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a b s t r a c t 

The azobenzene 1-arylazo-2-naphthol has been synthesized and characterized by elemental analysis, 1 H 

NMR, IR and UV–Vis spectroscopies using both experimental and theoretical methods. The MEP, NPA and 

FMOs have also been performed at the DFT/B3LYP-D3 level with different solvents in order to investi- 

gate the solvent’s effect. The ener getic behavior of the compound has been examined in the gas phase 

and in solvent media using the integral equation formalism polarizable continuum model (IEF-PCM). Sol- 

vents had sligth significant effect on NPA values whereas both molecules hardness and stability decrease 

along with increasing of the solvent’s polarity. Vibrational and absorption analysis showed no significant 

azo ±hydrazone tautomerism. Theorically, the title molecule calculated in Acetonitrile solvent is the most 

reactive. The observed red shifts are explained by the large extension of the π conjugated system and 

the blue shifts confirm the appearance of several tautomeric forms of the studied azo-benzene which 

lead to a marked improvement in photochemical stability. The cation binding properties of azo benzene 

as absorption sensor for Cu 2 + , Mg 2 + , Ni 2 + and Zn 2 + cations were reported. The highest adsorption energy 

in both gas and liquid phase corresponds to the complexes Azoic/Ni 2 + then in Azoic/Cu 2 + and some- 

what in Azoic/Zn 2+ complex. The lowest adsorption energy is given to Azoic/Mg 2 + complex. After cations 

chemisorption on azoic molecule a bathochromic shift is observed in the optical spectra, particularly for 

Azoic/Ni 2 + complex, which is the proof of interaction between azoic compound and mentioned cations. 

The electronic proprieties and the vibrational spectra can therefore be used to detect the presence of 

different cations and the azobenzene shows appropriate properties to constitute good cations (Ni 2 + and 

Cu 2 + ) sensors. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

With the expansion of the modern industry, agriculture and 

ransport, heavy metal pollution has become a serious problem 

nd an important factor in environmental pollution. Heavy metal 

ontamination is a widespread contamination with a long-term ef- 
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ect and it is hard to eliminate because of its persisting nature. The 

ycling of organic materials and the exchange of energy, resulting 

n the transmission and enrichment of heavy metals through food 

hains, which ultimately endangers human health [1] . Recent in- 

estigations have found labile zinc to be severely involved in the 

uman pathophysiology and neurology. For particular, failure in 

inc homeostasis is implicated in the progression of prostate can- 

er as well as Alzheimer’s disease [ 2 , 3 ]. Cu 

2 + is known to have

 toxic effect on cells due to cellular apoptosis due to Cu 

2 + in- 

uced hydroxyl radicals [4] . It has also been documented that a 
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ignificantly elevated level of Cu 

2 + is damaging to various organs, 

omprising the liver, kidneys, and brain [5] which leads to organ 

isfunction and neuro-degenerative diseases. Mercury, can cause 

o organisms and environment even at low concentrations [ 6 , 7 ]. 

hen cobalt achieves a certain level in the human body, it causes 

nd stimulates vasodilation, flushing and cardiomyopathy, blood 

nd kidney adverse effects and other respiratory and central ner- 

ous system disorders. Simultaneously, animals deprived of cobalt 

how growth retardation, anemia, a loss of appetite and decreased 

actation [8] . In addition, Nickel compounds are believed to cause 

ancer [9] . Some new investigations have shown that Pb 2 + can 

nter the human body from wastewater and waste residues and 

ause damage to the haematopoiesis, nervous system and kidneys, 

esulting in chronic poisoning [10–12] . A lack of Magnesium can 

amage more than 300 enzyme systems that regulate various bio- 

hemical reactions in the body. These reactions involve proteins 

ynthesis, muscle and nerve activity [13] . The Detection of chem- 

cal species is of major concern in a variety of fields, comprising 

nvironmental, medical and biological domains, and security. It is 

ell recognized that recently, the increasing pressure from envi- 

onmental authorities has led to the establishment of release stan- 

ards, which in turn necessitate the effective use of chemical re- 

ediation and purification processes [14] . The design as well as 

he development of novel sensitive and specific chemosensors for 

he environmentally and biologically important heavy and transi- 

ion metal ions have been strongly focused on over last few years 

15–20] . These conventional approaches suffer greatly from the ex- 

ensive cost of the instruments, complicated sample pre-treatment 

rocesses and rigorous experimental requirements [21] . On the 

ther hand, it is required to transmit selectivity to the ion sen- 

or for a material that has a great affinity for a certain metal ion

ut has a low sensitivity to other metals. In deed, the synthesis of 

zobenzene was shown to be easy and fast [22] . Azo compounds 

ave attracted much attention thanks to their versatile properties 

nd their photosensitivity [23] as well as their ability of bonding 

hrough N = N groups [24] which make them favorable for use 

n fiber dyeing [25] , analytical chemistry and in biological reac- 

ions, in particular, sensing and recognition of cations, anions and 

iomolecules [23] . Furthermore, metals and their ions especially 

oxic metals such as Cu 

2 + , Mg 2 + ,Ni 2 + , etc. play an important role

n several biological, environmental processes and they are quite 

ignificant in human health [ 23 , 26 , 27 ]. In addition, the determina-

ion of cations in a real sample is quite important with simpler, 

heaper and faster methods than conventional techniques. Until 

ow, the determination of cations can be attained by several an- 

lytical methods using spectroscopic techniques. Though, simpler 

ethods for practical applications of the detection of any analyte 

f interest are wanted. Fluorimetric and colorimetric chemosensors 

an be alternative techniques instead of the traditional analytical 

ethods for the determination of cations in real sample. Conse- 

uently, the development of chromogenic chemosensors for cations 

ecognition has become an attractive research field and the synthe- 

is of new additional chemosensor is still required. 

In this paper, we focus on the synthetical, structural, vibrational 

nd optical analysis of azobezene for the first time using both 

xperimental and theoretical methods in different solvents (Ace- 

onitrile, Chloroform, Cyclohexane, Dichloromethane, Ethanol, THF, 

oluene and gas phase). The solvation treatment was selected as 

ollows : The solvent’s choice was done according to their pro- 

icity and polarity as well as its predictible effect on the tau- 

omeric forms of the studied compound. In deed, we used cyclo- 

exan, toluen and chloroform as non-polar aprotic solvents. THF 

as chosen as a polar aprotic solvent and ethanol was employed 

or its obvious polarity and proticity. The concentration of the pre- 

ared samples is maintained to be 10 −5 M. Moreover, we report 
o

2 
he characterization and cation binding properties of azobenzene 

s an adsorption sensor for Cu 

2 + [28] , Mg 2 + [29] , Ni 2 + [30] and

n 

2 + [ 31 , 32 ] cations. Furthermore, the coordination and the struc- 

ural features of the cations complexes of azobenzene have been 

emonstrated by computational calculations at DFT and TD-DFT 

evels, where the presence of a number of heteroatoms (-N,-O) in 

zoic molecule makes it suitable for the recognition of different 

ations [33] . 

. Experimental section 

.1. Materials and methods 

1 H NMR spectra were measured on Bruker 300 MHz NMR spec- 

rometer. FTIR spectrum was measured on a Perkin Elmer spec- 

rum two ranging from 350 to 8300 cm 

−1 with DTGS as a detec- 

or. UV–vis absorption spectra were obtained on a SPECORD PLUS 

anging from 190 to 1100 nm. 

.2. Quantum chemical calculation 

Chemical calculations were performed by means of the Gaus- 

ian09 D.01 package [34] using the DFT method with the B3LYP 

unctional, as it is the most suitable for reactivity studies. The re- 

ults were analyzed using the graphical interfaces Gabedit [35] and 

aussview software [36] . 6–311 ++ G (d, p) base were used for 

he carbon (C), oxygen (O), hydrogen (H) and azote (N) atoms, 

hile the def2tzvpp one was investigated for Ni 2 + , Cu 

2 + , Mg 2 + 

nd Zn 

2 + . All the reported computations were performed using 

he dispersion-including B3LYP-D3 method to adequately describe 

he dispersion interactions between a particle and its neighbors 

n a given radius, via a simple pair-wise force field summed to 

he pure DFT energy [37] . The 1 H calculations used the Gauge- 

ndependent Atomic Orbital (GIAO) [38] method. In all the cases 
 H for the test molecules were corrected with a chemical shift 

 δ/ppm) relative to simulated values for tetramethylsilane (TMS), 

omputed at the same level. Calculations of vibrational IR frequen- 

ies of Azoic molecule before and after the adsorption of different 

ations have been carried out with the same method as geome- 

ry optimization in gas phase. It has been confirmed that these 

tructures correspond to the characteristics of the local minimum 

y the absence of an imaginary mode. Natural population anal- 

sis (NPA) calculations and the theoretical electronic absorption 

pectra have been simulated by using B3LYP-D3 and CAM/B3LYP- 

3 method respectively. NPA and the theoretical and experimental 

V–vis absorption measurements were carried out at room tem- 

erature in seven kinds of solvent (Acetonitrile, Chloroform, Cyclo- 

exane, Dichloromethane, Ethanol, THF and Toluene), also in the 

as phase in order to evaluate the solvent effect to the atomic 

harge distribution over the chemical bonding, total energy, gap 

nergy, HOMO and LUMO energies, chemical reactivity descriptors 

nd dipole moment of the studied azo-benzene compound. The 

omputations were done with 6–311 ++ G (d, p) basis set using the 

olarizable continuum model (PCM) [39] . 

