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Abstract An experimental and theoretical study based on

DFT/TD-DFT approximations is presented to understand the

nature of electronic excitations, reactivity, and NLO proper-

ties of reactive orange 16 dye (RO16), an azo chromophore

widely used in textile and pharmacological industries. The

results show that the solvent has a considerable influence on

the electronic properties of the material. According to exper-

imental results, the absorption spectrum is noticed by four

intense transitions, which have been identified as π → π∗

states using TD-DFT calculations. However, the TD-DFT
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results reveal a weak n → π∗ in the low-lying spectral re-

gion. Continuum models of solvation indicate that these states

suffer bathochromic and hypsochromic shifts, respectively.

However, the expected blue shift for the absorption n → π∗

is only described using long-range or dispersion-corrected

DFT methods. RO16 is classified as a strong electrophilic

system (ω > 1.5 eV). From vacuum to solvent, the envi-

ronment is active and changes the nucleophilic status from

strong to moderate nucleophile (2.0 ≤ N ≤ 3.0 eV). The re-

sults also suggest that all electrical constants are strongly

dependent on long-rang and Hartree-Fock exchange contri-

butions, and the absence of these interactions gives results

far from reality. In particular, the results for the NLO re-

sponse show that the chromophore presents a potential ap-

plication in this field, with a low refractive index, and first-

hyperpolarizability ca. 214 times bigger than the value usu-

ally reported for urea (β = 0.34× 10−30 esu), which is a

standard NLO material. Concerning the solvent effects, the

results indicate that βtotal increases ca. 180% regarding the

gas-phase value. The results suggest RO16 is a potential

compound in NLO applications.

Keywords Azo dye · UV-Vis spectra · Nonlinear optics ·

Reactivity descriptors · Fukui functions · DFT/TD-DFT

1 Introduction

Since it was discovered in the 60’s [1], nonlinear optics (NLO)

has figured as a prominent field in the science of materi-

als. Organic and inorganic chromophores with higher NLO

response can be used to built a variety of devices, such as

field-effect transistors [2,3], light-emitting diodes [4,5], so-

lar cells [6–8], and sensors [9,10] that can improve logical

circuits. The biggest advantage of such devices is their data

transfer speed, once part of the information is performed at

the light-speed limit. Consequently, NLO devices are quite
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superior to traditional electronic circuits. These features jus-

tify the interest of areas such as telecommunications engi-

neering in obtaining materials with large ONL activity [11].

Besides the NLO effects, the electronic excitations of

many chromophores present relevant applications. For in-

stance, the Stokes shift is the difference between the po-

sitions of an electronic state in the emission and absorp-

tion spectra. Thus, chromophores with a higher Stokes shift

are used as biological markers, and probes that verbalize

the diagnostics of human diseases throughout bioimaging

[12,13]. Although π → π∗ occurs with higher intensity, the

Stokes shift of weak n → π∗ states is relevant once these ex-

citations usually happen with lower energies [14–16], perti-

nent feature for devices like solar cells, for instance.

Thus, due to the features discussed above, the science

of materials has invested many efforts into developing and

discover new compounds with enhanced NLO behavior. In

this race, organic chromophores have shown superior per-

formance. First, they present a higher limit of rupture when

exposed to high-power lasers. Moreover, organic molecules

allow greater miniaturization capacity in comparison to in-

organic materials. Finally, organic compounds can be con-

veniently modified by chemical synthesis, improving their

NLO feature. Between such dyes, one can cite chalcones

[17,18], and squaraines [19,20].

However, as any experimental attack is expensive and

demands much time, it is imperative to model the molecu-

lar NLO behavior using molecular modeling and quantum

mechanics techniques. Within this scenery, Density Func-

tion Theory (DFT) [21,22] has gained special emphasis. In

the DFT days, the old functionals faced problems like the

description of van der Waals forces, long-range corrections,

and including the Hartree-Fock exchange term. Nowadays,

these problems have been solved, and DFT methods have

been used to describe a series of molecular properties like

reactivity, electronic excitations, and the NLO behavior of

diverse chromophores [23–26]. Moreover, DFT and other

quantum chemical approximations have been combined to

liquid and solid-state simulations, giving information con-

cerning how the environment affects the optical properties

of a chromophore [16,27,28].

In particular, azo dyes are an interesting case. Azo com-

pounds are π-systems made up of aromatic rings connected

by azo-bridges (−N=N−) which behave like an entire push-

pull system, favoring the electronic polarization. Because

of their reactivity, these chromophores are often applied as

antiviral and antifungal drugs [29–31]. The reactive orange

(RO16) present in Fig. 1 is one of such chromophores which

has attracted attention due to its use in the textile industry.

For this reason, there is great concern about how to remove

this chromophore from water effluents [32–34]. However,

almost nothing is known about its electronic properties.

Fig. 1 The trans structure of reactive orange 16, and the respective

atomic labels.

For the first time, this work presents a discussion of the

optical properties of an azo dye known as reactive orange 16

(RO16) showed in Fig. 1. Throughout experimental, DFT,

and Time-Dependent DFT calculations, it characterizes the

electronic absorption and emission spectra. Quantum me-

chanical results account for solvent effects, long-range (LC)

interactions, and Hartree-Fock exchange (HFE) contributions.

