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Abstract 
4-({4-[Bis(2-cyanoethyl)amino]phenyl}diazinyl)benzene sulfonamide is the azo dye material 
which has general application in the textile industry.  Experimentally, it has been synthesized 
and geometrically characterized by G. Gervasio et al. In this study, the theoretical analysis has 
been calculated by using the ab-initio method based on the Density Functional 
Theory/B3LYP/6-311G(d,p) to characterize the structural, spectroscopy, and electronic 
properties of the title azo dye. Its molecular geometries are in the good agreement with those 
of available experiment data. 129 vibrational modes have been specified with stretching, in-
plane-bending, out-of-plane-bending, and torsion vibration modes by the Potential Energy 
Distribution analysis. The ultraviolet spectra appear in single peak for six common solvation at 
~429 nm. The Gauge-Invariant Atomic Orbital approach has been applied to predict the 
chemical shifts of 1H and 13C NMR only in DMSO solvation. The electronic properties have 
been investigated such as the energy bandgap (3.34 eV), ionization potential energy (6.24 eV), 
electron affinity (2.90 eV), electronegativity (4.57 eV), and chemical hardness (1.67 eV) by 
using the Frontier Molecular Orbital Theory from the energy interaction of the Lowest 
Unoccupied Molecular Orbital and Highest Occupied Molecular Orbital. The characterization 
of the title azo dye is conducted theoretically for the first time in this study. 
Keywords: Density functional theory, UV-Vis absorption, chemical shifts, electronic 
properties, azo dye. 
 

1. Introduction 
4-({4-[Bis(2-cyanoethyl)amino]phenyl}diazinyl)benzene sulfonamide or C18H18N6O2S is one 
of the azo dye family that consists of Nitrogen double bonds [1]. Generally, there is not a 
standard definition of the term developing azo dye because it can be synthesized from any fiber. 
However, more than 100.000 different types of azo dye are currently used in recent technology 
and industrial applications [2] such as in biomedical applications [3], catalyst [4], laser 
technology [5], industrial dyes [6], degradation material [7], etc.  
Experimentally, the title azo dye has been synthesized by G. Gervasio, et al (2010).  They have 
obtained its crystal structure by X-Ray measurement and reported the geometrical parameters 
of bond length, bond angle, and dihedral angle [8].  However, some spectroscopic and electronic 
properties have not been measured yet. Therefore, in this study, we have aimed to characterize 
the title azo dye, 4-({4-[Bis(2-cyanoethyl)amino]phenyl}diazinyl)benzene sulfonamide, by 
utilizing the quantum chemical computational methods to understand their chemical and 
physical properties at the atomistic level.  
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The computational quantum chemistry is a powerful theoretical method to combine the power 
of computational technique and the foundation of physics principles to solve and understand 
chemical problems. This method can simplify and solve many-body electron problems by 
adding quantum interactions and using some quantum approximations [9]. The effectiveness of 
the method for azo dye molecules has been confirmed in many studies. Ab-initio calculations 
have been performed to investigate the potential near-infrared absorbing structures of 2-
imidazolyl-2-thiazolyl azo compounds [10]. Funar-Timofei et al. (2012) have aimed to simulate 
modeling heterocyclic azo dye affinities for cellulose fiber in their study [11]. Atay et al. (2019) 
have clarified the structural and spectroscopic properties of mono azo dye by performing ab-
initio simulations based on density functional theory (DFT) [12]. More recently, some structural 
and vibrational properties of the azo dye materials have been identified by the ab-initio method 
based on DFT/B3LYP [13].  
In our study, we have performed the ab-initio simulations based on DFT/B3LYP to reveal some 
spectroscopic and electronic properties of the title azo dye whose structural parameters have 
been obtained experimentally. The structural parameters have been acquired in terms of bond 
length, bond angle, and dihedral angle. To validate our results of structural parameters, we have 
compared them with those of the experiment by using linear regression analysis [14]. The 
vibrational frequencies and their fundamental modes have been evaluated by calculating FT-IR 
spectra [15]. UV-Vis absorption spectra of the title azo dye in the excited state have been studied 
for six common solvation such as water, methanol, ethanol, chloroform, dichloromethane, and 
dimethyl sulfoxide (DMSO) to see the effect of solvation on the absorption peaks by utilizing 
time-dependent TD-DFT/B3LYP/6-311G (d,p) method [16].  The chemical shifts of 1H and 13C 
NMR of the title azo dye have been predicted by using GIAO-DFT/B3LYP/6-311G(d,p) 
method [17]. Electronic properties such as energy bandgap (𝐸𝐸𝐸𝐸), ionization potential 
energy (𝐼𝐼𝐼𝐼), electron affinity  (𝐸𝐸𝐸𝐸), electronegativity  (𝑥𝑥), and chemical hardness  (ƞ) have 
been obtained from HOMO-LUMO relations by using the Frontier Molecular Orbital Theory 
(FMO) [18].  To the best of our knowledge, the results obtained from the DFT computations 
are done for the first time, in this study. 
 