In addition, the adsorption energy in the gas phase ( E ad/gas ) cal- 

ulated was based on the following expression: 

ad / gas = EComplex − − ( EAzoic + ECations ) + EBSSE (1) 

Where E complex is the total energy of cations adsorbed on Azoic 

olecule. E Azoic is the total energy of isolated Azoic molecule, and 

 cations is the total energy of isolated cations Ni 2 + , Cu 

2 + , Mg 2 + and

n 

2 + . The counterpoise method is used to correct the basis su- 

erposition error (E BSSE ) [40] . We have also calculated the solva- 

ion energy (E ads/solv ), using a Hess cycle, as the optique detection 

f all cations by the azoic molecule is investigated in an aqueous 
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Scheme 1. General scheme for the synthesis of Azoic molecule. 
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Fig. 1. Optimized structure of the Azoic molecule along with numbering of atoms. 
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edium. E ads/solv is calculated from Eq. (2) [41] 

ad / solv = Eads / gas + Esolv ( Azoic + cations ) 

−Esolv ( cations ) − Esolv ( Azoic ) (2) 

Where E ads/gas is the adsorption energy in gas, E solv (azoic), 

 solv (cations) and E solv (Azoic + cation) are the solvation energies of 

zoic molecule, cations, and complexes, respectively. Negative en- 

rgy adsorption indicates a favorable interaction (the most stable 

tructure relates to the largest negative value of energy), whereas 

ositive energy adsorption indicates an unstable system [42] . 

The NPA analysis were performed again to investigate the di- 

ection of the charge transfer between our synthesized compound 

Azoic) and the different cations in the complexe. 

The UV–vis spectra of isolated Azoic molecule and Azoic/cations 

omplexe are calculated at TD-DFT/CAM-B3LYP-D3/6–311 ++ G (d, 

) level of theory [43] . 

Furthermore, by using the frontier molecular orbitals (High- 

st Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 

olecular Orbital (LUMO)) different global reactivity parameters 

ave been determined such as electronic gap energy ( Eg ) , chemi- 

al potential ( μ), global hardness ( η) and global softness ( σ ) men-

ioned in [44] : 

g ≈ E LUMO − E HOMO (3) 

= −[ E HOMO + E LUMO ] / 2 (4) 

= [ E LUMO − E HOMO ] / 2 (5) 

= 1 / η (6) 

The chemical potential (μ) characterizes the escaping tendency 

f electron from a stable system. The chemical hardness ( η) mea- 

ures the resistance of a molecule to charge transfer. The global 

oftness ( σ ) is the capacitance of the molecule to acquire charge. 

When we assess the sensitivity of the sensor, the shift of the 

OMO-LUMO energy gap (Eg) is obtained as follows: 

Eg = [ ( Eg 2 − Eg 1 ) / Eg 1 ] ∗ 100 % (7) 

Where Eg 1 and Eg 2 are the values of the Eg for the isolated 

zoic molecule and after detection of different cations, respec- 

ively. 

.3. Synthesis and characterization 

The investigated azo compound; 1-arylazo-2-naphthol has been 

btained through the well-known diazotization process reported 

n literature ( Scheme 1 ) [22] . This azoic dye is prepared as fol-

ows, 0.02 mol (1.9 g) of aniline has been dissolved in a mixture 

f Chlorohydric Acid (12 M) and distilled water (6 mL) at room 

emperature. The obtained solution was magnetically stirred and 

hen cooled to 0–5 0C using a cold solution of an ice bath. A pre-

iously prepared 0.02 mol solution of sodium nitrite (1.37 g) in 
3 
 mL of chilled water has been added drop by drop to the cold 

mine solution with constant stirring for 2 h by maintaining the 

eaction mixture 0–5 0C to achieve the diazotization reaction. This 

btained diazonium salt solution was involved in the coupling re- 

ction. A 0.02 mmol of the naphtol solution was prepared by dis- 

olving 2.88 g in the 16 mL of aqueous NaOH and 100 mL of chilled

ater keeping the temperature at 0–5–0 C. Then the diazonium 

hloride solution was added dropwise into the nucleophilic com- 

ound within one hour of stirring condition. The orange color evo- 

ution of the reaction mixture is the primary indicator that our di- 

zonium salt has turned into a diazo compound. The non-evolution 

f the shade of the azobenzene obtained and followed by CCM 

arks the reaction’s end. The resultant product was filtered off, 

ashed a number of times with chilled water and air dried for a 

ight. 

. Results and discussion 

.1. Molecular structure 

The geometry parameters of 1-arylazo-2-naphthol were ex- 

mined in different solvents using DFT calculation by B3LYP-D3 

ethod with 6–311 ++ G (d, p) basis set in order to find the most

table geometry in the most suitable solvent. The choice of the sol- 

ent for this investigation was mainly based on the value of the 

alculated total energy. These values were calculated in different 

olvents (Acetonitrile, Chloroform, Cyclohexane, Dichloromethane, 

thanol, THF, Toluene and gas phase) using PCM approach and 

eported in Table 1 . It is clearly observed that the highest value 

ound with Acetonitrile to its efficiency. 

In this part, all the calculations were made in Acetonitrile sol- 

ent, since the azoic is slightly the most stable in this solvent. The 

ptimized structure of 1-arylazo-2-naphthol with the atomic num- 

ering scheme is shown in Fig. 1 . 

Its correspondent energy and its dipole moment were found to 

e −801.870799 Hartree and 2.641 D, respectively. The calculated 

ptimized geometrical parameters of the Azoic molecule in various 



M. Chaabene, S. Agren, J.E. Haskouri et al. Journal of Molecular Structure 1244 (2021) 130962 

Table 1 

The calculated electronic and quantum chemical parameters for the Azoic molecule in different solvents at DFT/B3LYP-D3/6–311 ++ G (d, p). 

Solvents Acetonitrile Chloroform Cyclohexane Dichloromethane Ethanol THF Toluene Gas 

E T (a, u) −801.870799 −801.868522 −801.865988 −801.86968 −801.870626 −801.869403 −801.866571 −801.863047 

E g (eV) 2.799 2.770 2.732 2.785 2.797 2.781 2.741 2.683 

E HOMO (eV) −5.891 −5.829 −5.763 −5.860 −5.886 −5.852 −5.778 −5.700 

E LUMO (eV) −3.092 −3.059 −3.031 −3.075 −3.090 −3.071 −3.037 −3.017 

μ (eV) 4.492 4.444 4.397 4.468 4.488 4.462 4.408 4.359 

η (eV) 1.400 1.385 1.366 1.393 1.398 1.391 1.371 1.342 

σ (eV −1 ) 0.715 0.722 0.732 0.718 0.715 0.719 0.730 0.745 

μD (D) 2.641 2.451 2.230 2.548 2.627 2.526 2.282 1.953 

Table 2 

Selected bond distances ( ̊A) and bond angles ( °) of the Azoic molecule calculated in various solvents by DFT method: compared with available theoretical and experimental 

results (first and second lines respectively), for similar compound. 

Solvents Acetonitrile Chloroform Cyclohexane Dichloromethane Ethanol THF Toluene Gas Litera. 