The experimental report reveals four strong excitations, which

have been characterized as π → π∗ absorptions. However,

the TD-DFT analysis reports that the lowest absorption en-

ergy belongs to a weak n → π∗ state. However, this state is

not experimentally observed once it is covered by an intense

π → π∗ one.

Concerning the NLO behavior, RO16 presents great po-

tentialities. For instance, the first hyperpolarizability is ca.

214 times bigger than that value reported for urea (β = 0.34×

10−30 esu) [35,36], which is a standard NLO material. These

results suggest that RO16 is a promise as NLO material. Fi-

nally, the satisfactory description of the RO16 photophysics

and NLO behavior depends on the inclusion of LC and HFE

corrections.

2 Methodology

2.1 Theoretical details

Although azo dyes can be stable either in trans as cis geome-

tries, trans-isomers are those with the highest NLO response

[27], the focus of this work. The molecular geometries of the

reactive orange 16 at the ground and the first excited states

were optimized within the framework of density functional

theory using the CAM-B3LYP approximation [37] and the

standard 6-311++G(d,p) basis set [38–42]. Then, a posterior

analysis of the infrared spectra showed that all vibrational

frequencies are positive, confirming that the molecular ge-

ometry is on a local minimum of energy.
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Concerning the description of the electronic absorption

and emission spectra, the results take advantage of the 6-

311++G(d,p) basis set coupled to the Coulomb attenuated

version of the B3LYP method (CAM-B3LYP) [37]. Con-

cerning the description of the NLO and reactive properties,

besides the standard B3LYP [43,44] and CAM-B3LYP [37]

approximations, the performances of the family of Minnesota

exchange-correlation functionals (M06-L [45], M06 [46],

M06-2X [47]), and M06-HF [48] have been considered. In

particular, M05-2X and M06-2X functionals have shown su-

perior performances in describing the global reactivity [49]

and NLO [50] parameters, respectively. Besides DFT, the

semi-empirical PM6 [51] method is considered for reactiv-

ity and NLO calculations.

The NLO effects arise when the light interacts with the

matter. In such a case, one can expand the energy of the

system in Taylor series:

E(F) = E(0)−µiFi −
1

2
αi jFiFj −

1

6
βi jkFiFjFk + ... (1)

In this equation, µ and α are the molecular dipole moment

and dipolar polarizability. The first is a vector given by

µ =
√

µ2
x +µ2

y +µ2
z . (2)

On the other hand, the dipolar polarizability is a tensor which

the diagonal elements can be combined to given the isotropic

(〈α〉) and anisotropic (∆α) contributions

〈α〉=
1

3
(αxx +αyy +αzz), (3)

and

∆α =
√

(αxx −αyy)2 +(αxx −αzz)2 +(αyy −αzz)2. (4)

The theoretical polarizability can be used to infer the refrac-

tive index (n) using the Lorentz-Lorenz equation [52,53]

n2 −1

n2 +2
=

4π〈α〉

3Vmol

, (5)

where Vmol is the molecular volume.

The static version first hyperpolarizability is a tensor given

for a cubic matrix (3× 3× 3) with 27 elements. However,

appropriate symmetry rules (βi j j = β ji j = β j ji) [54] reduces

this number to 10 distinct elements which are combined to

give the static βtotal

βtotal =
√

β 2
x +β 2

y +β 2
z , (6)

where

βx = βxxx +βxyy +βxzz

βy = βyyy +βyxx +βyzz (7)

βz = βzzz +βzxx +βzyy.

Regarding the reactivity of the chromophore, one can

deal with global and local parameters. The global reactiv-

ity is mainly discussed in terms of the chemical potential

(µ), ionization energy (IP), electron affinity (EA), hardness

(η), electrophilicity (ω), and nucleophilicity. The first three

parameters are calculated as [55]

µ = (EHOMO +ELUMO)/2 =−χ (8)

IP =−EHOMO (9)

EA =−ELUMO (10)

η = (ELUMO −EHOMO)/2, (11)

and

ω =
µ2

2η
. (12)

For the nucleophilicity (N) index, we adopt an empir-

ical scale developed for closed-shell systems based on the

HOMO energies, defined as [56,57]

N = ENucleophile −ETCNE. (13)

In the equation above, the calculations are performed on the

tetracyanothylene (TCNE) molecule also obtained within the

CAM-B3LYP/6-311++G(d,p) formalism.

The local reactivity parameters if often discussed using

the Fukui functions, which describe the selectivity or re-

activity of an atomic site or a region in a chemical chro-

mophore. This parameters are given by [58]

F+
k = qk(N +1)−qk(N), for nucleophilic attack (14)

and

F−
k = qk(N)−qk(N −1), for electrophilic attack, (15)

where qk(N), qk(N + 1), and qk(N − 1) are the electronic

populations on the kth atomic site for N, N +1, N −1 elec-

tron systems, respectively.

Other two relevant parameters are the relative nucleophilic

( fnu = F+
k /F−

k ) and electrophilic ( fel = F−
k /F+

k ) indexes.

When fnu > fel, the atomic site is facing to nucleophilic at-

tack. In another way, fel > fnu designates an electrophilic

attack in a nucleophilic site [58–62]. Finally, all electronic

calculations were carried out in Gaussian 09 package [63].

