic
equilibrium rather than a tautomeric equilibrium. As seen
in Table 7, the absorption spectra are not affected by the

concentration and temperature. The reason for this can be
ionic equilibria.

3.5. Effect of Substituent. As seen in Table 4, the substituent
effect is mostly observed in the most apolar solvent chlo-
roform among all the solvents. The substituent affected
𝜆max values less in DMF and DMSO when compared to
other solvents. The substituent effect on 𝜆max values in
chloroform is evaluated and the results can be summarized as
follows:

(i) The introduction of chlorine group into the sixth
position of the benzothiazole ring did not have a
notable effect on the absorption maxima. On the
other hand, substitution of the methoxy group on the
sixth position in dye 3c andmethyl groups on the fifth
and sixth position in dye 3d had the equal effect on
𝜆max values resulting in 31 nm bathochromic shift.

(ii) The substituted methyl groups on the fifth and sixth
positions on the benzimidazole ring in dye 3f caused
12 nm increase in bathochromic shift when it is
compared with dye 3e.

(iii) As the electron donating ability of the substituents on
the benzothiazole and benzimidazole in diazo com-
pound increases, more electron donation occurs and
in parallel to this bathochromic shift also increases.

3.6. FrontierMolecular Orbitals (FMOs). DFT computational
results given in Table 7 reveal that the energy gaps (Δ𝐸 =
𝐸LUMO − 𝐸HOMO) for benzothiazole moiety bearing azo
dyes 3a–3d are 3.08, 3.04, 2.85, and 3.01 eV, respectively,
while those for the benzimidazole moiety bearing azo dyes
3e and 3f are 3.04 and 2.87 eV, respectively. The frontier
orbitals LUMO+1, LUMO, HOMO, and HOMO+1 are repre-
sented in Figure 7. HOMOs and LUMOs of the dyes 3a–3d
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Figure 7: The frontier molecular orbitals of the dyes 3a–3f.

are mainly localized on pyrazole and benzothiazolyl diazo
moiety. The main peaks in UV-Vis spectra are attributed
to the HOMO-LUMO electronic transitions. As seen from
Table 8, the increase in the wavelength values is in agreement
with bathochromic shifts and Δ𝐸 decreasing. The electron
densities in theHOMOsof the dyes 3e and 3f aremainly local-
ized on pyrazole and benzothiazole moiety while electron

densities in their LUMOs are localized on pyrazole and
benzimidazolyl diazo moiety.

4. Conclusions

A series of azo dyes based on benzothiazolyl pyrazole
and simultaneously benzothiazolyl and benzimidazolyl diazo
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Table 8: HOMO and LUMO energies (eV), energy gaps (Δ𝐸), and
𝜆max values (nm) of azo dyes 3a–3f calculated in chloroform.

Dye 𝜆max(calc.)
a

𝐸LUMO 𝐸HOMO 𝐸gap(calc)
3a 433 (0.9087) −3.26 −6.35 3.08
3b 439 (0.9685) −3.33 −6.37 3.04
3c 488 (0.8218) −3.17 −6.02 2.85
3d 462 (0.8391) −3.21 −6.22 3.01
3e 447 (0.9126) −3.18 −6.22 3.04
3f 480 (0.8510) −3.13 −5.99 2.87
aOscillator strength values are given in parentheses.

moieties were synthesized and characterized by elemental
analyses, FT-IR, 1H NMR spectra, and DFT calculations.
Absorption spectra of the dyes were reported both exper-
imentally and theoretically by TD-DFT calculations. The
absorptionmaxima of the hetarylazopyrazolone dyes bearing
benzothiazolyl diazo moiety showed bathochromic shifts
because these dyes give easily acidic protons to the solvent like
DMF and DMSO.The maximum absorption values obtained
with TD-DFT/B3LYP method using nonequilibrium proce-
dure are in a good agreement with the experimental results.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work has been supported by the Gazi University
Research Fund through Grant no. 05/2002-08.

References

[1] H. Zollinger, Color Chemistry: Synthesis, Properties and Appli-
cations of Organic Dyes and Pigments, Wiley VCH, 3rd edition,
2003.

[2] J. Koh, H. Kim, J. Lee, and M. Eom, “Dyeing and fastness
properties of phthalimide-based alkali-clearable azo disperse
dyes on poly(ethylene terephthalate),” Coloration Technology,
vol. 125, no. 6, pp. 322–327, 2009.

[3] G. Hussain, M. Ather, M. U. A. Khan et al., “Synthesis and
characterization of chromium (III), iron (II), copper (II) com-
plexes of 4-amino-1-(p-sulphophenyl)-3-methyl-5-pyrazolone
based acid dyes and their applications on leather,” Dyes and
Pigments, vol. 130, pp. 90–98, 2016.

[4] X. Tong and Y. Zhao, “Multiple photochemical processes in
liquid crystalline azo dye-doped liquid crystals,” Chemistry of
Materials, vol. 21, no. 17, pp. 4047–4054, 2009.

[5] A. V. Uklein, E. V. Ouskova, and V. Y. Gayvoronsky, “Non-
linear optical response of the nematic liquid crystal doped
with polymer-azo-dye complex under picosecond laser pulses
excitation,” Functional Materials, vol. 22, no. 1, pp. 20–26, 2015.

[6] S. B. Novir and S. M. Hashemianzadeh, “Density functional
theory study of new azo dyes with different 𝜋-spacers for dye-
sensitized solar cells,” SpectrochimicaActa PartA:Molecular and
Biomolecular Spectroscopy, vol. 143, pp. 20–34, 2015.

[7] R. V. Solomon, R. Jagadeesan, S. A. Vedha, and P. Venu-
vanalingam, “A DFT/TDDFT modelling of bithiophene azo
chromophores for optoelectronic applications,” Dyes and Pig-
ments, vol. 100, no. 1, pp. 261–268, 2014.

[8] M. Matsuoka, Infrared Absorbing Dyes, Plenum Press, New
York, NY, USA, 1990.
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