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Abstract

In this study, (E)-5-((4,6-dichloro-1,3,5-triazin-2-yl)Jamino)-4-hydroxy-3-(phenyldiazenyl)naphthalene-2,7-diylbis(hydrogen
sulfite), a cyanurated H-acid (CHA) azo dye, was synthesized and characterized using FT-IR spectrophotometer and GC-MS
spectroscopy. A density functional theory (DFT) based B3LYP and CAM-B3LYP method with 6-311 + G (d,p) basis set
analysis was computed for HOMO-LUMO, natural bonding orbitals (NBO), UV-Vis absorptions and excitation interactions,
in order to understand its molecular orbital excitation properties. A low Energy gap (Eg) of 2.947 eV was obtained from
the molecular orbital analysis, which showed that HOMO to LUMO transition is highly feasible; hence CHA is adequate
for diverse electronic and optic applications. Studies of the first five excitations (S;— S1/5,/55/S,/Ss) of CHA revealed that
So— S;and Sy — S5 are m— * type local excitations distributed around the -N=N- group; S, — S,, a Rydberg type local
excitation; S,—S,, a highly localized m— n* excitation; while S;— S is an n — n* charge transfer from a benzene ring
to —-N=N- group. From NBO analysis, we obtained the various donor-acceptor orbital interactions contributing to the
stabilization of the studied compound. Most significantly, some strong hyper-conjugations (n — n*) within fragments,
and non-bondingand anti-bonding intermolecular (n — n*/n* and m— n*/m*) interactions were observed to contribute
appreciable energies. This study is valuable for understanding the molecular properties of the azo dyes compounds and
for synthesizing new ones in the future.

Keywords Cyanurated - Dye - Excitation - Synthesis - Characterization - DFT

1 Introduction dyes and nearly 70% of entire dyes used in industry are azo

dyes [2-5]. Benkhaya and coworkers presented an exten-
Azo dyes are compounds that are characterized by the  sive and detailed review of the different classifications of
functional group (-N=N-) bonding two symmetricaland/  azo dyes, chemical properties of these dyes and finally
or asymmetrical undistinguishable or non-azo alkyl oraryl ~ summarized some recent syntheses of azo dyes along with
radicals [1]. These compounds are the further most utilized ~ the mechanism of azo dye/polymer conjugation [6]. Sener
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et al. [7], reported the synthesis of aminopyrazole-based
dye derivative compounds from 2-aminobenzothiazol.
Zhao and companions synthesized and characterized a
family of bi-heterocyclic dyes by using heterocyclic pyri-
done and benzothiazole components [8]. Figure 1 presents
the structure of a novel cibacron azo dye.

Density Functional Methods (DFT) and Time-dependent
density functional theory (TD-DFT) were used to perform
theoretical calculations on the experimentally synthesized
compounds often done by comparing the experimental
spectroscopic data (FT-IR, UV-Vis spectra, X-ray diffraction,
NMR, and GC-MS technique) with the theoretically calcu-
lated spectroscopic results so as to further validate the
chemistry of the synthesized compounds. These studies
are valuable for understanding the molecular properties of
the azo dyes compounds and for synthesizing new ones in
the future [9-12]. Maliyappa et al., [13] conducted a com-
bined experimental and theoretical studies of 6-Substi-
tuted benzothiazole based dispersed azo dyes. The quan-
tum chemical studies (DFT) was utilized to further explain
the structural properties of the compounds by using the
DFT/B3LYP/6-311 ++(d, p) level of theory [14-17]. Osman
in 2017 theoretically studied the structure, reactivity, and
optical properties of thiazole azo dyes by applying B3LYP,
CAM-B3LYP, and wB97XD functionals with 6-311 ++ G**
and aug-cc-pvdz basis sets [12, 18]. Shinde and Sekar
employed computational DFT to predict the stability of
tautomeric forms of the 4-hydroxyl-1-methyl-2(1H)-qui-
nolone azo dyes and found out the electrophilicity index
of prepared dyes using TD-DFT/6-31 g(d) theory level [19,
20].

In this research, Density Functional Methods (DFT)
was used to perform theoretical calculations on the title

compound and was characterized by FT-IR, UV-Vis spec-
tra, and GC-MS technique. The title compound was inves-
tigated in comparison with theoretical calculations and
experimental data. These studies are valuable for under-
standing the molecular properties of the azo dyes com-
pounds and for synthesizing new dyes in the future. Also,
it will expose the applicability of the synthesized dye in the
photo-energy based industries, like in organo-batteries
and photovoltaics.