2.2 Experimental details

Reactive orange dye 16 (RO-16), ID: 24858342, with a molec-

ular weight of 617.54 g/mol was purchased from Sigma-

Aldrich Company, Saint Louis, USA, with the content of

70%. Initially, a solution of 50 mL of RO-16 was prepared at

a concentration of 10 mg/L. Then, the measurement was per-

formed in a brand spectrophotometer (Digital Double Beam

- GTA - 101) in a quartz cuvette with an optical path of 1 cm

and 1 ml.
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Fig. 2 Absorption spectra of reactive orange 16 calculated in vacuum

and water using different methods (B3LYP, CAM-B3LYP, M06-2X,

and wB97XD) and the same basis set 6-311++G(d,p). In water, the

spectra were obtained using the solvent described by C-PCM with the

same level of QM calculation.

3 Results and discussions

3.1 Electronic excitations

The experimental absorption spectrum of the RO16 in water

is shown in Fig. 2. According to this spectrum, four absorp-

tion bands can be observed: two in the visible region, with

their maxima wavelengths (λmax), centered at 493 and 388

nm, and two in the ultraviolet region with λmax at 296 and

253 nm. These two bands in the visible region were assigned

as n → π∗, and the two bands in the UV region as π → π∗

[64]. The obtained spectrum for RO16 agrees very well with

previous results reported in the literature [64–66]. The bands

at 493 and 388 nm are attributed to the chromophore and azo

group [66]. In comparison, the bands at 296 and 253 nm are

related to the structure of gamma acetylated and aromatic

rings [66], respectively.

Table 1 shows the maximum wavelengths (λmax) and os-

cillator strength of the five lowest transitions of orange 16

calculated in vacuum and water using different methods. As

can be seen, in the gas phase, B3LYP provides two transi-

tions in the visible region at 477.7 and 462.5 nm and three

transitions in the UV region at 367.8, 310.5, and 295.5 nm,

the first and last transitions being extremely weak. Due to

its low intensity, this first transition is hardly observed in

the experiment, although it was also predicted using other

DFT functionals (CAM-B3LYP, M06-2X, and ωB97XD) at

440.2, 479.5, and 445.7 nm. This first transition arises from

HOMO-2→LUMO and is assigned as an n→ π∗ for all DFT

functionals used in this work. For the other four transitions,

B3LYP provides values for λmax about 80, 50, 30, and 60

nm too high for the four transitions compared to other meth-

ods (CAM-B3LYP, M06-2X, and ωB97XD), which provide

very similar results. Moreover, B3LYP gives the four tran-

sitions with very different oscillator strength values (0.17,

0.78, 0.49, and 0.03). While other methods provide similar

values of f for the four transitions, presenting the 4th tran-

sition as the weakest. These methods, which include long-

range or dispersion corrections, predict the four absorption

bands blue-shifted concerning B3LYP results. To the best of

our knowledge, the experimental results for the absorption

spectra of RO16 are unavailable in the scientific literature.

Normally, from gas to solvent, n → π∗ states suffer a

hypsochromic effect [16,67], and for RO16, this behavior is

not different. Comparing the gas phase and in water B3LYP

results, it was observed that the weak n → π∗ transition ex-

hibits a blue shift of 4 nm, and was found inverted concern-

ing the position of second transition. This small blue shift

was also observed with the other methods (CAM-B3LYP,

M06-2X, and ωB97XD), but the n → π∗ transition was not

inverted. Normally, from gas to solvent, n → π∗ states suffer

a hypsochromic effect [16,67], and for RO16, this behav-

ior is no different. Comparing the gas phase and in water

B3LYP results, it was observed that the weak n → π∗ tran-

sition exhibits a blue shift of 4 nm and was found inverted

concerning the position of the second transition. This slight

blue shift also was observed with the other methods (CAM-

B3LYP, M06-2X, and ωB97XD), but the n → π∗ transition

was not inverted. This result indicates that long-range inter-

actions are essential if one desires to describe n → π∗ states.

In contrast, for the other four transitions, we observe a red-

shift of the entire spectrum. With the B3LYP, this redshift

was 21, 12, 3, and 1 nm from the gas phase to water, and for

the other methods (CAM-B3LYP, M06-2X, and ωB97XD),

the average values were 14, 6, 4, and 4 nm, respectively.

It is also interesting to note that solvent increases oscilla-

tor strength values for these four transitions compared to the

gas phase. The 5th transition presents the most significant

increase in this property.

Comparing the experimental results, we observe that the

best agreement with observed two first π → π∗ transitions

is obtained with B3LYP, giving wavelengths differences of

10 and 8 nm for the 2nd and 3rd transitions. For the other

π → π∗ transitions (4th and 5th), this best agreement was

obtained with CAM-B3LYP, with these values of 13 and 12

nm, which also agrees with M06-2X and ωB97XD results.

Thus, our results show that the use of a non-long-range DFT
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Table 1 Maximum wavelengths (λ /nm), oscillator strength (f ) of the three lowest transitions of reactive orange 16 calculated in vacuum and water

using different methods (B3LYP, CAM-B3LYP, M06-2X, and ωB97XD) and the same 6-311++G(d,p) basis set:

B3LYP CAM-B3LYP M06-2X ωB97XD Exp.