Bond length ( ̊A) 

O 17 –H 20 0.988 0.987 0.986 0.988 0.988 0.987 0.986 0.985 0.68 [44] 

C 8 –O 17 1.359 1.357 1.355 1.358 1.359 1.358 1.356 1.353 1.34 [44] 

C 3 –C 8 1.434 1.434 1.435 1.434 1.434 1.434 1.434 1.435 1.39 [44] 

C 2 –C 3 1.437 1.437 1.437 1.437 1.437 1.437 1.437 1.437 1.402 [45] 

1.417 [46] 

C 2 –N 18 1.413 1.413 1.413 1.413 1.413 1.413 1.413 1.413 1.397 [45] 

1.394 [46] 

N 18 –N 19 1.276 1.276 1.276 1.276 1.276 1.276 1.275 1.275 1.261 [45] 

1.276 [46] 

N 19 –C 23 1.416 1.416 1.416 1.416 1.416 1.416 1.416 1.416 1.414 [45] 

1.415 [46] 

C 22 –C 23 1.406 1.406 1.406 1.406 1.406 1.406 1.406 1.405 1.406 [45] 

1.396 [46] 

C 22 –H 28 1.082 1.082 1.082 1.082 1.082 1.082 1.082 1.082 —- 

N 18 -H 20 1.731 1.734 1.738 1.733 1.732 1.733 1.737 2.741 1.67 [44] 

Bond angle ( °) 
C 8 -O 17 -H 20 107.4 107.4 107.4 107.4 107.4 107.4 107.4 107.4 —- 

C 3 -C 8 -O 17 122.3 122.4 122.6 122.3 122.3 122.3 122.4 122.5 123.1 [44] 

C 2 -C 3 -C 8 124.3 124.4 124.4 124.4 124.4 124.4 124.4 124.4 —- 

C 3 -C 2 -N 18 116.7 116.8 116.8 116.8 116.8 116.8 116.8 116.8 —- 

C 2 -N 18 -N 19 117.3 117.3 117.3 117.3 117.3 117.3 117.3 117.3 116.2 [45] 

113.3 [46] 

N 18 -N 19 -C 23 115.9 115.9 115.9 115.9 115.9 115.9 115.9 115.9 114.6 [45] 

113.5 [46] 

N 19 -C 23 -C 22 125.7 125.8 125.8 125.7 125.7 125.7 125.8 125.9 124.7 [45] 

125.2 [46] 

C 23 -C 22 -H 28 120.2 120.1 120.1 120.2 120.2 120.2 120.1 120.1 —- 
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Fig. 2. The total electron density mapped with electrostatic potential of Azoic 

molecule in Acetonitrile solvent. 

b

t

s

T

a

d

olvents are enumerated in Table 2 and compared with theoreti- 

al and experimental data available in literature for similar com- 

ound [45–47] . These optimized structures are helpful in comput- 

ng a variety of parameters further. The optimized bond lengths of 

 2 –C 3 , C 2 –N 18 , N 19 –C 23 and C 22 –H 28 are the same in different sol-

ents with the value of 1.437, 1.413, 1.416 and 1.082 Å respectively. 

he bond angles of (C 8 –O 17 –H 20 ), (C 2 –N 18 –N 19 ) and (N 18 –N 19 –C 23 )

re not changed in the different solvents. Computed values of most 

f the bond lengths and bond angles have shown very close values 

n these solvents. Therefore, it can be noticed that the solvent has 

 very small effect on optimized geometrical parameters values. It 

s evident to mention that the majority of the experimental val- 

es of bond lengths and bond angles are slightly shorter than the 

heoretical ones. This discrepancy may be explained by the fact of 

ydrogen bonding interactions in the solid phase that are not taken 

nto consideration in the calculations [ 4 8 , 4 9 ]. As shown in Table 2 ,

ost of the calculated values have shown good agreement with 

heoretical and experimental values available in literature. 

Molecular electrostatic potential (MEP) mapping is very use- 

ul in the investigation of the molecular structure with its physio- 

hemical property relationships [ 50 , 51 ]. It is obtained at the B3LYP- 

3/6–311 ++ G (d, p) optimized geometry. The negative (red) re- 

ions are related to electrophilic reactivity and the positive (blue) 

egions to nucleophilic reactivity sites as shown in Fig. 2 . The color 

ode maps for the Azoic compound were predicted in the range 
o

4 
etween −0.04 a.u and 0.04 a.u. The MEP is the best suitable 

ool for the identification of inter and intramolecular interaction 

ites [52] . Intramolecular O 17 –H 20 �N 18 stabilizes the title molecule. 

he molecular electrostatic potential map indicates that the region 

round the oxygen atoms (O 17 ) linked with carbon through the 

ouble bond was the most negative potential region (red). More- 

ver, a negative electrostatic potential zone occurs on the imine 



M. Chaabene, S. Agren, J.E. Haskouri et al. Journal of Molecular Structure 1244 (2021) 130962 

Table 3 

Experimental and theoretical calcula- 

tion NMR of 1 H for of the Azoic 

molecule. 

Atom δexp (ppm) δtheo (ppm) 

H 7 8.55 8.72 

H 10 8.53 8.55 

H 11 7.76 7.97 

H 14 7.76 7.80 

H 15 7.43 7.85 

H 16 6.90 7.53 

O 17 H 20 15.70 15.81 

H 27 7.57 7.90 

H 28 7.96 8.15 

H 29 7.93 8.51 

H 30 7.55 8.09 

H 31 7.36 7.99 
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Fig. 3. Comparison of experimental and theoretical FT-IR spectra for the Azoic 

molecule. 
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5

 19 and N 18 . Positive MEP results are on hydrogen atoms of the 

itle molecule. Negative and positive electrostatic potential sites 

ive information about the possible sites having hydrogen bond- 

ngs. Therefore, Fig. 2 verifies intramolecular O 17 –H 20 �N 18 interac- 

ions. 

.2. NMR spectrum analysis 

Multinuclear magnetic resonance spectroscopy is a very advan- 

ageous tool for the study of organic compounds stucture elucida- 

ion. The recorded and computed proton chemical shifts in DMSO 

olution with respect to TMS are gathered in Table 3 . Theoreti- 

al chemical shifts were computed using DFT/GIAO methodology 

s well as 6–311 ++ G (d, p). Experimental Chemical shifts were 

lso reported in parts per million relative to TMS. The proton 

tom’s positions were numbered as in Fig. 1 . The analysis of mag- 

etic properties of 1-arylazo-2-naphthol was identified by com- 

ined use of 1 H NMR spectroscopy and quantum chemical calcula- 

ions. The theoretical 1 H chemical shifts have been compared with 

he recorded data. Azoic (a); δ = 15.7 ppm (s, J = 1.00, 1 H, OH),

.9 ppm (d, J = 1.804, 2 H), 7.43–8.55 ppm (td, dd, J = 6.135, 6 H),

.43–7.36–7.93 ppm (m, J = 5.404, 5H). 

The hydroxyl proton exhibits a singlet resonance in the region 

f 15.7 ppm and 15.81 ppm for the experimental and theoreti- 

al spectra, respectively. The high hydroxyl band observed in this 

ange is assigned to a strong intramolecular charge transfer inter- 

ction [53] involving the whole studied molecule. This trend is 

specially observed for azo groups [54] . The aromatic ring pro- 

ons of the investigated compound were observed from 6.90 to 

.55 ppm for the experimental spectra and from 7.53 to 8.72 ppm 

or the theoretical data. The corresponding protons appear at lower 

eld by comparison of those cited in literature [46] because of 

he strong electron delocalization of benzen rings. The resonance 

ignals for H 30 and H 27 were hardly assigned. Mesomeric effect 

roduces an electron excess which causes dishielding in the ortho 

osition sush as H 27 relatively-low resonance [55] . In the light of 

hese results, we clearly notice that the calculated 

1 H NMR chem- 

cal shifts for the title compound were in a satisfactory agree- 

ent with the experimental results. These findings indicate that 

he employed density functional method provides valuable infor- 

atuion for our title compound charecterization. This computa- 

ional method was also employed in our recent studies [56] and 

hows that the predicting results values are coinciding very well 

ith the observed frequencies. 

.3. Vibrational analysis 

In the present study, we have performed a detailed frequency 

alculation using DFT computed by B3LYP/6–311 ++ G in order to 
5 
et the subject of the spectroscopic signature of the studied azoic 

ye: 1-arylazo-2-naphthol. The comparative experimental and the- 

retical FT-IR spectra are shown in Fig. 3 . The experimentally- 

bserved IR bands and the calculated frequencies as well as their 

ssignments are summarized in Table 4 . The scaled frequencies 

re also provided in Table 4 along with unscaled frequencies 

57] where the theoretical harmonic frequencies were scaled down 

niformly by a factor of 0.987 (for wave numbers under 1800 

m 

−1 ) and 0.961 (for those over 1800 cm 

−1 ) for B3LYP-D3/6–

11 ++ G (d, p) level of theory, which accounts for systematic errors 

aused by basis set incompleteness, vibrational anharmonicity and 

eglect of electron correlation [58] . 

