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Abstract: The interest in azo dyes is increasing in the textile and dye industry. Along
with this interest, in addition to experimental studies, quantum mechanical
calculations have recently been frequently encountered in the literature. In the
content of the study, first of all, three azo dyes are synthesized. Then, the
characteristic properties of the compounds are determined experimentally using
FT-IR, 1H-NMR and 13C-NMR spectroscopies. Then, the compounds are optimized in
the B3LYP/6-311+(d,p) basis set using density functional theory with the
Gaussian16 program. Theoretically, FT-IR and 'H-NMR values are calculated. It is
observed that the experimental and theoretical results are compatible. In addition,
the electronic properties of the azo dyes are investigated.

Heterosiklik Dispers Diazo Boyalarinin Sentezi, Yapisal Analizi ve Teorik

Hesaplamalarla Karsilastirilmasi

Anahtar Kelimeler

Azo boyarmadde,

Yapi analizi,

Yogunluk Fonksiyonel Teorisi

0z: Azo boyar maddelere olan ilgi tekstil ve boya endiistrisinde giderek artmaktadir.
Bu ilgiyle beraber, deneysel c¢alismalara ek olarak kuantum mekaniksel
hesaplamalara da son zamanlarda literatiirde siklikla rastlanmaktadir. Calismanin
iceriginde oOncelikle li¢c adet azo boyar madde sentezlenmistir. Devaminda
bilesiklerin  karakteristik 6zellikleri ©6nce FT-IR, H-NMR ve 13C-NMR
spektroskopileri kullanilarak deneysel olarak belirlenmistir. Sonra Gaussianl6
programiyla yogunluk fonksiyonel teorisi kullanilarak bilesikler B3LYP/6-
311G(d,p) baz setinde optimize edilmistir. Teorik olarak, FT-IR ve 1H-NMR degerleri
hesaplanmistir. Deneysel ve teorik sonuglarin uyumlu oldugu gézlenmistir. Bunlara
ilave olarak, azo boyar maddelerin elektronik 6zellikleri incelenmistir.

1. Introduction

Azo dyes are widely used in many sectors such as
biochemistry, medicine, food and beverage,

Azo dyes are synthetic compounds that have
revolutionized industrial dyeing processes and offer a
wide range of colors. The main feature of azo dyes is
the presence of an azo group (-N=N-) in their
molecules. This group acts as a chromophore group
that determines the color properties of the dye.

They are produced by chemical processes called
diazotization and coupling reactions. These processes
involve the reaction of aromatic amines with nitrous
acid to form diazonium salts, which are then reacted
with other aromatic compounds to form azo dyes [1-
3].

pharmaceutical, printing inks, plastics, leather and
textile and paint industries due to their high color
intensity, vivid and bright colors, wide color range,
economical production and suitability for various
application methods [4].

Some azo dyes are used in biochemical tests to detect
and measure biomolecules such as proteins, enzymes
and DNA [5-7] and due to their structure, they can
form complexes with metal ions. Thus, they have the
ability to change the color properties of the dye and
increase the performance of dyes in textile, paint and
other industrial applications [8,9].
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These compounds are widely preferred in the textile
industry due to their high affinity and good fastness
properties in the dyeing of synthetic fabrics such as
nylon, polyester and polyamide [10,11]. They are also
used in the leather industry in the coloring of leather
products. Because they provide deep and permanent
colors to leather products and maintain the flexibility
and durability of the leather [12,13].

In addition, since they provide vivid and bright colors
in printing inks, they are used in printing on various
surfaces such as paper, plastic and metal with
techniques such as offset printing and digital printing
[14,15].

In recent years, theoretical investigations of chemical
compounds have considerable attention due to their
intriguing electronic and geometric properties,
particularly their potential applications [16]. The
present study analyzed the molecular structures,
vibrational modes, and NMR spectra of disazo dyes
3a-c using quantum chemical methods at the DFT
level with the 6-311G(d,p) basis set. The comparison
between experimental data and theoretical results
plays a crucial role in the accurate assignment and
deeper understanding of vibrational and NMR spectra,
as well as the molecular structures of these
compounds.

In this study, three disperse disazo dyes containing
pyrazole and coumarin are synthesized based on
aniline, p-chlorine aniline and p-methyl aniline
compounds. Then, the structures of the synthesized
compounds are elucidated using  various
spectroscopic methods and compared with theoretical
calculations.

2. Material and Method

All consumables used throughout the study are pure
and imported products.