Vacuum λmax f λmax f λmax f λmax f λmax

1st (n → π∗) 477.69 0.01 440.16 0.00 479.48 0.00 445.73 0.00 -

2nd (π → π∗) 462.46 0.17 386.15 0.48 383.12 0.48 381.06 0.51 -

3rd (π → π∗) 367.76 0.78 321.54 0.54 317.81 0.57 316.51 0.52 -

4th (π → π∗) 310.45 0.49 279.55 0.65 277.43 0.60 277.46 0.64 -

5th (π → π∗) 303.73 0.02 264.38 0.02 276.84 0.06 261.89 0.02 -

Water

1st (n → π∗) 473.41 0.00 438.00 0.01 476.59 0.00 443.72 0.01 -

2nd (π → π∗) 483.39 0.23 400.63 0.58 397.33 0.58 394.92 0.62 493

3rd (π → π∗) 379.85 0.89 327.53 0.60 324.18 0.64 321.54 0.58 388

4th (π → π∗) 313.53 0.48 283.39 0.70 281.09 0.71 281.37 0.68 296

5th (π → π∗) 296.53 0.19 240.81 0.36 239.73 0.32 235.85 0.60 253

functional (B3LYP) provides an appropriate description of

the 2nd and 3rd transitions. The corrected functionals pro-

vide a satisfactory description of the 4th and 5th transitions

of RO16 in water.

3.2 Dipole moment and dipolar polarizability

Table 2 shows the results obtained for the molecular dipole

moment (µ), dipole polarizability (α), molecular volume

(Vmol), and the refractive index (n) for the RO16 molecule

in a water solvent, using different approaches of quantum

mechanics and the C-PCM, which is an adequate continuum

model to discuss NLO parameters. This discussion consid-

ers three effects: the influence of long-range interactions, the

role of Hartree-Fock exchange, and the effects of the sol-

vent.

The long-range corrections (LC) act polarizing the refer-

ence molecule, increasing its dipole moment. For instance,

the B3LYP results predict a value of 2.59 D for µ . How-

ever, after including LC corrections using the CAM-B3LYP

functional, the molecular dipole increases to 2.65 D. The in-

clusion of HF exchange causes similar effects. For instance,

the Minnesota family of density functionals (M06-L, M06,

M06-2X, and M06-HF) accounts for zero, 24%, 54%, and

100% of HF exchange. They predict the dipole moment as

2.53, 2.57, 2.67, and 2.87 D, respectively. Such effects better

realized in Fig. 3a.

Concerning the solvent effects, Table 2 also allows for

comparing the values obtained for µ , α , and n. In the par-

ticular case of the dipole moment in both gas (2.19 D) and

solvent (2.67 D) using the M06-2X method. These values

indicate a polarization effect of ca. 17%, concerning the gas-

phase value, and agree with other data that predict polariza-

tion effects which can achieve 30% or even 40% [28,68–70].

Contrasting the dipole moment, the dipolar polarizabil-

ity (α) also presents an opposite correlation concerning the

inclusion of long-range corrections and HF exchange terms

(a)

(b)

Fig. 3 The evolution of the refractive index, dipole moment, dipole

polarizability, and the first hyperpolarizability ( n, µ , 〈α〉, and βtotal) as

function of the Hartree-Fock exchange.
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Table 2 The molecular dipole moment (µ/D), the components of the dipolar polarizability (α/10−24 esu), molecular volume (Vmol), and the

refractive index (n) calculated for different degrees of quantum chemistry and the 6-311++G(d,p) basis set:

QM µ αxx αyy αzz 〈α〉 ∆α Vmol n

B3LYP 2.59 137.59 76.81 49.08 87.83 110.89 4024.70 2.41

CAM-B3LYP 2.65 123.82 74.01 47.95 81.92 94.43 4360.09 2.10

M06-L 2.53 143.13 76.54 47.62 89.10 119.97 4276.24 2.30

M06 2.57 135.38 75.89 48.60 86.63 108.69 4947.02 1.99

M06-2X 2.67 123.17 73.47 47.26 81.30 94.45 4108.54 2.19

M06-2X (Gas) 2.19 98.95 52.48 34.11 61.85 81.87 4018.54 1.82

M06-HF 2.87 113.71 71.83 47.53 77.69 82.01 4192.39 2.07

PM6 3.10 106.51 61.66 23.07 63.75 102.29 4863.17 1.66

in DFT methods. For instance, from B3LYP to CAM-B3LYP,

the isotropic 〈α〉 varies from 87.83×10−24 to 81.92×10−24

esu. Moreover, considering the systematic inclusion of HF

exchange, the Minnesota functionals predict that decreases

from 89.10× 10−24 to 77.69× 10−24 esu, which is a varia-

tion of 13%. Figure 3b points out such behavior.

Similar to other azo dyes [24,27], the trans isomer of

RO16 presents major anisotropic contributions (∆α). For

instance, the M06-2X results show values of 81.30×10−24

and 94.45×10−24 esu respectively for 〈α〉 and ∆α , and all

other methods confirm this tendency.