The assignments for the studied molecular system are essen- 

ially proposed on the basis of frequency agreement between sim- 

lated and experimental fundamentals. As a general overview, the 

xperimental spectrum complements the simulated spectrum and 

oth FT-IR spectra confirm the proposed structure. 

The 1-arylazo-2-naphthol FT-IR spectra exhibited characteristic 

ands along with their appropriate shifts due to several bond’s for- 

ation. The studied compound displayed the typical C 

–H as well 

s the skeletal vibrations C = C stretching and bending vibrations. 

he benzen ring modes involve C 

–C bonds and the vibrational fre- 

uencies are related to stretching modes of vibration of phenyl 

ing. The C 

–C stretching vibrations are estimated in the range from 

00 to 1700 cm 

−1 [46] . These frequencies are not significantly in- 

uenced by the nature of the substituents [59] and are very much 

mportant and highly characterized by the aromatic ring itself [60] . 

hese corresponding values agree with the literature data pub- 

ished for comparable azo dyes structures [61] . The C 

–H in-plane 

ending vibration generally occurs in the range of 1050 to 1520 

m 

−1 [46] , while the C 

–H out of plane bending vibrations for sub- 

tituted benzenes are in the region 50 0–10 0 0 cm 

−1 [62] . Generally,

he C 

–H out-of-plane bending with the highest frequencies have a 

eaker intensity than those absorbing at lower frequencies [62] . 

In the present work, the absorption peaks in the experimental 

T-IR spectrum observed in the range of 1034–1668 cm 

−1 were as- 

ertained to the C 

–H in plane bending vibrations. This theoretical 

 

–H in plane bending vibrations were also observed in the same 

ange from 1041 to 1644 cm 

−1 . Similarly, The FT-IR peaks occur- 

ing at 526, 540, 584, 653, 683, 752, 782, 841 and 984 cm 

−1 are

ssigned to the C 

–H out of plane bending vibrations and showed 

 good concurrence with theoretical observed frequencies at 511, 

52, 572, 644, 691, 746,773, 821 and 981 cm 

−1 respectively. We 
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Table 4 

B3LYP-D3/6–311 ++ G (d, p) calculated vibrational frequencies (cm 

−1 ) in gas phase. 

νcalc Unscaled νcalc 
a Scaled ν Exp Vibration ∗

518 511 526 CH oopb + CC ipb + CN ipb + C –O-H twisting 

559 552 540 CH oopb + CC ipb + CN ipb + C –OH str 

580 572 584 CH oopb + CC str + CC ipb + CN ipb + C –OH str 

652 644 653 CH oopb + CC oopb + CN oopb + C –OH out of plane deformation 

700 691 683 CH oopb + CC oopb + CN oopb 

756 746 752 CH oopb + OH oopb + CC oopb 

783 773 782 CH + oopb + CN oopb + CC oopb 

832 821 841 CH oopb + CN oopb + C –O-H twisting 

994 981 984 CH oopb 

1055 1041 1034 CH ipb + CC str + CO str + OH ipb 

1108 1094 1073 CH ipb + CC str + OH ipb 

1189 1174 1142 CH ipb + CC str + OH ipb 

1206 1190 1207 CH ipb + CC str + CN str 

1226 1210 1228 CC str + CH ipb + CN str + CO str 

1260 1244 1255 CC str + CH r + CO str + CN str 

1296 1279 1269 CH r + CC str + CO str + OH b + CN ipb + NN str + CN str 

1352 1334 1341 CH ipb + CC str + NN str + CN b 

1388 1370 1389 CC str + CH ipb + CO str + CN ipb + NN str + CN str 

1400 1382 1400 CC str + CO str + OH ipb + CH ipb + CN ipb + NN str + CN str 

1473 1453 1448 CC str + CH ipb + CO str + OH ipb + NN str + CN str 

1480 1460 1500 CC str + NN str + CN str + CO str + CH r + OH ipb 

1553 1533 1558 CC str + CH ipb + CO str + OH ipb + NN str 

1639 1618 1638 CC str + NN str + CH ipb + OH ipb + CN ipb 

1666 1644 1668 CC str + OH ipb + CO b + CH ipb + NN str 

3176–3217 3052–3092 3035–3331 CH str 

3354 3223 3431 OH str 

str: stretching; r: rocking; b: bending; oopb: out of plane bending; oop: out of plane; ipb: in plane bending. 
∗ The majority of harmonic modes were composed of a variety of local modes. Only the local modes that have the 

most important contribution were listed in the Table. 
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an notice from Table 4 that the theoretical frequencies will match 

ell with the experimental ones, after scaling. 

The C 

–H out of plane bending vibrations are apparently not 

ure and contain important contributions of other modes sush out 

f plane C 

–N bending vibration [61] . Additionally, the assignment 

f C 

–N stretching frequency is a tough task since a large num- 

er of coupling interactions between rings of C 

–N stretching vi- 

rations take place in this region [63] . C 

–N stretching absorption 

s usually observed in the region of 1200–1520 cm 

−1 for azoic dyes 

 13 , 11 ] and C 

–N bending vibrations appear in the range of 600–

510 cm 

−1 for example, the bands observed at 1207–1500 cm 

−1 in 

T-IR are assigned as C 

–N stretching vibrations. The theoretically 

alculated wavenumbers at 1190–1460 cm 

−1 are assigned to C 

–N 

tretching vibrations. We noted also that the C 

–N bending vibra- 

ions gives rise to several characteristic bands at 526–841 cm 

−1 

nd at 1341–1638 cm 

−1 covering the spectral range. The bands 

ere confirmed by their corresponding theoretical values appear- 

ng at 511–821 cm 

−1 and at 1334–1618 cm 

−1 . 

The N = N stretching vibrations are expected in the range from 

490 to 1525 cm 

−1 . This band is not significantly influenced by 

he substituents and the environment’s nature [61] . In our case, 

he experimental N = N stretching vibration appeared in the range 

f 1269–1668 cm 

−1 and shows a good harmony with the theoreti- 

al calculated values and similar published structures [61] . The hy- 

roxyl group gave rise to three vibrations specifically stretching, 

n-plane and out-of plane bending vibrations. 

The OH group vibration, one of the most sensitive bonds to the 

nvironment modification, shows obvious shifts in the hydrogen 

onded species’ spectra. The hydroxyl stretching vibrations are ob- 

erved in the region around 3500 cm 

-1 [61-66] . The comparison 

f this band with the theoretical value shows a good harmony to 

he experimental data prediction that there is a descrepancy, that 

ay be due to the fact that there is a strong intramolecular hydro- 

en bonding. The usual intra-molecular hydrogen bonding present 

n a six-membered ring would reduce the OH stretching band to 
6 
559–3200 cm 

−1 region [67] . In the case of an unsubstituted phe- 

ol, the peak observed at 3657 cm 

−1 has been assigned to an hy- 

roxyl stretching vibration in the gas phase [66] . Based on these 

acts, the medium band observed at 3431 cm 

-1 in the experimen- 

al spectrum is assigned to O-H stretching vibration. A comparison 

f this band with the theoretical value at 3223cm 

-1 shows an evi- 

ent deviation of ~200 cm 

-1 . The difference between the computed 

nd the experimental value may be essentially due to the presence 

f strong intramolecular hydrogen bonding [64] . The O-H in-plane 

ending vibration in phenolic compounds lies in the region 1150- 

270 cm 

-1 [61] and is not affected due to OH hydrogen bonding 

nlike the stretching and out-of-plane bending frequencies [68] . In 

ur case, the bands observed between 1034 and 1142 cm 

−1 and at 

400–1668 cm 

−1 are attributed to O-H in-plane bending vibration. 

he theoretically computed value at 1041–1174 cm 

−1 and at 1382–

644 cm 

-1 shows good agreement with our experimental obser- 

ation. The O-H out-of-plane bending vibration for similar struc- 

ures is around 290-320 cm 

-1 for non hydrogen bonded O-H and 

t 517-710 cm 

−1 for associated O-H [69] . In both inter-molecular 

nd intra-molecular hydrogen bonds, the frequency is at a higher 

alue than free O-H. In the same line of thought, the wavenum- 

er increases with hydrogen bond strength because of the large 

mount of the required energy to the O-H bond twisting [70] . 