2. Computational Method 
This research is based on quantum chemical calculations based on the ab initio method, which 
is a computational method without needing any empirical information about the molecular 
system [9]. The global energy minima of the title molecule has been obtained by optimizing the 
molecular structure at the level of the ab-initio method based on DFT within B3LYP exchange-
correlation functional (which represents Becke 3-parameter, Lee-Yang-Parr) [19, 20] 
implemented in the Gaussian 09 Package Program [21, 22]. The electronic-wave function used 
in DFT is described by 6-311G(d,p) basis set in this study. Figure 1 (b) shows the optimized 
molecular structure of the azo dye molecule with the atomic numbering as well as the schematic 
view of the synthesized molecule structure.  FT-IR (Fourier Transform Infrared Radiation) 
spectral analysis has been carried out to identify the fundamental vibrational modes of the 
optimized molecule by utilizing the same method and the basis set.  Potential Energy 
Distribution (PED) for each of the vibrational frequencies has been computed via VEDA4 
(Vibrational Energy Distribution Analysis) program designated the character of each mode 
numerically [23, 24]. It has become customary to multiply the vibrational frequencies by the 
scaling factor of 0.966 for 6-311G(d,p) basis set because the DFT method overestimates the 
vibration modes [25]. Time-dependent density functional theory (TD-DFT)/B3LYP based 
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simulations have been fulfilled to provide UV-Vis spectrum in the excited state in six different 
solvation of water, methanol, ethanol, chloroform, dichloromethane, and dimethyl sulfoxide 
(DMSO) to understand the impact of solvation on the value of the absorption peaks of the title 
molecule [26, 27]. The chemical shift of the title azo dye has been predicted by investigating 
the hydrogen and carbon nuclear magnetic resonance (NMR).   The Gauge Invariant Atomic 
Orbitals (GIAO) method has been employed in the medium of DMSO to attain the 1H and 13C 
NMR shielding constant [28]. Finally, we have investigated the Frontier Molecular Orbital 
Theory (FMO) analysis to get HOMO-LUMO interactions leading to identifying chemical 
hardness, chemical softness, ionization potential, electron affinity, electronegativity, 
electrophilicity, and chemical potential of the title molecule [29].  
 

 

 

(a) (b) 

Figure 1. (a) Schematic view of synthesized molecule [8] and (b) the optimized structure of the title 
azo dye via GaussView 5.0 program. 