By combining 〈α〉, and the molecular volume (Vmol),

one can obtain the refractive index (n) throughout the Lorentz-

Lorenz equation [52,53]. Analyzing the results showed in

Table 2 one can observe that the B3LYP prediction (n =

2.41) is not realistic once this functional overestimates n

concerning the other methodologies. However, including long-

range corrections using the CAM-B3LYP model, one ob-

tains n = 2.10. On the other side, the Minnesota family of

functionals shows that the refractive index decreases regard-

ing the inclusion of the HF exchange term, achieving a value

of 2.07 using the M06-HF method and the C-PCM model.

As the refractive index (n = c/v) is the ratio between

the light speed in the vacuum and a particular environment,

lower n values designate great capacity of data transference.

The results for the RO16 molecule are stimulating. For in-

stance, refractive indexes of 1.76 and 1.89 respectively for

the cis and trans isomers of an azo-azomethine dye [27].

Valverde [71], and Hodgkinson [72] have estimated refrac-

tive indexes of 1.71 and 2 for crystallized chalcones and

pristine oxide, respectively.

Concerning the solvent effect (see Table 2), from vac-

uum to an aqueous environment, the solute polarization due

to solvent acts improving all quantities. For instance, the

isotropic contributions for the polarizability increases from

61.85 × 10−24 to 81.30 × 10−24 esu, which is a variation

of ca. 31% concerning the gas-phase value. Both ∆α and

n show similar trend.

Table 3 The frontier orbital energies (εH,L/eV), energy-gap (Egap/eV),

the components of the first hyperpolarizability (β/10−30 esu) cal-

culated for different degrees of quantum chemistry and the 6-

311++G(d,p) basis set:

QM Egap βx βy βz βtotal

B3LYP 3.03 −92.63 4.00 −15.12 93.94

CAM-B3LYP 5.38 −65.98 5.72 −10.94 67.13

M06-L 1.99 −106.78 −1.00 −17.18 108.16

M06 3.42 −86.54 3.20 −13.49 87.64

M06-2X 5.02 −71.58 5.28 −11.71 72.73

M06-2X (Gas) 5.10 27.50 1.86 3.37 27.77

M06-HF 7.71 −54.14 8.43 −9.07 55.54

PM6 6.98 −66.90 14.10 −10.58 69.18

3.3 Fist-hyperpolarizability

Table 3 shows the values obtained for the first hyperpolar-

izability (βtotal) under static conditions. Again, these results

consider three points: the effects of long-range corrections,

including Hartree-Fock exchange, and the solvent contri-

butions. Concerning the role of long-range corrections, the

CAM-B3LYP results predict a value of 66.88× 10−30 esu

for βtotal, which is an improvement of 29% regarding the

value of 93.87×10−30 esu predicted using B3LYP.

The systematic inclusion of HF exchange also causes

a decrease in the first hyperpolarizability. For instance, the

M06-L functional does not consider any percent of HF con-

tributions and predicts 108.21× 10−30 esu for βtotal. How-

ever, the other Minnesota functionals, M06, and M06-2X

functionals, which propose respectively zero, 27%, and 54%

of HF exchange, predict 87.64×10−30, 72.73×10−30. and

55.54×10−30 esu. As one can observe, from M06-L to M06-

HF methods, the HFE corrections improves in ca. 49% the

description of βtotal. This behavior is better observed in Fig.

3b.

As most organic NLO chromophores are large molecules

that can demand great computational power, we tested the

performances of the PM6 and PM7 semi-empirical methods.

From Table 3, one can observe that both approximations re-

produce all aspects assigned by DFT methods. For instance,

they are assertive when predicting that the most contribution

for the first hyperpolarizability comes from βx. However, the

PM6 estimate (βtotal = 68.06×10−30 esu) is the best result,
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Fig. 4 The frontier molecular orbitals, energy gap and the values of

the first hyperpolarizability at vacuum and solvent, obtained using the

M06-2X DFT method coupled with the 6-311++G(d,p) bais set and the

C-PCM solvent model.

being the closest to the CAM-B3LYP prediction, and pre-

senting a sensible improvement (ca. 168%) concerning the

B3LYP result.

Concerning other NLO materials, RO16 is quite compet-

itive. For instance, according to the M06-2X prediction, the

first hyperpolarizability predicted for RO16 (βtotal = 72.73×
10−30 esu) is ca. 214 times greater that the value currently

reported for urea (βtotal = 0.34×10−30 esu) [35,36], a well

known optical material. Through individually presents low

NLO response, this property is enhanced in crystal, once β

is an addictive parameter [73,74]. RO16 also presents a good

performance concerning the para-nitro aniline molecule, which

is other typical donor-acceptor compound with NLO appli-

cations that presents βtotal estimated between 6.27× 10−30

[75] and 8.86 × 10−30 esu [76]. Thus, all results indicate

RO16 is really suitable for optical applications.

Considering the contributions of the solvent, it is clear

that the environment presents a powerful influence on the

first hyperpolarizability. For instance, Table 3 shows the re-

sults obtained using the M06-2X functional in vacuum and

water solvent, considering the C-PCM solvent model. From

gas to solvent, the energy gap decreases from 5.10 to 5.02

eV. However, as Oudar and Chemla [77] have shown, the

first hyperpolarizability is an inverse function of the energy-

gap, being approximated like β ∝ ∆ µ f/∆E3, where f is the

oscillator force corresponding to the energy transition and

∆ µ is the difference between the dipole moment in the ex-

cited and ground states. Quantitatively, Fig. 4 better explores

the inverse relation between the first hyperpolarizability and

the energy-gap. Thus, it is expected that a slight variation

in the energy gap generates a considerable improvement in

βtotal. According to the M06-2X results, the first hyperpolar-

izability changes from 27.77×10−30 to 72.73×10−30 esu,

showing an improvement of ca. 162% concerning the gas-

phase value.