In the present study, the theoretical wavenumber of O-H in- 

lane bending vibration which were recorded between 1279 and 

644 cm 

-1 shows an excellent agreement with the experimen- 

al wavenumber at 1269 and 1644 cm 

-1 respectively. As a gen- 

ral trend, all OH vibration’s modes appeared in the characteris- 

ic range and they are well approved. The observed bands in both 

xperimental and theoretical spectra in the region of 120 0–170 0 

m 

−1 confirm the presence of C 

–OH in plane bending vibrations. 

hese bands cover a wider range due to the extent of ᴨ conjugua- 

ion and charge delocalization [ 53 , 56 ]. The O 

–H strtching vibra-

ion occurs generally in region 3700–3550 cm 

−1 [71] . The presence 

f a stronger intra-molecular hydrogen shifts the O 

–H stretching 
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Table 5 

NPA Charges of the important atoms of the Azoic molecule in different solvents. 

Atom H 20 O 17 C 8 C 3 C 2 C 1 H 7 N 18 N 19 C 23 C 22 H 28 

Acetonitrile 0.489 −0.716 0.303 0.014 0.084 −0.178 0.232 −0.261 −0.182 0.087 −0.198 0.222 

Chloroform 0.488 −0.710 0.306 0.015 0.085 −0.178 0.231 −0.261 −0.181 0.089 −0.196 0.221 

Cyclohexane 0.486 −0.703 0.309 0.017 0.085 −0.177 0.230 −0.260 −0.180 0.091 −0.195 0.220 

Dichloromethane 0.488 −0.713 0.305 0.015 0.084 −0.178 0.231 −0.261 −0.181 0.088 −0.197 0.221 

Ethanol 0.489 −0.715 0.304 0.014 0.084 −0.178 0.232 −0.261 −0.182 0.087 −0.197 0.222 

THF 0.488 −0.712 0.305 0.015 0.084 −0.178 0.231 −0.261 −0.181 0.088 −0.197 0.222 

Toluene 0.487 −0.705 0.308 0.017 0.085 −0.177 0.230 −0.260 −0.181 0.090 −0.195 0.220 

Gas 0.485 −0.695 0.312 0.018 0.086 −0.176 0.228 −0.259 −0.180 0.093 −0.193 0.219 
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ond to 3550–20 0 0 cm 

−1 region [70] . In the present study, the

avenumbers observed at 3441 cm 

−1 and 3223 cm 

−1 in the exper- 

mental FT-IR spectrum and theoretical simulated spectrum. 200 

m 

−1 deviation from experimental to theoretical values is due to 

he presence of remarkable unharmonicity in this vibration as well 

s the O 

–H may have participated in a strong intermolecular hy- 

rogen bonding in the title compound [72] . 

The harmonic frequencies by DFT calculations are usually 

igher than the corresponding experimental ones. This discrepan- 

ies between the experimental and the computed values may be 

aused by several factors. The environment is the first cause while 

he second factor seems to be the electron correlation approximate 

reatment, anharmonicity effects (where the experimental vibra- 

ional value is an unharmonic frequency whereas the calculated 

ibrational value is a harmonic frequency) and basis set deficien- 

ies, etc. [73] . Furthermore, the interactions between the molecules 

ake the frequencies shift to the lower frequencies. 
a Obtained from the wave numbers calculated at B3LYP-D3/6–

11 ++ G (d, p) using scaling factors 0.987 (for wave numbers under 

800 cm 

−1 ) and 0.961 (for those over 1800 cm 

−1 ). 

.4. Natural population analysis 

The atomic charges of the Azoic molecule were calculated by 

atural population analysis (NPA) using B3LYP-D3/6–311 ++ G (d, p) 

evel of basis set. It is used to understand the atomic charge dis- 

ribution over the chemical bonding. The variation of bond length 

etween atoms depends on the allocation of charges. The atomic 

harges on every atoms in the molecule gives an effective informa- 

ion about the electronic structure, acidic-basic nature and molecu- 

ar polarizability [74] . The NPA analysis of the title compound were 

erformed in different solvent using PCM model and gathered in 

able 5 . The plot of natural atomic charges for Azoic molecule is 

hown in Fig. 4 (a). The O 17 ( −0.716; −0.695) atom has more nega-

ive charge than other atoms due to the formation of O 

–H…N hy- 

rogen bonding. The carbon atoms attached to the nitrogen and 

xygen atoms C 2 , C 3 , C 8 and C 23 are positive thanks to the elec-

ron with drawing nature of electronegative atoms, other carbon 

toms presented in the phenyl ring and naphthalene shows neg- 

tive charges. The N 19 atom shows ( −0.182; −0.180) less negative 

harge compared with N 18 ( −0.261; −0.259) confirmed the forma- 

ion of C 

–H…N hydrogen bonding. All hydrogen atoms show posi- 

ive charge in which, H 20 (0.4 89; −0.4 85) is more positive because 

f the electron with drawing nature of oxygen atom in the hy- 

roxyl group. As shown in Table 5 , we can notice that the solvent

as a very small effect on NPA values. Indeed, the maximum shift 

etween charges calculated with solvent and those obtained in gas 

hase is about 0.021 a.u observed for O 17 . 

For this reason, we chose to put the NPA analysis in Acetonitrile 

olvent. 
o

7 
.5. Photophysical properties 

.5.1. Absorption properties 

Ultraviolet and visible light absorption spectroscopy is a mea- 

ure of a beam’s reduction after it has passed through a stud- 

ed sample or reflected from a sample surface [ 75 , 76 ]. To explore

he solvent’s impact on the absorption spectra and the photophysi- 

al properties of the synthesized azo dye: I-phenyl azo-2-naphthol, 

e have recorded its electronic absorption spectra ( Fig. 5 (a)) over 

he wavelength range 210–485 nm in six different solvents; Ace- 

onitrile, Ethanol, THF, Toluene and cyclohexane. The spectroscopic 

nalyses of the studied molecule are investigated by not only ex- 

erimental means (at 10 −6 M concentration and at room temper- 

ture) but also theoretically in the above-mentioned media and in 

ichloromethane solvent. The theoretical calculations of the ab- 

orption spectra were done by TD-DFT method at CAM-B3LYP- 

3/6–311 ++ G (d, p) level of basis set in gas and other solvents 

hich are represented in Fig. 5 (b) in comparison with the experi- 

ental one. The calculated and experimental wavelengths from ab- 

orption peak, oscillator strength and (%) contribution from each 

ransition of the studied azobenzene in various solvents are pre- 

ented in Table 6 . 

The orange shade of the investigated dye wasn’t influenced by 

he solvent nature which makes it suitable for industrial appli- 

ation [77] . The 1-arylazo-2-naphthol dyes can show significant 

zo ±hydrazone tautomerism [77] . Thus, their visible absorption 

pectra sometimes show two absorption bands attributable to the 

wo tautomers, and the ratio of the tautomers at equilibrium de- 

ends both on substituents in the dye and the nature of the sol- 

ent. Two factors are responsible for the tautomeric shift, i) se- 

ective solvatation depending on the two and three dimensional 

tructures of the solvent [78] , ii) the ability of the solvent to form 

trong intermolecular hydrogen bonds with particular tautomeric 

orm. 

As a general overview, the 1-arylazo-2-naphthol spectra exhib- 

ted similar and narrow absorption bands as well as comparable 

and intensities in all the solvents except for Acetonitrile solvent. 

s shown in Table 4 , the experimental maximal wavelengths coin- 

ident reasonably with the calculated results. It is clear that there 

s no correlation between the polarity and proticity of the used 

olvents with the main absorption wavelength except for the Ace- 

onitrile. Thanks to the hydroxyl substantial strength of the intra 

nd intermolecular hydrogen bondings, electron delocalization and 

olvent interactions are limited which is confirmed from the theo- 

etical calculations [45] . A relatively remarkable red shift for some 

ands and an increasing in the band’s intensity is observed in cy- 

lohexane spectrum (then in Toluene solvent) while a blue shift 

nd a deacreasing in the band’s intensity is observed in Acetoni- 

rile spectrum and theoretical findings can support this viewpoint. 

ccording to several studies, the red shift is associated with the 

arge extension of the π conjugated system [ 53 , 56 , 79 , 80 ]. Thus, the

lue shift may indicate the appearance of several tautomeric forms 

f 1-arylazo-2-naphthol and the disappearence of the hydroxyl 
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Fig. 4. NPA distribution of Azoic compound before (a) and after Ni capture (b) calculated at B3LYP-D3/6–311 ++ G (d, p) level of theory in Acetonitrile solvent. 