The following devices are used in the structural
analysis of the obtained dyes and in the necessary
spectroscopic analyses, respectively. It is measured
melting points in Electrothermal 9100 melting point
determination device and elemental analysis in
Costech ECS 4010 device. Structure analysis of
compounds is analyzed spectrometric methods such
as FT-IR analyses in Perkin Elmer Spectrum Two
spectrophotometer, 13C and proton NMR spectra in a
400 MHz Varian NMR device.

2.1. Synthesis of (4'-phenylazo-3'-amino-1'H-
pyrazol-5'-ylazo)-4-hydroxy coumarin (aa3a)

0.01 mol aniline is dissolved in sufficient amount of
HCIL. NaNO: aqueous solution is added very slowly on
this solution and is stirred in an ice bath for 4 hours.
Formed the diazonium salt is added to 0.01 mol
malononitrile solution prepared in another beaker
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and is stirred in an ice bath for another 4 hours. 3,5-
diamino-4-phenylazo-1H-pyrazole (aa2a) compound
is synthesized [3]. aa2a compound is filtered, is dried
and is crystallized in DMSO solvent. Afterwards, aa2a
dye is dissolved in 20 ml acetic acid and 20 ml HCl
mixture and 0.015 mol NaNO:z aqueous solution is
added and is stirred for 4 hours. At the end of the
period, formed the diazonium salt is added to the
solution of 0.01 mol 4-hydroxy coumarin formed in
NaOH and water mixture and left to stir for another 4
hours. The final product (4'-phenylazo-3'-amino-1'H-
pyrazol-5'-ylazo)-4-hydroxy coumarin (aa3a) is
filtered, air is dried and is purified in DMSO solvent.
Mol. formula: C18H13N703; Mol. weight: 375 g/mol;
Color: orange crystal; Yield: 75 %; mp 333-334 °C.
Elemental analysis, Found, %: C: 60.41, H: 3.58, N:
27.39; Calculated, % C: 60.17, H: 3.62, N: 27.30.

2.2. Synthesis of [4'-(4"-chlorophenyl)azo-3'-
amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3b)

0.01 mol 4-chloro aniline is dissolved in sufficient
amount of HCl. NaNO: aqueous solution is added very
slowly on this solution and is stirred in an ice bath for
4 hours. Formed the diazonium salt is added to 0.01
mol malononitrile solution prepared in another
beaker and is stirred in an ice bath for another 4 hours.
3,5-diamino-4-(4'-chlorophenyl)azo-1H-pyrazole
(aa2b) compound is synthesized [3]. aa2b compound
is filtered, is dried and is crystallized in DMSO solvent.
Afterwards, aa2b dye is dissolved in 20 ml acetic acid
and 20 ml HCI mixture and 0.015 mol NaNOz aqueous
solution is added and is stirred for 4 hours. At the end
of the period, formed the diazonium salt is added to
the solution of 0.01 mol 4-hydroxy coumarin formed
in NaOH and water mixture and left to stir for another
4 hours. The final product 4'-(4"-chlorophenyl)azo-3'-
amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3b) is filtered, air is dried and is purified in DMSO
solvent. Mol. formula: CisH12N7ClO3; Mol. weight:
409.5 g/mol; Color: brown crystal; Yield: 82 %; mp
341-342 °C. Elemental analysis, Found, % C: 54.86, H:
3.11, N: 24.76; Calculated, %: C: 54.89, H: 3.05, N:
24.90.

2.3. Synthesis of [4'-(4"-methylphenyl)azo-3'-
amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3c)

0.01 mol 4-methyl aniline is dissolved in sufficient
amount of HCl. NaNO2z aqueous solution is added very
slowly on this solution and is stirred in an ice bath for
4 hours. Formed the diazonium salt is added to 0.01
mol malononitrile solution prepared in another
beaker and is stirred in an ice bath for another 4 hours.
3,5-diamino-4-(4'-methylphenyl)azo-1H-pyrazole