2 Experimental
2.1 Diazotization of aniline

About 10 mL (0.11 mol) of aniline was dissolved in 25 mL
(2.5 equivalent) of HCl and rapidly cooled to a temperature
of 0-5 °C using an ice bath, after which, 10 mL (1 equiva-
lent) of sodium nitrite (2.5 g, 0.036 mol) was added over a
period of 30 min. This process is outlined in Fig. 2.

2.2 Preparation of the coupling components

Cyanuric chloride (1 g, 0.005 mol) was stirred in 25 mL ace-
tone at a temperature below 5 °C for a period of 1 h. A neu-
tral solution of 1-naphthol-8-amino-3,6-disulphonic acid
(H-acid); 1.7 g, 0.005 mol) in aqueous solution of Na,CO;
(10% w/v) was added in small amount over a period of
1 h.The pH was kept neutral by simultaneous addition of
Na,CO; solution (1% w/v). The reaction mixture was stirred
at 0-5 °C for further 4 h in order to obtain a clear solution;
the resulting product was then used directly.

2.3 Dye synthesis

Cl "
»>»~— N
\ ..:"F‘ ~NH., A previously prepared diazonium solution of aniline (0.6 g,
Y N ) 0.005 mol) in 5 mL of water was added drop wise to an ice
Pl cooled, well stirred solution of cyanurated H-acid (1.7 g,
SO;Na OH N ' 0.005 mol) over a period of 10-15 min. The pH was main-
N=N tained at 7.5-8.5 during the addition by simultaneous
addition of 10% w/v Na,CO;. Stirring was then carried out
for 4 h, maintaining the temperature at 5 °C. The mixture
NaO;S SO;Na was then heated to 60 °C, and NaCl (5 g) was added to the
mixture and stirred for 1 h. A solid precipitate was formed,
Fig.1 Structure of novel cibacron azo dye which was filtered, and washed with minimum amount
Fig.2 Diazotization of aniline
using HCl and NaNO, at ver
low '?emperature ’ ’ —NH 2 NaNO 2/HC| > N NCl B
0-5°C
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of NaCl (5% w/v). The solid was dried at a temperature of
80-90 °C and extracted with dimethylformaldehyde, DMF.
The dye was precipitated by diluting the DMF-extract with
excess chloroform; it was filtered, washed with chloroform
and dried at 60 °C (Fig. 3).

2.4 Infrared spectroscopy of the synthesized dye

The IR absorption spectra of the dyes were acquired using
FTIR- 8400S Fourier Transform Infrared Spectrophotometer
in order to determine the functional groups present in the
newly synthesized reactive dyes.

2.5 GC-MS spectroscopy of the synthesized dye

The GC-MS spectroscopy of the synthesized dye was car-
ried out at National Research Institute for Chemical Tech-
nology (NARICT), Zaria, Nigeria using the GCMS-QP2010
PLUS Series in order to elucidate the molecular weights of
the representative dyes.

2.6 Computational details

The ground state geometry optimization was conducted
by means of B3LYP density functional theory (DFT)
method with the 6-311 + G(d,p) basis set [21, 23]. This
DFT computational approach has been widely used in
the theoretical investigations of organic dyes for dye-
sensitized solar cell applications because it is prompt
and appropriate in recovery of dynamic electron corre-
lations [22, 23]. Frequency calculations were also done
with the same level of theory and none of the frequency
calculations generated imaginary frequencies indicat-
ing that the optimized geometries are true energy min-
ima. Vertical excitation energy calculations were done
for the first 5 singlet states by using the TD-SCF and
long-range CAM-B3LYP/6-311 + G(d,p) DFT method in
gas phase [21, 24]. Electronic excitation energies were
determined using the CAM-B3LYP Coulomb-attenuated
functional, which provides by far the best overall perfor-
mance; no correlation is observed between excitation
energy errors and reflecting the good quality, balanced

description of all categories of excitation energies [24].
All the computational calculations were accomplished
with density functional theory (DFT) using the Gaussian
09 and GaussView 06 suite of programmes [25]. Surface
and structural analysis were carried out with the Multi-
wfn 3.7 (dev) function analyzer [26] which can be freely
obtained from Http/sobereva.com/multiwfn. The NBO
computation was conducted using the in-built Gaussian
3.1 method available in Gaussian 09 software [25]. The
NBO analysis of the second order perturbation energy
was conducted by considering all possible and most
significant interactions between filled donor and virtual
acceptor orbitals through their energy contribution to all
the ground states D-z-A systems.