Fig. 5. The solvent effect on UV–Vis spectra of the title compound in Acetonitrile, Chloroform, Cyclohexane, Dichloromethane, Ethanol, THF, Toluene and gas phase. 
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onor group at certain wavelengths. It is well recognized that the 

ntramolecular binding of hydrogen in a 1-arylazo-2-naphthol will 

requently lead to a marked improvement in photochemical stabil- 

ty [81] . 

The ortho–hydroxyl substituted azo-azomethine compounds are 

istinguished by the possibility to be inferred from, selective sol- 

ation, the ability of the solvent to form stronger intermolecu- 

ar H-bonds with a particular tautomeric form along with the in- 

ramolecular hydrogen bonding between C 

–N or N = N and OH 

roups which generates several tautomeric forms as shown in 

ig. 4 (a). These diffrent tautomeric forms are generally instable 

82] . Regarding the spectral properties of the studied molecule, we 

oticed that the maximal absorption bands emerged at the same 

ptical range for all the solvents except for some bands for the 

pectrum record in Acetonitrile. 

We also notice that the shorter wavelength UV band suffers a 

mall shift on changing the solvent. Among studied solvent’s ef- 
8 
ect, absorption maxima in Acetonitrile occur at lower wavelengths 

han in the less polar other solvents. The experimental absorption 

ands of the studied azobenzene recorded in acetonitrile showed 

ve main characteristic absorption peaks at 210, 234, 268, 416 

nd 476 nm, respectively. These bands show good agreement with 

easured theoretical bands at 201, 258, 307, 417 and 452 nm, re- 

pectively. The peaks at 200 and 300 nm range are attributed to 

he n → π ∗ transition of benzene and naphthalene ring, respec- 

ively. The peak located around 300 nm can be assigned to the 

 → π ∗ electronic transition of N = N group [83] . The peaks in the 

ange of 420 nm and the at 485 nm corresponds to the π → π ∗

ransitions of the hydrazone form and azo, respectively [ 83 , 84 ]. The

bsorption peaks in all solvents exhibited smaller variations than 

n gas possibly due to the solvent effect. 

In contrast, in the protic solvent ethanol obvious anomalies 

ere observed, and the title dye with intramolecular hydrogen 

onding, absorb at longer wavelengths in ethanol than in Acetoni- 
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Table 6 

Calculated and experimental electronic transition parameters of the Azoic compound by a CAM-B3LYP-D3/6–311G ++ 

method in different solvents. 

Solvents λ Exp (nm) λ Cal (nm) f (a.u) Major and minor contributions (%) 

Acetonitrile 210 201 0.313 H-1 → L + 2 (25%) H-2 → L + 1 (25%) H-3 → L + 1 (22%) 

234 258 0.250 H → L + 2 (50%) H-2 → L (30%) H → L + 1 (29%) 

277 307 0.230 H-1 → L (40%) H → L + 2 (21%) H-2 → L (36%) 

416 417 0.299 H → L (58%) H-1 → L (17%) H-3 → L (25%) 

476 452 0.157 H → L (58%) 

Chloroform 217 202 0.460 H-2 → L + 1 (39%) H-1 → L + 1 (21%) H → L + 2 (13%) 

264 263 0.243 H → L + 1 (54%) H → L + 2 (28%) H-2 → L (25%) 

308 309 0.273 H-1 → L (43%) H → L + 2 (19%) H-2 → L (34%) 

421 423 0.283 H → L (57%) H-1 → L (18%) H-3 → L (30%) 

484 455 0.178 H → L (41%) 

Cyclohexane 222 202 0.481 H-2 → L + 1 (44%) H → L + 2 (11%) H-1 → L + 1 (20%) 

259 264 0.254 H → L + 1 (52%) H → L + 2 (30%) H-2 → L (26%) 

318 311 0.283 H-1 → L (43%) H-2 → L (36%) H → L + 1 (10%) 

424 428 0.257 H → L (56%) H-1 → L (18%) H-3 → L (34%) 

485 457 0.183 H → L (42%) 

Dichloromethane —- 202 0.412 H-2 → L + 1 (34%) H-1 → L + 1 (23%) H-3 → L + 1 (25%) 

—- 259 0.234 H → L + 2 (48%) H → L + 1 (34%) H-2 → L (28%) 

—- 308 0.260 H-1 → L (43%) H-2 → L + 1 (12%) H-2 → L (34%) 

—- 420 0.293 H → L (57%) H-3 → L (29%) H-1 → L (18%) 

—- 454 0.172 H → L (40%) 

Ethanol 212 202 0.333 H-2 → L + 1 (27%) H-1 → L + 1 (25%) H → L + 2 (14%) 

259 258 0.248 H → L + 2 (50%) H → L + 1 (30%) H-2 → L (30%) 

305 307 0.236 H-1 → L (41%) H-2 → L (36%) H → L + 1 (10%) 

420 418 0.299 H → L (58%) H-3 → L (26%) H-1 → L (18%) 

483 452 0.160 H → L (40%) 

THF 212 202 0.416 H-2 → L + 1 (34%) H-1 → L + 1 (23%) H → L + 2 (14%) 

247 259 0.236 H → L + 2 (48%) H → L + 1 (33%) H-2 → L (28%) 

280 308 0.256 H-2 → L (42%) H-2 → L (35%) H → L + 2 (20%) 

419 420 0.290 H → L (57%) H-3 → L (29%) H-2 → L (18%) 

482 454 0.169 H → L (40%) 

Toluene 224 202 0.504 H-2 → L + 1 (44%) H-1 → L + 1 (19%) H → L + 2 (12%) 

263 264 0.278 H → L + 1 (51%) H → L + 2 (32%) H-2 → L (27%) 

304 310 0.298 H-1 → L (44%) H-2 → L (34%) H → L + 1 (10%) 

433 428 0.263 H → L (55%) H-3 → L (34%) H-1 → L (19%) 

485 457 0.193 H → L (42%) 

Gas —- 200 0.322 H-1 → L + 3 (34%) H-2 → L + 1 (26%) H-2 → L + 3 (10%) 

—- 258 0.217 H → L + 3 (44%) H-2 → L (32%) H → L + 3 (25%) 

—- 302 0.322 H-1 → L (52%) H-2 → L (29%) H-3 → L (26%) 

—- 429 0.218 H → L (60%) H-3 → L (28%) H-1 → L (17%) 

—- 455 0.100 H → L (40%) 
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rile. The deviation between experiment and theory may be re- 

ulted from solvent effects, where the solvent makes the molecule 

hemical environment simulation become very complex [46] . 

.5.2. Frontier molecular orbital analysis 

We have carried out calculations in seven different solvents 

Acetonitrile, Chloroform, Cyclohexane, Dichloromethane, Ethanol, 

HF and Toluene) and in gas phase in order to evaluate the sol- 

ent’s polarity effect on the energy gap, HOMO and LUMO en- 

rgies, chemical reactivity descriptors and dipole moment of the 

tudied Azoic dye. The computations were done by the CAM- 

3LYP/6–311 ++ G (d, p) level using IEF-PCM model and the results 

re given in Table 1 . Hard molecules have a large HOMO–LUMO 

nergy gap whereas soft molecules have a small HOMO–LUMO en- 

rgy gap. As shown in Table 1 , the small HOMO–LUMO energy gap 

orresponds to the title compound in gas phase (2.683 eV) then in 

yclohexane solvent (2.732 eV) which means small excitation en- 

rgies. Therefore, hard molecules, with a large gap, correspond to 

he studied molecule in Acetonitrile solvent (2.799 eV), where their 

lectron density changed more hardly than a soft molecule [56] . 

lectronic chemical potential is defined as the negative of elec- 

ronegativity of a molecule [53] . The reactivity increases along with 

he increase of the chemical potential. Thus, the title molecule cal- 

ulated in Acetonitrile solvent is more reactive than in other sol- 

ents. Global hardness is a useful concept to understand the be- 
9 
avior of chemical systems and is associated with the stability 

nd reactivity of a chemical system [85] . The compound’s hardness 

alue is 1.400 eV in Acetonitrile. Accordingly, the molecule’s hard- 

ess and stability decrease along with the increasing of the sol- 

ent’s polarity in gas phase (1.342 eV) and in Cyclohexane solvent 

1.366 eV). Global softness ( σ ) is a molecule’s property that mea- 

ures the extent of chemical reactivity [86] . Among the different 

olvents, 1-arylazo-2-naphthol have the greatest softness values in 

he gas phase than in Cyclohexane solvent while it has the weakest 

alue of softness in the Acetonitrile solvent. 