(aa2c) compound is synthesized [3]. aa2c compound
is filtered, is dried and is crystallized in DMSO solvent.
Afterwards, aa2c dye is dissolved in 20 ml acetic acid
and 20 ml HCI mixture and 0.015 mol NaNOz aqueous
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solution is added and is stirred for 4 hours. At the end
of the period, formed the diazonium salt is added to
the solution of 0.01 mol 4-hydroxy coumarin formed
in NaOH and water mixture and left to stir for another
4 hours. The final product 4'-(4"-methylphenyl)azo-
3'-amino-1'H-pyrazol-5'-ylazo]-4-hydroxy coumarin
(aa3c) is filtered, air is dried and is purified in DMSO
solvent. Mol. formula: C19H1sN703; Mol. weight: 388
g/mol; Color: light yellow crystal; Yield: 71 %; mp
322-323 °C. Elemental analysis, Found, % C: 61.22, H:
4.09, N: 26.18; Calculated, %: C: 61.13, H: 4.02, N:
26.27.
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Scheme 1. Synthesis of aa2a-c dyes
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Scheme 2. Synthesis of aa3a-c dyes
2.4. Theoretical calculations

One of the most successful quantum chemistry tools
for describing the ground state properties of chemical
compounds is hybrid density functional theory (DFT).
Here, the most stable states of the synthesized azo
dyes are calculated using DFT and the obtained results
are in convincing agreement with the experimental
data [17-19]. The molecular structure of the
compound are optimized to obtain global minima
using the B3LYP/6-311G(d,p) level [20-22]. After
that, the same basis set and computational method are
used for FT-IR and 'H-NMR spectra of the compound
using the optimized structure. All calculations are
performed in the gas phase using the Gaussian 16. Rev.
B1 program [23]. GaussView 6.0 is also used for
visualization of the structure [24].

3. Results
3.1. Basic properties

The aim of our study is to introduce disperse disazo
dyes that can dye nylon and polyester fabrics to the
literature for the dye and textile industry. The basic
properties of the three synthesized disazo dyes are
given in sections 2.1, 2.2 and 2.3. When the results are
examined, it is seen that bright colors such as orange,
brown and light yellow are obtained. The highest yield
is obtained in compound aa3b, while the lowest yield
is obtained in compound aa3c. It can be thought that
this situation is due to the fact that the chlorine group
attached to the phenyl ring facilitates the formation of
the diazo compound by withdrawing electrons from
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the ring. Similarly, it can be said that the reason for the
low yield of compound aa3c is that the methyl group
attached to the phenyl ring provides electrons to the
ring and makes the formation of the diazo compound
difficult.
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Figure 1. Optimized geometry for aa3a-c compounds
calculated at DFT/B3LYP/6-311G(d,p) level.

3.2. Tautomerism

When the structures of aa3a, aa3b and aa3c
compounds are examined, it is determined that the
dyes could be in 3 different tautomeric forms. These
are disazo-keto (T1), disazo-enol (T2) and azo-
hydrazo keto (T3) forms. According to FT-IR data, all
synthesized dyes are in disazo-keto form, while
according to 'H-NMR data, they are converted to
disazo-enol form in DMSO-dée.
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Scheme 3. Tautomeric structures of aa3a-c dyes

3.3. Structure analysis

FT-IR, tH-NMR and 13C-NMR analyses are performed
to elucidate the structures of the synthesized
compounds. The obtained data are summarized in
Table 1, Table 2 and Table 3. In addition, sample
spectra of these analyses are shown in Figure 2, Figure
3, Figure 5, Figure 6, Figure 8 and Figure 9. Also, the
spectrum showing the correlation calculation of
theoretical and experimental data of FT-IR
spectroscopy is given in Figure 4.
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Table 1. FT-IR data for azo dyes aa3a-c

Dye aa3a aa3b aa3c

No Cal. | Exp. | Cal. | Exp. | Cal. | Exp.
VNH2 3423 | 3357 | 3423 3361 | 3424 | 3358
VNH 3272 | 3224 | 3271 3283 | 3274 | 3241
varon | 3159 | 3166 | 3157 | 3141 | 3165 | 3184
3112 | 3109 | 3084 | 3073 | 3094 | 3075
3059 | 3071
VAlip-H - - - - 2957 | 2838
vc=0 1721 | 1729 | 1715 1730 | 1711 1728
1640 | 1647 | 1668 1650 | 1673 1650
VN=N 1464 | 1479 | 1512 1520 | 1518 | 1520
1455 | 1460 | 1484 | 1462 1467 | 1457
VC-0-C 1237 | 1203 1238 1204 | 1233 1204

When Table 1 is examined, two separate -N=N- (azo)
peaks were observed in the range of 1457-1520 cm™1!
for each dye. Two -C=0 (carbonyl) peaks are
determined in the range of 1647-1730 cmL In
addition, -NHz peaks are determined in the range of
3357-3361 cm! and -NH peaks are determined in the
range of 3224-3283 cm-1. The presence of two
separate azo and carbonyl peaks in the structural
analysis indicates that the synthesized dyes are in the
disazo keto (T2) tautomeric form in the solid state.
When the theoretical calculation data are examined,
the -N=N- (azo) peaks in the range of 1455-1518 cm'!
and two C=0 peaks in the range of 1640-1721 cm-!
show that the compounds are in the disazo keto (T2)
form in the theoretical calculations as well as in the
experimental results.