The excitation study was carried out by deducing the
hole and electron distribution in space, in order to identify
the types of electron excitations for the first five (5) excita-
tions. Some important indices (S,, D, H, t, hole delocaliza-
tion index and electron delocalization index) used in this
study were calculated at CAM-B3LYP/6-311 +G(d,p).

S, index defines the overlapping extent of hole and
electron,

Srindex=/S,(r)dr:/\/pho’e(r)pe’e(r)dr )

Centroid is determined to expose the most represent-
ative position of hole and electron distribution consider-
ing the x,y or z coordinates. For instance, X coordinate of
centroid of electron is written as;

Xee = / xp®e(r)dr @)

hole ele

where x is X component of position vectorr, p"°¢ and p
are the densities of hole and electron respectively.

D is defined as the distance between the centroids of
hole and electron (C,,, and C,,). The length of charge
transfer can be determined from the distance between
centroid of electron and hole in different coordinates. For
instance, D, is given in Eq. 3., and is also applicable to y
and z axis.

Fig. 3 CHA dye synthesis from a N _Q - N a
diazotized anilines and the Ny -
i
coupling components N N N
OH NH o OH NH
// 7‘:\ A P J'I.‘ o ‘ N A
¢ N _fena 7YY 4 pH7-8 § PN
\""-,L — ’,."'/ + 1 /J P 10"11 wiv Na:w 3 ‘\'Eif:"x | .| y
HO,8" 7 7 “sosH Hos8" 7 N “soH
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Dx = |Xele_XhoIe | (3)

D index; the net magnitude of charge transfer (CT)
length is given in Eq. 4.

Dindex = \/ (Dx)* + (Dy)* + (Dz)* (4)

H index is the overall measure of the degree of spatial
extension of hole and electron distribution. It is calculated
from the root mean square distribution of hole (|0}, |) and
electron (|0 |);

Hindex = (|opoie| + |Gete]) /2 (5)

t index measures the separation degree of hole and
electron in CT direction. It is the arithmetic difference
between of H in CT direction from D index. HDI and EDI
are functions of hole and electron densities respectively,
presented in Eq. 6 and 7.

HDI = 100 x ‘/ / [phole(ry|2dr (6)

EDI = 100 X / [pele(r)]2dr 7)

All equations are adapted from Le Bahers et al. (2011).

3 Results and discussions

3.1 Fourier transform infrared spectroscopy (FTIR)
results of the synthesized dyes.

The studied compound was obtained using aniline as
diazo component, and cyanurated H-acid coupling com-
ponent. The peak due to O-H group was at 3426 cm™',
SO;H at 615 cm™', N=N peak at 1492 cm™', C=C stretch
at 1402 cm™', C-N at 1184 cm™', and N-H stretch at
1630 cm™' as displayed in figure S1, when cyanurated
H-acid was used with diazotized aniline. The experimental

and theoretical results are summarized in Table 1.
3.2 Assessment of mass spectra

The spectra show the structures of the specimen in suit-
able solvents, (methanol in this experiment). For the pur-
pose of interpretation, it is important to note that the
molecular weight of the combined structures of each of
the dyes goes well beyond the calibrated range of the
GC-MS machine used; hence, the results are segmented.
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These different segments have to be combined to have a
full structure of the samples. Also, the structures obtained
are a representation of the chemical composition of the
samples under study, providing the basic points and frag-
ments. The studied compound as shown in Figure S2, with
identified mass-to-charge ratio (m/z) are 27, 41, 57,106,
and 284 corresponding respectively to C,H;, C3H;, C,H3N,
C4Hg G HGN and CigH;360,. The experimental value was
found to be 515: M*, and the theoretical value of 517.13 g/
mol with no much deviation of + 2. This increment might
be due to isotopy in carbon atom.

3.3 Frontier molecular orbital (FMO) analysis

The HOMO-1, HOMO, LUMO and LUMO + 1 diagrams were
plotted to give pictorial explanation of the energy gaps
(Eg) and the distributions of the aforementioned orbitals.
From Fig. 4, Eg is 2.95 eV, which is relatively low [27-32],
hence excitation from the HOMO to LUMO is easily feasi-
ble; this is a basic property of a reactive molecule. Also,
the energy gap between HOMO-1 and LUMO + 1 orbitals
was determined for a more explicit information about the
studied molecule; we obtained Eg to be 4.94 eV.