We can conclude from a close observation of Table 1 that the 

OMO–LUMO energy gaps, the molecule’s chemical potential and 

lobal hardness, have the highest values in acetonitrile and these 

alues decrease along with the increasing of the solvent polar- 

ty (which are cyclohexane solvent and gas phase). The frontier 

olecular orbitals of azobenzene molecule before ( Fig. 6 (a)) and 

fter Ni capture ( Fig. 6 (b)) in acetonitrile solvent were calculated 

ith CAM-B3LYP-D3 method. Red and green colours represented 

he positive and negative phases of HOMO and LUMO respectively. 

t can be seen from this figure, that HOMO is localized mainly on 

he naphthalene ring and it slightly shifted to the π conjugated 

arbon atoms of the phenyl ring while the LUMO is mainly lo- 

alized on the phenyl ring to which N = N - core is attached. The

tudied azoic molecule shows strong delo-calization of both HOMO 

nd LUMO on the π-conjugation bridgecan. The qualitative picture 
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Fig. 6. Calculated frontier molecular orbitals of azobenzene molecule before (a) and after Ni capture (b) in acetonitrile solvent with CAM-B3LYP-D3 method. 

Fig. 7. The optimized structures of the complexes formed between Azoic compound and Cu 2 + (a) , Mg 2 + (b) , Ni 2 + (c) and Zn 2 + (d) cations. 
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roves a flow of electron density (intramolecular charge transfer) 

rom the electron-donor group byway of the p-electron bridge to 

he electron acceptor group (except for the hydroxyl group) [46] . 

. Cation binding studies 

.1. Structural, energetic and electronic analysis 

The optimized structures of azoic complexes (Azoic/Cu 

2 + (a) , 

zoic/Mg 2 + (b) , Azoic/Ni 2 + (c) and Azoic/Zn 

2 + (d) ) are shown in 

ig. 7 , where only complexes with the largest adsorption energy 
10 
ill be discussed in this section. Structural and energetic parame- 

ers in both gas and liquid phases are gathered in Table 7 . 

As represented in the previous figure, we notice that the best 

dsorption mode of these different cations is located around the 

trong hydrogen bonding zone. In particular, they are closer to 

he nitrogen atom (N 19 ) with a N 19 –Cu 

2 + , N 19 −Mg 2 + , N 19 –Ni 2 + 

nd N 19 -Zn 

2 + distances of 2.011, 2.093, 1.877 and 2.411 Å respec- 

ively in gas phase and of 1.996, 2.264, 1.857 and 2.211 respectively 

n Acetonitrile solvent. It’s clear that the distances N 19 -cations 

re smaller in the acetonitrile solvent than in the gas phase ex- 

ept for the distance N 19 −Mg 2 + which is greater in this phase. 
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Table 7 

Distances of N 19 -cations (in Å), adsorption energies (E ad ) for different complexes, HOMO, LUMO energies, gap energy (E g ), �E g indicates the change of E g after the cations 

adsorption and dipole moment in Debye of metal cations on Azoic molecule in both gas and liquid phases. 

Azoic 

d ad, gas 

(N 19 -cations) 

( ̊A) 

d ad, solv 

(N 19 -cations) 

( ̊A) 

�E ad, gas 

(Kcal.mol −1 ) 

�E ad, solv 

(Kcal.mol −1 ) 

E HOMO, solv 

(eV) 

E LUMO, solv 

(eV) Eg solv (eV) �Eg solv μD,solv (D) 

Ni 2 + 1.877 1.857 −330.374 −119.743 −7.140 −5.278 1.862 −33.476 10.118 

Cu 2 + 2.011 1.996 −309.335 −79.854 −7.424 −4.547 2.877 2.787 7.043 

Mg 2 + 2.093 2.264 −173.437 −8.979 −6.391 −3.980 2.411 −12.790 26.440 

Zn 2 + 2.411 2.211 −242.196 −18.900 −6.486 −4.172 2.314 −17.328 20.862 

Table 8 

Calculated charge by natural population analysis (Q NBO ) of some atoms of azoic complexes using B3LYP-D3/6–

311 ++ G (d, p). 

Atom H 7 C 1 C 2 N 18 N 19 C 23 C 24 H 29 Cation 32 

Isolated Azoic 0.232 −0.178 0.084 −0.261 −0.182 0.087 −0.173 0.224 —- 

Azoic/Ni 2 + 0.293 −0.375 0.219 −0.214 −0.159 0.100 −0.138 0.238 1.126 

Azoic/Cu 2 + 0.126 −0.089 0.111 −0.133 −0.109 0.046 −0.061 0.111 0.463 

Azoic/Mg 2 + 0.234 −0.228 0.126 −0.206 −0.171 0.095 −0.128 0.217 1.017 

Azoic/Zn 2 + 0.241 −0.236 0.129 −0.179 −0.126 0.091 −0.127 0.225 1.075 
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ccording to MEP maps, this corresponds to an electrophilic at- 

ack of the different cations on N 19 atom (nucleophilic region). 

pon cations adsorption, atomic charge on N 19 (see Table 8 ) de- 

reases from about −0.182 in isolated azoic compound to −0.109 

.u. in azoic/Cu 

2+ while all cations get positively charged and the 

ost positively charged cation is Ni 2 + (1.126 a.u) ( Fig. 4 (b)). Thus, 

e can say that the adsorption process of cations occurs through 

etal coordination, i.e. σ bonding formation between N 19 -cations 

oieties. This bond formation is made possible by an electron 

ransfer from the cations (Cu 

2 + , Mg 2 + , Ni 2 + and Zn 

2 + ) to the

zoic compound. Here, we developed the azoic dye as chemosen- 

or containing the hydroxyl and N = N - core as an electron ac- 

eptor group. While the naphthalene and the phenyl moiety act 

s a donor site. Consequently, all cations are close to the strong 

ydrogen-bonding zone through relatively clear chemisorption pro- 

ess. The planarity of the azoic molecule is deformed, for each 

zoic/cations complex, where the presence of different cations 

pecially the Ni 2 + close to the donating azotes atoms of the azoic 

roup of the studied compound tends to increase the charge den- 

ity and the pre-organization of the benzen rings. 

Data listed in Table 7 indicate that Azoic/cations complexations 

re exothermic, as all calculated adsorption energies are negative. 

or each, adsorption energies corrected for BSSE at the B3LYP- 

3/6–311 ++ G (d, p) level of theory were simulated. The values of 

dsorption energies indicate that the solvation effect is very impor- 

ant, especially the solvation energies of cations are important and 

ecrease the interaction energy significantly from gas phase to the 

iquid one. Calculations show that the most stable complex, in both 

as and liquid phase, is Azoic/Ni 2 + where the adsorption energy is 

ound to be −330.374 kcal/mol and −119.743 kcal/mol respectively. 

zoic is consequently the most reactive compound with Ni 2 + then 

u 

2 + respectively. 

.2. UV–Vis absorption spectra 

The optical absorption spectra of Azoic/cations complexes are 

tudied experimentally and theoretically by using TD-DFT/CAM- 

3LYP-D3/6–311G ++ (d, p) method. Fig. 8 shows spectra for azoic 

ompound before and after cations adsorption in the acetonitrile 

olvent and their wavelengths are given in Table 9 . One can no- 

ice that after the adsorption of different cations on the azoic 

ompound, the last peak is red shifted in both experimental and 

heoretical spectra by about 12, 4, 3 and 3 nm for Azoic/Ni 2 + , 
zoic/Cu 

2 + , Azoic/Zn 

2 + and Azoic/Mg 2 + respectively in experimen- 

al spectra ( Fig. 8 (a)) and by about 208, 153, 65 and 59 nm for
11 
zoic/Ni 2 + , Azoic/Cu 

2 + , Azoic/Zn 

2 + and Azoic/Mg 2 + respectively in 

heorectical spectra ( Fig. 8 (b)). The Changes in the position of this 

and in experimental and theoretical azo benzene-complexe’s ab- 

orption spectra reffers essentially to metallic electronic structure 

hanges, geometry (valence orbital’s spatial arrangements), coordi- 

ation numbers, effective charge and size, in addition to charge 

istribution, azoic molecule orbital’s suitability to bonding to a 

etal ion, the ligand steric demands and chelating effect, diffrent 

etal–azo benzene interaction bond types as well as charge distri- 

ution along the metal–azo benzene bond. All these propositions 

lso arise when the coordination object is not a separate metal- 

ic ion or numerous combined ions [87] . Moreover, this red shift 

learly provides a very interesting index for detecting these cations 

t sensor devices especially for the detection of Ni 2 + cation. Be- 

ides, we can notice from Table 9 that the most intense peak in the 

heoretical spectra corresponds to the highest oscillator strength 

for example the most intense peak in the theoretical absorption 

pectra of the isolated molecule Azoic and of the Azoic / Ni 2 + com- 

lex is located at 201 and 429 nm respectively with an important 

scillator forces (f) which are 0.313 and 0.503 a. u respectively). 

onsequently, the oscillator strength is directly related to photon 

bsorption (absorption coefficient) and is inversely proportional to 

he carrier lifetime. The oscillator strength is given by transition 

oment integral that relates to the electronic dipole - allowed 

ransition. 