3.4 PDOS analysis

The Partial Density of States (PDOS) is a function that brings

reliable information about the electronic structure of the ma-

terial [78–83]. To understand the individual contributions of

specific atoms to PDOS and how their contributions change

when those atoms are within a chemical group, the O and

N atoms were analyzed individually, and their results were

plotted against the chemical group curves as Azo (−N=N−),

SO2, C rings, SO3Na(Position 1), and SO3Na(Position 2).

The choice of O and N as isolated atoms is due to their high

electronegativity and their presence in the main functional

groups mentioned above. All the other atoms are majority H

and were classified as Allothers. The results in the vacuum

and under PCM implicit water solvent environment were

compared.

Fig. 5, shows the contribution of isolated O and N atoms

to the PDOS is low and has relevant values only in the region

of occupied orbitals. This behavior does not change from

vacuum to the implicit solvent environment. The Azo group

has a significant contribution in the region of occupied or-

bitals and has a peak at the LUMO orbital, which means the

HOMO-LUMO transition arises from the C rings to an or-

bital that has a component at the Azo group. The PDOS of

the SO2 group has no appreciable change from vacuum to

the implicit water environment. C rings have the most im-

portant contribution in PDOS. This effect occurs because

aromatic rings present a great abundance of π electrons,

which are less bonded to the nuclei, being strongly polar-

izable by the environment. One can observe that the water

compresses the peaks. In the region of virtual orbitals re-

gion, it is clear the tendency to unite the peaks close to 0.0

eV. Observing these peaks around 3.0 eV, it is also possi-

ble to note this phenomenon. Fig. 5, shows the contribution

of isolated O and N atoms to the DOS is low. They have

relevant values only in the region of occupied orbitals. This

behavior does not change from vacuum to water. The Azo

group has a significant contribution in the region of occupied

orbitals. It has a peak at the LUMO orbital, which means

the HOMO-LUMO transition arises from the C rings to an

orbital that has a component in the Azo group. The PDOS
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(a)

(b)

Fig. 5 The projected density of states (PDOS) at vacuum (a) and wa-

ter solvent (b) calculated using the M06-2X/6-311++G(d,p) level of

quantum mechanics and the conducting version of the polarizable con-

tinuum model (C-PCM) for the solvent.

of the SO2 group has no appreciable change from vacuum

to water. C rings have the major contribution in all PDOS

plots. This effect occurs because aromatic rings present a

great abundance of π electrons, which are less bonded to

the nuclei, being strongly polarizable by the environment. It

can be observed that the implicit environment compresses

the peaks. In the region of virtual orbitals, it is clear the ten-

dency to unite the peaks close to 0.0 eV. Observing peaks

around 3.0 eV, one can also note this phenomenon. They

experience the tendency to merge their peaks in all spectra

under the effects of the PCM water solvent.

3.5 Reactivity

Global reactivity descriptors

Table 4 shows the results obtained for the global reactivity

descriptors obtained For the RO16 molecule. From these re-

sults, one can observe that the solvent plays a relevant in

the molecular reactivity. For instance, analyzing the M06-

2X data obtained at gas and solvent, one concludes that the

chemical potential increases from −4.58 eV in vacuum to

−4.78 eV in a solvent. The ionization potential (IP) and

electron affinity (EA) increase to 7.29 eV (ca. 2.24%) and

2.27 eV (ca. 12%) in an aqueous environment. Consequently,

the system becomes more reactive when embedded in a sol-

vent. Concerning the chemical hardness (η), this parameter

decreases from 2.55 eV (vacuum) to 2.51 eV (solvent), but

this effect is expected once there a inverse relation between

η and the dipole polarizability (α) [25], which increases in

the solvent.

The global electrophilicity (ω) and nucleophilicity (N)

are other two relevant reactive parameters often discussed

for a pharmacy candidate. According to Domingos and col-

laborators, a chromophore can be classified as marginal (x <

0.8 eV), moderate (0.8 ≤ x ≤ 1.5 eV), or even as a strong

electrophile (x > 1.5 eV) [84]. Similarly, a compound can

be assigned as marginal (N < 2.0 eV), moderate (2.0 ≤ N ≤
3.0 eV), and a strong nucleophile (N > 3.0 eV) [56,57].

After considering these scales, one observes that the envi-

ronment increases the electrophilicity from 4.11 eV to 4.55

eV, which allows to classify RO16 as a strong electrophile.

However, one observes a contrary behavior for the nucle-

ophilicity. From vacuum to solvent, N varies from 3.77 eV

to 2.11 eV, changing the status from a strong to moderate

nucleophile.