 

3. Result and Discussion 
3.1. Optimized structure 
The structure of the title azo dye has been simulated to be achieved its stable structure. Thus, 
the optimized structure in the ground state has been visualized in three dimensions by using 
Gauss View 5.0 program. The calculations conducted by using DFT/B3LYP with 6-311G(d,p) 
basis set are used to predict the structural parameters and vibrational frequencies [30]. The 
optimized structure of the title azo dye, shown in Figure 1, has 45 atoms (18 carbons, 2 oxygens, 
6 nitrogens, 1 sulfur, and 18 hydrogens) and owns 129 fundamental vibrational modes. The 
structural parameters such as bond length, bond angle, and dihedral angle of the title azo dye 
are given in Table 1, along with those of the available experiment. As seen in the table, it has 
46 bond lengths, 74 bond angles, and 99 dihedral angles, respectively.  
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A linear regression analysis has been ensured to examine the correlation between the 
experiment and the DFT simulation. Linear regression is provided by the linear equation of 𝑦𝑦 =
𝑎𝑎𝑥𝑥 + 𝑏𝑏, where 𝑎𝑎 and 𝑏𝑏 are the fit parameters [14, 31]. The result is depicted in Figure 2. The 
regression values of bond length and bond angle are calculated as 0.968 and 0.926, 
correspondingly, which indicates that our DFT results of structural parameters are in excellent 
agreement with those of the experiment. 

 
Figure 2. The correlation graphs between observed and calculated of the title molecule parameters 

both for (a) bond length and (b) bond angle 
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3.2. FT-IR and Vibrational Modes 
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Figure 3. FT-IR Spectra of the title azo dye simulating by DFT/B3LYP/6-311G(d,p). 

 
The determination of the vibrational frequencies employing quantum chemistry methods is 
becoming an increasingly important tool. Theoretically predicted frequencies can provide ones 
to determine the fingerprints of the chemical compounds [32]. It also shows important 
information about the nature of the chemical and molecular bond, intramolecular forces acting 
between the atoms, and intermolecular forces in the condensed phase. A molecule can vibrate 
in many ways, and each way is called a vibrational mode [33, 34]. The vibrational modes can 
be defined as a way of vibrating when applied to a system that has several points with different 
amplitudes of deflection [35]. The absolute IR intensities of the transmittance for the optimized 
structure as a function of harmonic vibrational wavenumbers are attained by DFT/B3LYP/6-
311G(d,p). The infrared spectrum is given in Figure 3 with 45 atoms and 129 fundamentals 
vibration modes. The normal mode assignments of the vibrational modes are performed by 
combining the GAUSSVIEW 5.0 package software and VEDA4 programs [36]. Table 2 
collects some specific and important vibrational modes, as well as the assignment of 
fundamental vibrational modes. The experimental measurements of fingerprint regions for the 
title azo dye considered in this work are compared with the theoretical data obtained from the 
quantum chemistry method. Some important vibrational modes can be analyzed such as 
vibration between nitrogen and hydrogen (ν NH) band in the region of 3525 – 3411 cm-1, 
vibration aromatic between carbon and hydrogen ( νAR NH) band in the region of 3111 – 3021 
cm-1, and vibration between nitrogen double bond (ν NN) band in the region of 1496 - 1448 
cm-1.  As seen in Table 2, these vibrational modes are found in these regions by using the 
computational quantum chemistry method used in this work. 
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3.3. UV absorbance 
Absorption spectra are the beam reduction measurement after it has been reflected from a 
sample surface or passed through a sample. When ultraviolet and visible light is sent into the 
material, the atoms go into excitation states. In this case, it absorbs some part of the light. This 
method measures the wavelength at which it absorbs light [37, 38]. Therefore, this method can 
be used to characterize the structure of chemical material [15]. The energetical stability of the 
azo dye is strongly dependent on the nature of the media or the solvation. Therefore, in this 
work, the absorption spectra of the title molecule have been studied in different solvation such 
as water, methanol, ethanol, chloroform, dichloromethane, and DMSO. The results are 
displaced in Figure 4. As shown in the figure, the absorbance spectra reveal the main peak at a 
similar wavelength for six different solvation. However, we have seen that the solvation does 
not have a strong effect on the wavelength at the maximum absorbance  (𝜆𝜆max ).  The values of 
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the maximum absorbance for six solvation are summarized in Table 3. As seen in the figures, 
the absorption spectrums in all solvation are very close to each other for the compound. When 
the theoretical UV spectra for the title azo dye are examined, a single peak is observed in all 
solvation. There is no tautomer change in different solvation and the structure of the compound 
is not changed. The UV peak at 400-500 nm indicates that the compound is colored and that 
there is a chromophore group in its molecular structure.  