Also, the locations and distributions of these orbit-
als (HOMO-1, HOMO, LUMO and LUMO + 1) were deter-
mined abreast the pictorial representations in Fig. 4, in
order to understand the orbital properties of the valence
orbitals [28]. The highest occupied molecular orbital
(HOMO) is concentrated around C18, and it is basically
from a p-type orbital on C18 (18.69%). The penultimate
orbital to HOMO (HOMO-1) is identified to be distributed
around €19 (10.99%) and C10 (8.59) atom:s, it is also from
a p-orbital. The lowest unoccupied molecular orbitals
(LUMO) and LUMO + 1 are part of the receiving end on
electron transition. The LUMO is contributed basically
by a p-orbital around N12 (22.18%) and N13 (22.37%),
which are good electron accepting regions of the mol-
ecule. It was established that the LUMO + 1 exist on the
p-orbitals C21 (16.7%). It is inferable from the low Eg

Table 1 Experimental and theoretical vibrational energy distribu-
tional analysis of the studied compound

Experimental wave- Theoretical wave- PED

number (cm™) number (cm™)

3425 3538 96 Assy V(NH)

615 622 14 Assy out(CCCC)

1491 1493 10 SSYV (NN)+SSY 3 HCC
1402 1403 16SSYV (OC)

1184 1186 15 SSY B (HCQ)

1629 1633 20ASSY 3 (HNQC)
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Fig.4 HOMO -1, HOMO, LUMO
and LUMO + 1 diagrams of

cyanurated H-acid with aniline
(CHA) using RB3LYP method 4
with 6-31G (d,p) basis set @ L]

LUMO+ 1

value of the studied compound, that the compound pos-
sesses good electronic chemistry.

3.4 Excitation studies

The first five excitations of the studied compound were
studied in acetone, ethanol, water, and also in gas phase
(no solvent) in order to understand the various interactions
between molecular orbitals in its system at excited state.
In this excitation study, we employed calculated D, Sr, H, t,
HDI and EDI indices in the determination of the properties
of different excitations. A combinational consideration of

e, |

=-6.08 eV

2
3
> o > |

E=-1.82 eV

=-3.13 eV

AE=2.95 eV | AE=4.94 eV

the various indices, coupled with the visualization of plot-
ted isosurfaces for excitations provides a clear view of the
various interactions [25-271].

The nature of excitation is defined by D values, which
is deducible from the distance between the centroids of
Choreand C,.. From Table 2, it is evident that the highest
D values are recorded for S,— S in all systems (3.92 A
for all solvents and 3.51 A in no solvent system), which
depicts a possible charge transfer (CT) excitation which
can be visualized from the hole and electron isosur-
faces, where there is high shift between blue (hole) and
green (electron) lobes. Relatively average values of D
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Iﬁ?'ixzcitiﬁiﬂftﬁé’& of D (A) Sr (a.u) H (&) t(A) EcouleV) HDI EDI

cyanurated H-acid with aniline Sp—S;

g::r)]c')rl‘a”: ds\f’vg’t‘:;tlﬁ;esone' No Solvent 0.32 0.66 3.28 177 398 7.01 9.20

RB3LYP method with 6-31G Acetone 0.54 0.66 3.34 -1.62 3.78 6.53 9.14

(d,p) basis set Ethanol 0.53 0.66 3.34 -1.62 3.78 6.53 9.15
Water 0.52 0.66 3.34 -1.63 3.78 6.54 9.14
So—S;
No Solvent 0.94 0.56 2.97 -0.76 4.06 8.59 9.01
Acetone 0.68 0.58 2.98 -1.03 4,08 9.34 8.99
Ethanol 0.68 0.58 2.98 -1.00 4,08 9.35 8.99
Water 0.69 0.59 2.99 -1.00 4,09 9.33 9.00
So—S;
No Solvent 1.22 0.65 3.43 -0.86 3.50 5.55 8.63
Acetone 1.08 0.65 3.46 -1.01 3.54 5.52 8.75
Ethanol 1.08 0.65 3.46 -1.01 3.54 5.52 8.75
Water 1.07 0.66 3.46 -1.02 3.54 5.51 8.73
So— 5S4
No Solvent 0.65 0.74 3.69 -1.53 3.37 5.25 5.52
Acetone 0.65 0.72 3.66 —-147 3.31 5.30 5.27
Ethanol 0.65 0.72 3.66 -1.48 3.30 5.30 5.27
Water 0.64 0.72 3.67 —-147 3.30 5.28 5.26
So—Ss
No Solvent 3.51 0.47 2.75 1.78 2.98 8.36 8.36
Acetone 3.92 0.30 2.54 2.33 2.67 851 851
Ethanol 3.92 0.30 2.53 2.34 2.67 8.52 851
Water 3.92 0.30 2.53 2.34 2.69 8.51 8.50