Both the experimental results and the theoretical
calculations confirm each other.

Figure 2. FT-IR spectra of aa3a dye.
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Figure 3. The calculated spectra FT-IR of aa3a.
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Figure 4. The correlation graphs between the experimental
and calculated frequencies for the dye aa3a.

When 'H-NMR data of all synthesized compounds are
examined, aromatic hydrogen peaks are observed in
the range of 7.11-8.11 ppm. Peaks are observed in the
range of 12.95-13.42 ppm belonging to the OH group
attached to the coumarin compound, in the range of
13.53-14.49 ppm belonging to the NH group attached
to the pyrazole ring, and in the range of 5.39-5.48 ppm
belonging to the NH2z group attached to the pyrazole
ring. In addition, the aliphatic hydrogen peak
belonging to the CH3 group attached to the phenyl ring
in the aa3c compound is observed at the level of 1.17
ppm. Similarly, as a result of theoretical calculations,
aromatic hydrogen peaks are observed in the range of
7.88-8.70 ppm, OH peaks in the range of 6.75-6.88
ppm, NH peaks in the range 0f 9.70-9.82 ppm and NHz
peaks in the range of 4.91-4.98 ppm.

Both experimental and theoretical results are
consistent with each other and show that the
synthesized dyes are in disazo enol (T1) tautomeric
form in DMSO-d6 solvent.

Table 2. tH-NMR data for dyes aa3a-c

Dye aa3a aa3b aa3c

No Cal. Exp. Cal. Exp. Cal. Exp.
Ar-H 7.89- | 7.13- 7.88- 7.33- 7.94- 7.11-
8.70 7.94 8.64 7.84 8.52 8.11

Al-H - - - - 1.93 1.17
0-H 6.88 13.42 6.75 12.95 6.83 13.22
NH 9.70 14.49 9.82 13.53 9.78 13.54

NH: 491 5.39 4.98 5.48 4.94 5.47

,'.»‘
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W

L

Figure 5. 1H-NMR spectra of aa3a dye.
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spectra of aa3a dye.

Theoretical and experimental 13C-NMR values of the
three synthesized compounds are given in the Table 3.
It is observed that all results are compatible with the
synthesized structures. The numbering of the aa3cdye
is given in Figure 7, and the experimental and
theoretical carbon NMR spectra of the aa3a dye are
given in Figure 8 and Figure 9, respectively.

Table 3. 13C-NMR data for dyes aa3a-c

Carbon aa3a aa3b aa3c
number Cal. EXp. Cal. Exp. Cal. Exp.
C13 148.02 175.37 139.54 175.47 139.21 173.65
C19 173.16 163.63 162.66 | 163.55 161.45 162.66
C21 157.74 153.55 152.22 153.63 152.67 153.52
C18 162.92 152.44 158.17 152.44 158.44 151.30
Cl 161.85 151.85 159.73 151.85 139.47 149.39
C10 164.98 145.36 160.98 | 145.31 160.96 145.31
C9 129.18 131.42 144.26 | 135.16 143.99 141.29
C6 137.46 130.82 132.58 131.42 132.20 131.45
C17 119.22 129.34 118.45 129.34 | 118.75 129.34
C24,C25 123.01 124.93 121.69 124.93 121.40 124.85
C4,C5 134.65 123.66 125.95 123.65 126.28 123.60
C22,C23 130.40 122.35 121.52 122.66 120.86 122.24
C2,C3 116.45 118.94 106.17 | 118.86 106.09 118.88
Cl6 127.06 114.02 128.03 114.42 128.01 114.55
€26 - - - - 3523 | 22.14
N
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Figure 7. Numbering of atoms of aa3c dye.
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Figure 8. 13C-NMR spectra of aa3a dye.

=
Fo
|

Degeneracy
= = 9=
= o
1 1 1

=
o
1

=1
L

) WP e B R A B A BB AT AR
90 100 110 120 130 140 150 160
Shift (ppm)
Figure 9. 13C-NMR calculated spectra of aa3a dye.