Table 3. The wavelengths at the maximum absorbance  (𝝀𝝀𝐦𝐦𝐦𝐦𝐦𝐦 ) for different solvation. 

No Solvation 𝛌𝛌𝒎𝒎𝒎𝒎𝒎𝒎  (nm) No Solvation 𝛌𝛌𝒎𝒎𝒎𝒎𝒎𝒎  (nm) 

1 Water 429.14 4 DMSO 431.36 
2 Methanol 428.31 5 Dichloromethane 428.26 
3 Ethanol 428.97 6 Chloroform 425.68 
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Figure 4. Absorption spectra of the title molecule obtained by TD-DFT/B3LYP/6-311G(d,p) for 

different solvation. 

 
Carbon and Hydrogen NMR Spectra 
Nuclear Magnetic Resonance (NMR) spectroscopy is remarkable tool for providing the 
valuable information on crystallography or structure of the molecules [39, 40]. Therefore, 1H 
and 13C NMR chemical shifts can be used as the chemical group characterization of the 
molecule [41, 42]. The type of spectrum observed depends on the activation energy separating 
the molecules (which determines the lifetimes of the states) and the chemical shift difference. 
The computations of 1H and 13C chemical shifts with respect to Tetramethyl-silane (TMS) are 
performed as implemented GIAO approach at the level of B3LYP and DFT method with 6-
311G (d,p) basis set of the title azo dye in the medium of DMSO [43, 44]. The results of the 1H 
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and 13C chemical shifts are listed in Table 4. According to the results of the 1H -NMR 
calculations for our title azo dye; while the peak of CH2 protons is observed in the region of 
3.97 and 2.28 ppm, the peak of the protons in the aromatic rings is between 8.20 – 6.98 ppm 
and the peak of the proton bound to N is 3.73 ppm.  
 
Table 4. The chemical shifts of 1H and 13C NMR in the medium of DMSO by employing 
TD-DFT/B3LYP 6-311G(d,p) (all values in ppm). 
                                    13C-NMR (ppm)                         1H-NMR (ppm) 

Atomic Symbol DFT/B3LYP/6-311G(d,p) Atomic 
Symbol DFT/B3LYP/6-311G(d,p) 

C6 158.69 H8 8.20 
C24 154.81 H21 8.20 
C1 151.52 H28 8.10 
C19 148.62 H5 8.08 
C20 142.11 H10 7.99 
C7 136.56 H3 7.83 
C9 130.63 H23 6.98 
C2 129.98 H26 6.68 
C44 123.58 H32 3.97 
C36 121.46 H31 3.77 
C27 119.23 H39 3.76 
C4 116.54 H16 3.75 
C25 114.73 H15 3.73 
C22 114.02 H40 3.47 
C30 50.470 H43 2.74 
C38 48.680 H35 2.62 
C41 15.860 H34 2.39 
C33 13.150 H42 2.28 
Labels of the atoms in this table are given according to figure 1 used in the assignment of the chemical 
shift 

 
HOMO-LUMO Energy and Electronic Properties 
Determining the molecular structure and energies makes it easier to control the chemical 
reactivity behavior of molecules using the Frontier Molecular Orbital (FMO) Theory [18].  
FMO Theory is an efficient method of obtaining the HOMO-LUMO interaction The difference 
between the HOMO (the highest occupied molecular orbital) and LUMO (the lowest 
unoccupied molecular orbital) orbital levels defines the energy bandgap, which is an important 
parameter in assigning the electrical and optical properties of the material [45, 46, 47].  
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Figure 5.  (a) Schematic view of HOMO-LUMO (EHOMO - ELUMO) and energy bandgap (Eg) and (b) 
the values of some electronic properties: the ionization potential energy (𝐼𝐼𝐼𝐼), electron affinity (𝐸𝐸𝐸𝐸), 

electronegativity (𝜒𝜒), chemical hardness  (ƞ) and global electrophilicity index  (𝜔𝜔). 