(1.07 A<D<1.22 A) are obtained for S,— S; this is also evi-
dent in the hole and electron isosurface diagrams, where
the distance between the blue and green lobes are a bit
obvious. Sy—S;, Sy —S, and S;— S, can be proposed to
be local or Rydberg excitations, owing to their relatively
low D values (0.32 A<D<0.54 A), (0.68 A<D<0.94 A) and
(0.64 A<D<0.65 A) respectively. It is worthy to note the
insignificance of the differences in the effect of solvents
on the hole and electron separation distance, D values for
various excitations in various media is closely dispersed.
The Srindex s a crucial parameter in the assignment of
excitation types when studying the hole-electron interac-
tion of a chemical system. The quantitative amount of hole
and electron distribution in the available space is defined
by Sr values [33-36]. From Table 2, it is observed that
the least Sr values are recorded for Sy — S;, in all media;
interpreted as an n— m* type excitation. Also, visualizing
the hole and electron isosurface of Sy— S; in Fig. 5, it is
obvious that they are located around the benzene ring
attached to the fused -N=N- group of the studied mole-
cule. Relatively, higher values of Sr are recorded for S,— S,
(0.66 a.u. in all media), S, — S5 (0.65 a.u. in all media except
water with 0.66 a.u.) and S;— S, (0.72 a.u. in all media
except in no solvent with 0.74 a.u.), hence are regarded as
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localized m— m* excitations. The Srisosurfaces of Sy — S,/
S,/S5/S, show that the hole and electron are distributed
around the -N=N- group of the molecule.

Hindex is employed in the assignment of the breath
of the approximate distribution of hole and electron of
a particular excitation [33, 37]. No significant differences
in the H indices were observed for the various excitations
under consideration, as evident in Table 2. One can also
study the separation of hole and electron for the various
excitations by considering the polarity and magnitude of
the tindices. Positive t index represents a significant hole
and electron separation; hence CT type excitation is pre-
dictable for such systems. On the contrary, an extremely
low separation between hole and electron counterparts
yields a negative t value [35]. Inferring from Table 2, posi-
tive values of t indices are recorded for only S, — S excita-
tions in all studied media, showing that S,— S; is actually a
CT type excitation. On the other hand, S, — S,/5,/S5/S, are
perceived as local excitations (LE), owing to the negative
values of their t indices.

HDI and EDI values directly expose the spatial dis-
tributions of the various excited hole and electron dur-
ing the excitation process. Very high values of EDI and
HDI are indicative of highly localized excitations, while
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Fig.5 Visualized hole and \
electron, hole and electron 50951 h&e Cp,d. & C,;, S, (f)

centroids, and Sr isosurfaces of
cyanurated H-acid with aniline
(CHA) usingRB3LYP method
with 6-31G (d,p) basis set

Q
iy
Q

Chole & Cele

Chole & Cele

delocalization is representative of low HDI and EDI values.
We can infer from Table 2, that the hole and electron in
So— S, and S, — S; excitations are distributed at delocal-
ized orientations, this is traceable to their very high HDI
and EDI values in all media. In relation to the first five (5)
excitations studied in this work, it is notable that S;— S,
excitation is a highly localized m— m* type, considering
the low HDI (5.25-5.30 in all media) and EDI (5.26-5.56
in all media) distributions. Fairly low values of HDI were
obtained for S,— S, (6.53-7.01 range in all media) and
So— S5 (5.51-5.55 in all media) excitations, which repre-
sents localized distributions.