One can also observe that the absence of LC and HFE

contributions overestimates ω . For instance, from B3LYP to

CAM-B3LYP, one obtains ω = 6.68 eV and ω = 4.02 eV,

respectively. Similar behavior is observed between M06-L

(ω = 9.97 eV) and M06-2X (ω = 4.55 eV). These findings

show that LC and HFE are essentials one desires to inves-

tigate the molecular reactivity. Regarding nucleophilicity,

these interactions also are fundamentals. However, they ac-

tuate, decreasing the values of N. For instance, while B3LYP

predicts 2.98 eV, the CAM-B3LYP method indicates 4.46

eV for N. Again, similar behavior is observed for M06-L

and M06-2X, for instance.

Local reactivity descriptors

After determining the global reactivity parameters, the next

step is to discover the independent behavior of each atomic

site in the molecule. Figure 6 presents the plots for the rela-

tive nucleophilic and electrophilic indexes ( fnu, fel) obtained
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Table 4 The global reactivity descriptors, the chemical potential (µ),

ionization energy (IP), electron affinity (EA), chemical hardness (η),

electrophilicity (ω), and nucleophilicity (N). All results are in eV and

were calculated for different degrees of quantum chemistry and the 6-

311++G(d,p) basis set:

QM µ IP EA η ω N

B3LYP −4.57 6.08 3.05 1.52 6.88 2.98

CAM-B3LYP −4.65 7.34 1.96 2.69 4.02 4.46

M06-L −4.46 5.45 3.46 1.00 9.97 2.94

M06 −4.65 6.36 2.94 1.71 6.32 4.14

M06-2X −4.78 7.29 2.27 2.51 4.55 2.11

M06-2X (Gas) −4.58 7.13 2.03 2.55 4.11 3.77

M06-HF −5.12 8.97 1.26 3.86 3.39 3.31

PM6 −5.34 8.83 1.85 3.49 4.09 1.60

(a)

(b)

Fig. 6 (a) Bar graphic of relative nucleophilicity fnu (red) and relative

electrophilicity fel (black) for H (b) and C, N, O, S, and Na atoms (c)

calculated at the M06-2X/6-311++G(d,p) level of quantum mechanics.

from the Fukui functions (F+
k , F−

k ) calculated from the Mul-

likan charges at the M06-2X/6-311++G(d,p) level of theory.

As one can observe from Fig. 6b, the hydrogen atoms

present a nucleophilic behavior, which shows that these atomic

sites prefer to interact with electrophilic atoms. The excep-

tions are hydrogen atoms (H42, H43, and H45) bonded to

benzene rings.

On the other hand, Fig. 6c allows understanding the be-

havior of C, N, O, S, and Na atoms. Again, the behavior

of the material is mostly nucleophilic. In particular, most

cites present fnu < 2.5. However, the C10, C26, and C26 in

the benzene ring, C11 in phenol ring, N21 in the azo bond,

C22, C23. The major nucleophilic behavior ( fnu > 5.0) is

observed for N20. The unique exceptions are N4, C9, and

O18, in which fel > fnu.

4 Conclusions

Based on DFT/TD-DFT and semiempirical methods, this

works presents a theoretical and experimental discussion of

the optical and reactive properties of the reactive orange 16

dye. These results accounts for solvent contributions, long-

range (LC) and Hartree-Fock exchange (HFE) corrections.

In the ground state, RO16 presents a wide absorption

band placed in the visible region of the spectra. Clearly, this

band is composed of four strong π → π∗ excitations, be-

sides a weak n → π∗ line placed in the low-lying region of

the spectra. Although the π → π∗ absorption suffers a clear

redshift when embedded in a water solvent, the n → π∗ state

presents a smooth blue shift. However, this behavior only is

correctly described if long-range interactions under the form

of Hartree-Fock exchange or dispersion corrections are con-

sidered in the calculations.

The theoretical results also show that RO16 can be use-

ful for a variety of NLO applications. In fact, according

to DFT and semi-empirical calculations, the chromophore

presents a strong NLO response. For instance, static approx-

imations of the first-hyperpolarizability (βtotal) indicate val-

ues superior to those reported for standard NLO materials

like p-nitroaniline and urea. Moreover, the current DFT cal-

culations using the Lorentz-Lorenz equation, which connects

the dipole polarizability (α) to the refractive index (n), show

that the RO16 molecule presents lower n. However, those

methods which do not account for LC or HFE do not de-

scribe the reality, overestimating the dipole polarizability,

the refractive index, and the first-hyperpolarizability. Thus,

such interactions are essential to better understand the NLO

response of the RO16 molecule.
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V. Manzoni, Theoretical study of a recently synthesized azo dyes

useful for OLEDs, Materials Letters 280, 128535 (2020). DOI

10.1016/j.matlet.2020.128535

25. R. Gester, A. Torres, A.R. da Cunha, T. Andrade-Filho, V. Man-

zoni, Theoretical study of thieno[3, 4-b]pyrazines derivatives with

enhanced NLO response, Chemical Physics Letters p. 138976

(2021). DOI 10.1016/j.cplett.2021.138976

26. T. Andrade-Filho, T. Silva, E. Belo, A. Raiol, R.V. de Oliveira,

P.S. Marinho, H.R. Bitencourt, A.M. Marinho, A.R. da Cunha,

R. Gester, Insights and modelling on the nonlinear optical re-

sponse, reactivity, and structure of chalcones and dihydrochal-

cones, Journal of Molecular Structure 1246, 131182 (2021). DOI

10.1016/j.molstruc.2021.131182

27. A. Raiol, A.R. da Cunha, V. Manzoni, T. Andrade-Filho,

R. Gester, Solvent enhancement and isomeric effects on the NLO

properties of a photoinduced cis-trans azomethine chromophore:

A sequential MC/QM study, Journal of Molecular Liquids p.