Furthermore, the energy gap of HOMO-LUMO is an impor- 

ant value which serves as a stability index. In our case, the en- 

rgy gap of azoic compound was reduced after the adsorption of 

i 2 + , Mg 2 + and Zn 

2 + cations and it was slightly increased af- 

er the adsorption of Cu 

2 + cation ( Table 7 ). It implies that the 

zoic/Ni 2 + , Azoic/Mg 2+ and Azoic/Zn 

2 + complexes become more 

onductive (with lower molecular stability and high reactivity in 

hemical reactions) compared to isolated azoic molecule, although 

zoic/Cu 

2+ complex become more stable compared to isolated azoic 

ompound in the acetonitrile solvent. We can also note that the 

dsorption of these cations does not change the nature of transi- 

ion which remains a π → π ∗ transition. The maximum absorp- 

ion wavelength corresponds to the electronic transition from the 

OMO to LUMO with a contribution of about 50–60% for all com- 

lexes. 

.3. Vibrational analysis 

As the intensities and the vibrational frequency positions are 

ery sensitive to changes in the molecular structure, the IR spec- 
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Fig. 8. Calculated absorption spectrum of Azoic compound before and after cations adsorption at 6–311 ++ G (d, p) basis set: (a) experimental and (b) : theoretical. 

Table 9 

The experimental and theoretical of the azo molecule before and after the adsorption of the different cations in the acetonitrile solvent. 

Isolated Azoic Azoic/Ni 2 + Azoic/Cu 2 + Azoic/Zn 2 + Azoic/Mg 2 + 

λ Exp 

(nm) 

λ Cal 

(nm) f (a.u) 

λ Exp 

(nm) 

λ Cal 

(nm) f (a.u) 

λ Exp 

(nm) 

λ Cal 

(nm) f (a.u) 

λ Exp 

(nm) 

λ Cal 

(nm) f (a.u) 

λ Exp 

(nm) 

λ Cal 

(nm) f (a.u) 

210 201 0.313 230 272 0.069 230 368 0.052 230 214 0.689 230 213 0.315 

234 258 0.299 282 347 0.220 281 378 0.249 265 257 0.106 282 275 0.129 

277 307 0.230 318 429 0.503 310 398 0.032 311 316 0.350 311 319 0.257 

416 417 0.250 423 511 0.030 421 471 0.135 422 380 0.057 421 385 0.017 

476 452 0.157 488 660 0.050 480 605 0.122 479 517 0.240 479 511 0.326 

t  

Z

s

s

a

a
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b

t

m

i

t

f

(  
ra can be used to detect the adsorption of Cu 

2 + , Mg 2 + , Ni 2 + and

n 

2 + cations on azoic dye. We present in Fig. 9 the calculated IR 

pectra before and after adsorption of these cations. One can ob- 

erve an important difference between the spectra of isolated azoic 

nd azoic/cations. The frequency of (CH oopb + OH oopb + CC oopb) 

t 756 cm 

−1 is red-shifted after the adsorption of these cations. 

he (CH oopb + CN oopb + COH twisting) at 832 cm 

−1 is the same
12 
efore and after cations adsorption but its intensity grows a lit- 

le from 128 km/mol to 171 km/mol. Upon cations adsorption, the 

ixed CH ipb + CC str + CN str mode of azoic dye at 1206 cm 

−1 

s slightly red-shifted by about 6 cm 

−1 (1200 cm 

−1 ) while its in- 

ensity grows from 15 km/mol to 285, 257, 90 and 25 Km/mol 

or azoic/Ni 2 + , azoic/Cu 

2 + , azoic/Zn 

2 + and azoic/Mg 2 + respectively 

 Fig. 9 (a)). The (CC str + CH r + CO str + CN str) mode is blue-shifted
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Fig. 9. IR spectra of azobenzene compound before and after Cations adsorption with an enlargement in both area (a) and (b) using B3LYP-D3/6–311 ++ G (d, p) method. 
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rom 1260 cm 

−1 to 1279, 1267,1271 and 1266 cm 

−1 with an inten- 

ity enhancement from 88 to 333, 160, 290 and 219 km/mol af- 

er the adsorption of Ni 2 + , Cu 

2 + , Zn 

2 + and Mg 2 + respectively. The 

and at 1400 cm 

−1 for azoic dye due to several modes ( Table 4 )

nd we notice an increase in intensity after cations adsorption, 

here the intensity grows from 70 km/mol for isolated azoic 

ye to 104, 601, 171 and 230 Km/mol for azoic/Ni 2 + , azoic/Cu 

2 + , 
zoic/Zn 

2 + and azoic/Mg 2 + respectively. The band at 1480 cm 

−1 

ccurs because of several modes in this region of the spectrum. 

t is slightly blue-shifted (11–8 cm 

−1 ) after adsorption of different 

ations. The band at 1553 cm 

−1 , blue-shifted after adsorption is 

lso due to several active modes. This important change in the IR 

pectrum constitutes a useful index to detect the binding of cations 

n azoic dye. The band at 3176–3217 cm 

−1 , red-shifted after the 

dsorption of all cations. The peak which appears at 3354 cm 

−1 , is 

lue-shifted after the adsorption of Ni 2 + , Zn 

2 + and Mg 2 + by about 

80, 200 and 292 cm 

−1 respectively, while it is red-shifted after 

he adsorption of Cu 

2 + by about 42 cm 

−1 ( Fig. 9 (b)). The intensi-

ies of these bands decrease in a remarkable way after the adsorp- 

ion of these cations, where they pass from 26 Km/mol for isolated 
h

13 
zoic dye to 37, 259, 35 and 99 Km/mol for azoic/Ni 2 + , azoic/Cu 

2 + ,
zoic/Zn 

2 + and azoic/Mg 2 + . The infrared spectra of azoic dye and 

heir complexes with different cations, clearly show a significant 

ffect on the vibrational spectra after adsorption of these cations 

or all complexes studied here. These frequencies’ change of fre- 

uency can be related to the interaction between the title cations 

nd the hydrogen bonding zone. 

. Conclusion 

In summary, we have described the synthesis of I-phenyl azo-2- 

aphthol and we have studied the optoelectronic properties of the 

entioned compound experimentally and theoretically in differ- 

nt solvents. The MEP, NPA and NBO were computed using B3LYP- 

3/6–311 ++ G (d, p) method to understand the atomic charge 

istribution of the azoic dye and to identify the way in which 

he molecules interact with each other. The most stable geome- 

ry was characterized for the azobenzene in Acetonitrile. The vi- 

rational frequencies of the fundamental modes of this molecule 

ave been accurately assigned and investigated in gas phase. The 
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bsorption spectra were carried out by TD-DFT method in gas 

nd other solvents and compared with the experimental one. In 

rder to assess the potential role of the synthesized azoic dye 

s a cation’s sensor, structures were also characterized for Cu 

2 + , 
g 2 + , Ni 2 + and Zn 

2 + adsorbed complexes. A clear sigma bond- 

ng chemisorption of cations on N 19 atom is observed for all com- 

lexes, followed by a charge transfer from the cations (Cu 

2 + , Mg 2 + , 
i 2 + and Zn 

2 + ) to the strong hydrogen bonding zone. Adsorp- 

ion energies were performed, in both gas and acetonitrile sol- 

ent, to understand the nature of the involved interactions be- 

ween I-phenyl azo-2-naphthol and different cations. Results in- 

icate that the azoic/Ni 2 + is the most favorable complex in both 

as and liquid phase, where the adsorption energy is found to 

e −330.374 kcal/mol and −119.743 kcal/mol respectively. Further- 

ore, after cations chemisorption on azoic compound, a remark- 

ble red shift is observed in the optical spectra, especially with 

zoic/Ni 2 + complex, offering thus a very good index to detect the 

inding of Ni 2 + . The IR spectra analysis also shows a significant 

hange in the signal strengths and vibrational frequencies. The op- 

ical spectra, energy gap and the vibrational spectra can therefore 

e used to detect the presence of different cations and azoic dye 

how appropriate properties to constitute good Ni 2 + sensors. 
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