Considering the effects of solvent on the first five (5)
excitations of the studied compound, we observed that a
little or no change occurred in the excitation mode when
solvents are substituted for another. Close similarity is con-
firmed for acetone, ethanol and water as solvents [38]. This
can be deduced from the almost unchanging values of D,
Sr, H, and tindices for various excitation types with change
in solvent. A significant change in excitation behaviour is
noted when solvents are introduced to the isolated mol-
ecule of the studied compound, especially in the quantita-
tive amount of hole and electron distribution (defined by
the Srindex) as highlighted in Table 2.
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The excitation behaviour of the studied compound
from the hole and electron transition studies of the first
five excitations is summarized in Table 3. This summary
neglects the effect of solvent (because no significant con-
tribution from the various solvents was recorded), while
the distinctive values for the various determination indices
are presented in Table 2.

3.5 Electrostatic potentials (ESP) studies

In order to understand the distribution of electronic den-
sity around the various regions of the studied compound,
a plot of the ESP was carried out using the Gaussview
software. In the plotted ESP, red colouration represents
regions with high electron densities, blue colour is for
regions with very minimal electron density distributions,
while greenish-yellowish trend is indicative of a transition
from a low electron density region (blue) to a high density
region (red). From the obtained plot presented in Fig. 6,
it can be visualized that high electron densities are dis-
tributed around the highly electronegative terminals at
ground state [1].

Table 3 Summary of the different types and regions of excitations
from the hole and electron analysis of cyanurated H-acid with ani-
line (CHA) using RB3LYP method with 6-31G (d,p)

Excitations Type of excitation

So—S; A mm— m* LE around -N=N- group
So—S, A Rydberg type excitation

So—S;3 Similar to S,— S, excitation
So—54 A highly localized m— ni* excitation
So—Ss An n—m* CT from around the

benzene to -N=N-

Fig. 6 The Electrostatic Poten- [7a00e

4 Natural bond orbital (NBO) analysis

NBO analysis has been established as a vital instrument,
facilitating the interpretation of electronic structure cal-
culations in a chemically intuitive approach. NBOs majorly
consist of natural atomic hybrid orbitals which are ortho-
normal sets of localized orbitals with maximum occupancy
(highest percentage of total electron density), which gives
the most precise plausible natural Lewis structure. NBO
analysis makes available substantial information regarding
the nature of bonding orbitals, their occupancies as well
as the type and nature of interaction (inter or intramolecu-
lar, hyper-conjugative or charge transfer) existing between
virtual and occupied Lewis orbitals. The analysis is con-
ducted by considering all probable interactions between
donor (occupied Lewis NBOs) and acceptors (vacant) non-
Lewis NBOs, and approximating their energetic signifi-
cance by second order perturbation theory of Fock matrix
[39]. These interactions are referred to as delocalization
since they result from a decrease in electron density form
the localized NBOs of the idealized Lewis structure and are
promoted into the virtual non-Lewis orbitals. This decrease
in electron density in the form of delocalization between
occupied and vacant orbitals agrees with the interaction
energy resulting in the system’s stabilization reported in
the form of E(2) [40] estimated as;

< 0'|fA-' o* >?

EQ)=-n, (8)

ox — &g

where F is the Fock operator, £, and €., are the energies of
the NBO and 5, is the orbital occupancy.

The computed most significant second order perturba-
tion energy of interactions between the donor and accep-
tor NBOs within and between the various ring fragments

| 7.400e3 |

tial (ESP) Diagram of Cyanu-
rated H-acid with Aniline (CHA)
using RB3LYP method with
6-31G (d,p) basis set

-0.024
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and substituents atoms of the studied compound along
with their occupancy (percentage electron density over
bonded atoms) is presented in Table 4. The intramolecu-
lar interactions which results from the orbital overlap
between bonding (o/m) and anti-bonding (o*/m*) orbitals
resulting in intramolecular charge transfer and system'’s
stabilization which are observed as increase in electron
density in the C-C, N-N, nC antibonding orbitals are: the
strong intramolecular interaction within fragment one
between mC1-C6, mC4-C5 and n*C2-C3, n*C1-C6 has a
significant stabilization energy of 19.43 and 19.28 kcal/mol
respectively. The hyperconjugative interaction of mC4-C5
with adjacent acceptor (m*N12-N13) which has a stabiliza-
tion energy of 19.30 kcal/mol serves as a link to extend the
conjugation from the first ring fragment to the double ring
fragment, such extended conjugation further enhances
molecular stability and confirms the intense coloration of