 
The electronic structure parameters of the molecules such as the ionization potential energy 
(𝐼𝐼𝐼𝐼) [48], electron affinity (𝐸𝐸𝐸𝐸) [49], electronegativity (𝜒𝜒) [50], chemical hardness (ƞ) [51], 
and global electrophilicity index (𝜔𝜔) [52] have been computed from the values of HOMO-
LUMO interactions to collect the valuable information about the reactivity of the title 
compound in this study. The schematic view of HOMO-LUMO levels and energy bandgap, and 
the values of the electronic properties are presented in Figure 5.  The values of HOMO and 
LUMO levels are evaluated as -6.24 eV and -2.90 which gives rise to calculating the energy 
bandgap (Eg) as 3.34 eV.  This value which is greater than 1.50 eV ensures that the molecule is 
thermodynamically stable and prevents it from polymerizing. 
The ionization potential energy (I = -EHOMO) represents the minimum energy required to take 
away an electron from the molecule, while the electron affinity (A = -ELUMO) is the energy 
gained when an electron is added to the system. Electronegativity ( 𝜒𝜒 =  (𝐼𝐼 + 𝐸𝐸)/2)  measures 
the value of the attraction of an atom for bonding the electrons in the molecules. Chemical 
hardness (𝜂𝜂 =  (𝐼𝐼 − 𝐸𝐸)/2) shows the degree of the resistance to charge transfer in the molecule. 
The global electrophilicity index (𝜔𝜔 = 𝜒𝜒2/2𝜂𝜂) evaluates the tendency of electron acceptors to 
gain the additional electronic charge. It can be obtained from DFT computations that this 
molecule has high ionization potential energy of 𝐼𝐼𝐼𝐼 = 6.24 𝑒𝑒𝑒𝑒, a high electron affinity value 
of  𝐸𝐸𝐸𝐸 =  2.90 eV, a strong electronegativity 𝜒𝜒 = 4.57 𝑒𝑒𝑒𝑒, and low chemical hardness  ƞ =
1.67 𝑒𝑒𝑒𝑒.  
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Conclusions 
In this study, the structural and spectroscopic properties of 4- ({4- [Bis (2-cyanoethyl) amino] 
phenyl} diazinyl) benzene sulfonamide (𝐶𝐶18𝐻𝐻18𝑁𝑁6𝑂𝑂2𝑆𝑆)  azo dye have been investigated by 
using DFT/B3LYP method with the basis set of 6-311G(d,p). The linear correlation between 
the experiment and the DFT method for the structural properties such as bond length and bond 
angles has been calculated. FT-IR analysis shows that title azo dye owns 129 vibrational normal 
modes including mainly stretching, bending, and torsion mode. The absorbance spectra have 
been obtained in six different solvation by using the method of TD-DFT/B3LYP. It is shown 
that the solvation has not a significant effect on the absorption peaks. The absorbance peaks 
appear at the wavelength of ~428 nm. Moreover, 1H and 13C chemical shifts concerning TMS 
have been identified to characterize the title compound. Finally, HOMO-LUMO energy values 
for the title compound reveal the electronic behavior of the title azo dye, such as high ionization 
potential energy, electron affinity, and electronegativity, but with low chemical hardness.  In 
the future, it is expected that the results of this study will lead to experimental studies and will 
be used as supporting data.  
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