3.4. Molecular electrostatic potential

The molecular electrostatic potential (MEP) at any
given point around a molecule offers valuable insights
into the net electrostatic effects present at that
location, which arise from the complex charge
distribution within the molecular system. This
electrostatic profile is essential for predicting the
molecule's reactivity [25,26]. The MEP surface,
defined by an electron density isosurface has been
carefully plotted over the optimized geometry of the
cluster systems, as depicted in Figure 10. This
visualization facilitates a detailed analysis of the
underlying  electrostatic  characteristics  and
interactions.

As illustrated in Figure 10, this region demonstrates a
high electron density attributed to the two azo groups
linked to the pyrazole ring, along with the
electronegative oxygen atoms present in the coumarin
ring of the aa3a-c dyes. Furthermore, proton density is
observed on the side of the ring that is distant from the
oxygens, a consequence of the presence of these
electronegative oxygen atoms in the coumarin ring.
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3.5. Electronic properties
The HOMO-LUMO energy gap is an important

indicator of a molecule's chemical reactivity. A smaller
energy gap is indicative of lower kinetic stability in the
molecule. This separation of HOMO and LUMO
energies is a result of significant intermolecular
charge transfer between electron donor groups and
electron acceptor groups via m-conjugated pathways
[27]. Furthermore, the HOMO-LUMO energy gap can
also provide insights into the bioactivity associated
with intramolecular charge transfer. The calculated
electronic parameters for aa3a-c are presented in
Table 4. HOMO-LUMO orbitals of aa3a-c dyes are given
in Figure 11.

As shown in Table 4, the dye with the lowest chemical
hardness is aa3a and the dye with the highest chemical
softness is again aa3a. Similarly, the electron affinity
and electronegativity of the aa3c dye were the highest,
while this value was the lowest for the aa3b dye. These
results are thought to be due to the chlorine
withdrawing electrons from the ring and the methyl
group donating electrons to the ring.

Table 4. Electronic properties of aa3a-c

Parameters aa3a | aa3b | aa3c
ELumo (eV) -5.52 -5.62 -5.81
Esomo (eV) -3.02 | -3.07 | -3.22
AE= Erumo- Enomo (eV) 2.50 2.55 2.59
I (ionization potential) 552 562 581
(eV)

A (electron affinity) (eV) 3.07 3.02 3.22
X (electronegativity) (eV) 4.35 4.27 4.52
1 (global hardness) (eV) 1.25 1.30 1.28
S (global softness) (eV-1) 0.80 0.78 0.77
U (electronic chemical ) i i
potential) (V) 4.27 435 | -4.51
o (global electrophilicity

index) (eV) 7.31 7.41 7.87
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Figure 11. HOMO-LUMO orbitals for aa3a-c

As shown in Figure 11, the delocalization in the phenyl
ring causes the HOMO orbitals to be concentrated in
this area, while the LUMO orbitals are spread
throughout the molecule.

4., Discussion and Conclusion

In our study, it is aimed to synthesize 3 heterocyclic
disperse disazo dyes capable of dyeing nylon and
polyester fabrics and to introduce them to the dye and
textile industry. The fact that we obtain high yield
products and that the end products are bright and
vibrant in color confirms the content of our work.

In the continuation of the study, the structural
properties of the dyes are examined and the
experimental data are compared with the theoretical
calculations. It is seen that the results of these
comparisons are compatible with each other.

The fact that the compounds exhibit tautomeric
properties and can transform from disazo-keto form
in solid state to disazo-enol form in solvent shows that
they may have different solubility properties. Control
of the tautomeric balance can provide better binding
of the dye to the target material (textile, polymer etc.)
and more homogeneous distribution.

In addition, these different forms absorb light at
different wavelengths, providing a wide range of
colors. The change in tautomeric balance depending
on environmental conditions (pH, solvent,
temperature, etc.) allows the color to be adjusted and
modified. This property is especially important for
applications such as sensors and smart textiles.

The two azo groups linked to the pyrazole ring
combined with the electronegative oxygen atoms in
the coumarin ring, exhibit substantial electron
density, characterizing this region as nucleophilic. In
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contrast, the electrophilic area situated on the side of
the rings opposite the oxygens also displays significant
proton density.

In addition, electronic parameters such as hardness,
softness, electron affinity, and electrophilicity index
were calculated using density functional theory with
values suitable for the structural properties of the
synthesized aa3a-c dyes.

Based on these values, the structure with the highest
electron acceptability, or the greatest tendency to
attract electrons, is aa3c. Although there are minor
differences, aa3a is softer than the other compounds
and can be more easily polarized.
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