the molecule. The most important interaction within frag-
ment 2 is the donation from mC21-C23 to n*C17 which has
a stabilization energy of 40.88 kcal/mol and in the third
fragment, the strongest hyperconjugative interaction in
the form ofn — n xandn — r *are observed between the
heteroatoms (the terminal 027, the bridge N13, N28 and
the sulphate 043, 044 etc.) and the antibonding carbon
acceptors, these interactions give a strong stabilization
energy of 87.43 kcal/mol forn(027) — n x C15,67.53 kcal/
mol from n(N28) — x * (C32 — N33) and are responsible
for intermolecular charge transfer. Also, the strongest
non-bonding interaction fromnC14 — 7 % (N12 — N13)
and the antibonding to bonding lone pairn*C15 - nC16
gives the highest stabilization as high as 127.60 and
1726.93 kcal/mol respectively; such strong interactions
enhance the stability of the system. Since part of the
lone pair electrons on the oxygen atoms of the sulphate

Table 4 Calculated second

. . Donor (i) ED Acceptor (j) ED E(2) Kcal/mol E(j)-E()a.u F(ija.u
order perturbation energies
from NBO analysis of Fragment 1
cyanurated H-acid (CHA) using 1y g 163114 m*C2-C3 0.30655 19.43 0.28 0.067
computed at the B3LYP/6-
31G(d,p) level nc4-C5 161460  m*C1-C6 032735 19.28 0.29 0.067
m*C2-C3 0.30655 18.69 0.29 0.067
m*N12-N13 0.37815 19.30 0.19 0.055
Fragment 2
mN12-N13 1.92206 n(1)C14 1.11444 16.12 0.26 0.083
nC18-C19 1.75681 n(1)C14 1.11444 33.86 0.14 0.080
n*(1)C17 0.97026 40.05 0.16 0.089
0C20-C24 1.97222 n(1)C16 1.06447 35.22 0.15 0.085
nC20-C24 1.73151 m*C21-C23 0.31270 18.85 0.30 0.067
nC21-C23 1.70320 n*(1) C17 0.97026 40.88 0.16 0.090
Fragment 3
mC29-N30 1.71719 m*C31-N34 0.03992 38.67 0.30 0.099
nC31-N34 1.77361 m*C32-N33 0.46748 32.83 0.31 0.097
mC32-N33 1.64863 m*C29-N30 0.45073 47.94 0.28 0.107
n1)N13 1.89881 m*045-H47 0.08149 24.20 0.81 0.126
n(1) C14 1.11444 m*N12-N13 0.37815 127.60 0.07 0.100
m*C18-C19 0.27346 51.07 0.17 0.100
n*(1) C15 0.89182 n(1)C16 1.06447 1726.93 0.01 0.131
n(2)027 1.74839 LP*(1) C15 0.89182 87.43 0.18 0.136
Other Contributions
n(1)N28 1.68302 m*C32-N33 0.46748 67.53 0.24 0.118
n(3)CI37 1.89590 m*C31-N34 0.46748 18.62 0.29 0.071
n(3) CI38 1.89513 m*C29-N30 0.45073 18.38 0.28 0.071
n(2)043 1.81517 0%039-541 0.28100 11.42 0.33 0.056
0%541-046 0.20014 18.96 0.40 0.078
n(3)043 1.70169 0%*541-046 0.20014 15.13 0.39 0.070
n(2) 044 1.81614 0%542-045 0.20076 22.34 0.41 0.086
n(3) 044 1.70488 0¥040-542 0.31217 39.46 0.31 0.099
m*N12-N13 0.37815 m*C4-C5 0.39667 22.42 0.09 0.063
m*C18-C19 0.27346 43.70 0.01 0.041
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fragment has been used for bonding (coordination with
thering and the Sulphur atom) the lone pairs therefore
could not give any strong interaction by donation but
acted more as acceptors in the form of n — ¢ *transitions
with minimal stabilization energies as reported in Table 4.
The NBO analysis of the studied compound gives an intui-
tive perception about the resonance stabilization present
in the dye molecule as revealed by the delocalization of
electron density (intramolecular hyperconjugative interac-
tions) from fragment one to the second double ring frag-
ment through the bridge nitrogen atoms and extending
the conjugation to the third ring via N24 signifying that
these strong interactions confer enormous stabilization to
the molecule. The result also shows that the probable tran-
sitionsaren = ¢ x,Nn = n %,Nn = 7 *and = — x * which
are confirmed from the UV-Vis spectroscopic analysis in
Fig. 7.