116887 (2021). DOI 10.1016/j.molliq.2021.116887

28. V. Manzoni, L. Modesto-Costa, J.D. Nero, T. Andrade-Filho,

R. Gester, Strong enhancement of NLO response of methyl or-

ange dyes through solvent effects: A sequential monte carlo/DFT

investigation, Optical Materials 94, 152 (2019). DOI

10.1016/j.optmat.2019.05.018

29. M.N. Khan, D.K. Parmar, D. Das, Recent applications of azo

dyes: A paradigm shift from medicinal chemistry to biomedical

sciences, Mini-Reviews in Medicinal Chemistry 21, 1071 (2021).

DOI 10.2174/1389557520999201123210025

30. F.F. Albelwi, M. Al-anazi, A. Naqvi, Z.M. Hritani, R.M. Okasha,

T.H. Afifi, M. Hagar, Novel oxazolones incorporated azo dye:

Design, synthesis photophysical-DFT aspects and antimicro-

bial assessments with in-silico and in-vitro surveys, Journal of

Photochemistry and Photobiology 7, 100032 (2021). DOI

10.1016/j.jpap.2021.100032

31. Y. El-Sayed, M. Gaber, N. El-Wakeil, ahmed abdelaziz, A. El-

Nagar, Metal complexes of azo mesalamine drug: Synthesis, char-

acterization, and their application as an inhibitor of pathogenic

fungi, Applied Organometallic Chemistry 35 (2021). DOI

10.1002/aoc.6290

32. M. Malakootian, M.R. Heidari, Reactive orange 16 dye adsorp-

tion from aqueous solutions by psyllium seed powder as a low-

cost biosorbent: kinetic and equilibrium studies, Applied Water

Science 8 (2018). DOI 10.1007/s13201-018-0851-2

33. M.F. Hanafi, N. Sapawe, A review on the water problem asso-

ciate with organic pollutants derived from phenol, methyl orange,

and remazol brilliant blue dyes, Materials Today: Proceedings 31,

A141 (2020). DOI 10.1016/j.matpr.2021.01.258

34. A.S. Abdulhameed, A.T. Mohammad, A.H. Jawad, Application of

response surface methodology for enhanced synthesis of chitosan

tripolyphosphate/TiO2 nanocomposite and adsorption of reactive

orange 16 dye, Journal of Cleaner Production 232, 43 (2019). DOI

10.1016/j.jclepro.2019.05.291

35. M.J. Alam, A.U. Khan, M. Alam, S. Ahmad, Spectroscopic

(FTIR, FT-raman, 1H NMR and UV–vis) and DFT/TD-DFT stud-

ies on cholesteno [4,6-b,c]-2′,5′-dihydro-1′,5′-benzothiazepine,

Journal of Molecular Structure 1178, 570 (2019). DOI

10.1016/j.molstruc.2018.10.063

36. H. Abbas, M. Shkir, S. AlFaify, Density functional study of spec-

troscopy, electronic structure, linear and nonlinear optical prop-

erties of l-proline lithium chloride and l-proline lithium bromide

monohydrate: For laser applications, Arabian Journal of Chem-

istry 12, 2336 (2019). DOI 10.1016/j.arabjc.2015.02.011

37. T. Yanai, D.P. Tew, N.C. Handy, A new hybrid ex-

change–correlation functional using the coulomb-attenuating

method (CAM-b3lyp), Chemical Physics Letters 393, 51 (2004).

DOI 10.1016/j.cplett.2004.06.011

38. T. Clark, J. Chandrasekhar, G.W. Spitznagel, P.V.R. Schleyer, Effi-

cient diffuse function-augmented basis sets for anion calculations.

III. the 3-21g basis set for first-row elements, li-f, Journal of Com-

putational Chemistry 4, 294 (1983). DOI 10.1002/jcc.540040303

39. M.M. Francl, W.J. Pietro, W.J. Hehre, J.S. Binkley, M.S. Gor-

don, D.J. DeFrees, J.A. Pople, Self-consistent molecular orbital

methods. XXIII. a polarization-type basis set for second-row el-

ements, The Journal of Chemical Physics 77, 3654 (1982). DOI

10.1063/1.444267

40. R. Krishnan, J.S. Binkley, R. Seeger, J.A. Pople, Self-consistent

molecular orbital methods. XX. a basis set for correlated wave

functions, The Journal of Chemical Physics 72, 650 (1980). DOI

10.1063/1.438955

41. A.D. McLean, G.S. Chandler, Contracted gaussian basis sets for

molecular calculations. i. second row atoms, z=11–18, The Jour-

nal of Chemical Physics 72, 5639 (1980). DOI 10.1063/1.438980

42. G.W. Spitznagel, T. Clark, P. von Ragué Schleyer, W.J. Hehre, An
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tivity of captodative ethylenes in polar cycloaddition reactions. a

theoretical study†, The Journal of Organic Chemistry 73, 4615

(2008). DOI 10.1021/jo800572a

57. P. Jaramillo, L.R. Domingo, E. Chamorro, P. Pérez, A further ex-
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