The ultraviolet-visible (UV-vis) spectroscopic analy-
sis of the studied compound computed using the TD-
DFT at the B3LYP/631 G (d, p) level of theory in four
different solvents for the first five excited state is being
exploited in this paper. The TD-DFT is a well-established
technique commonly used as a quantum mechanical
method in treating the electronic excitation of large
systems including organic and inorganic systems [41];
it is highly efficient and convenient due to its low com-
putational cost. This technique is particularly accurate in
predicting the excitation energies for singlet excitation

mostly when the right functional is included in the
exchange-correlation functional, hence, the utiliza-
tion of the B3LYP hybrid functional. The selected level
of theory is able to depict the geometries of the SO — S1
ground and singlet excited state. For the optimized SO
geometry of the studied compound to be excited, five
lowest singlet excitations were considered and the
corresponding vertical excitation energy, oscillator
strength and main configuration assignment as well
as contribution to the excitation were extracted to
Table 5 and the plot is depicted in Fig. 7. The absorption
maxima in all the solvents utilized is being compared,
the primary absorption maxima for the first excited
state (SO — S1) occurs at 431.08, 431.12, 423.58, and
430.62 nm respectively in acetone, ethanol, gas phase
and water respectively, because acetone, ethanol, and
water are polar solvents, the absorption maxima are
almost similar. However, the variation in Amax in gas
phase is due to the variation in polarity of the solvent.
These excitations (S0 — S1) result from the HOMO to
LUMO transition and have the highest orbital contribu-
tion respectively and are assigned to # — 7 *. The sec-
ondary vertical excitation with high oscillator strength
and average molecular orbital contribution results
fromH -1 — LandH — L + Tin all the solvents and gas
phases respectively and corresponds to (S0 — S3) and
(SO — S4) transitions, its absorption maxima appears at
330.09 nm, (acetone), 330.06 nm (ethanol), 329.96 nm
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Fig.7 Simulated UV-vis spectra of the studied compound calculated with B3LYP/6-31G(d,p) basis sets
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Table 5 Calculated

wavelengths of absorption, Excitation =~ Wavelength(nm) Energy(eV) Oscillator strength  Major contribution  Assignment

% contribution from each Acetone

transition, transition energies, ¢ 1 431,08 2.88 0.5007 H — L(74.43%) PR

and oscillator strength

computed at the B3LYP/6- S0 —S2  390.21 3.18 0.0873 H-5-L1(2344%) n-— =

31G(d,p) level SO0 — S3 330.09 3.76 0.3402 H-—1-> L(6508%) n—-x:x
S0 - S4 291.05 4.26 0.4019 H — L+1(65.44%) n— 7z
SO0 — S5 283.87 437 0.0353 H-3-5L(7297%) n- =
Ethanol
S0 — S1 431.12 2.88 0.5014 H — L(74.44%) T — T %
S0 — S2 390.20 3.18 0.0876 H-5->1L(2347%) n-o =
S0 — S3 330.06 3.76 0.3401 H-1->L6512%) n - 7 *
S0 - S4 291.07 4.26 0.4021 H— L+ 165.42%) n— %
S0 — S5 283.89 437 0.0353 H-3 - L(7298%) n -z =*
Gas
S0 — S1 423.58 293 0.3687 H — L(68.38%) T — T %
S0 — S2 391.29 3.17 0.0771 H — L(27.69%) n— %
S0 — S3 329.96 3.76 0.3209 H-—1-L(63.03%) n-xx*
S0 — S4 288.40 4.30 0.3436 H — L+ 1(59.35%) n— %
S0 — S5 280.26 442 0.0297 H—-3->L(5539%) n— 7z
Water
S0 — S1 430.62 2.88 0.4940 H — L(74.05%) T %
S0 — S2 390.06 3.18 0.0891 H-5->1L1(2339%) n-ox=x
S0 — S3 329.76 3.76 0.3359 H—1 - L(6509%) n-7xx
S0 — S4 290.89 4.26 0.3983 H—- L+ 164.99%) n- 7=
S0 — S5 283.90 437 0.0355 H-3 - L(7287%) n- =

(gas), 329.76 nm (water), for the (S0 — S3) excita-
tion; and 291.05 nm (acetone), 291.07 nm (ethanol),
288.40 nm (gas), and 290.89 nm (water) in the case of
(SO — S4) transition. These transitions are assigned to
n — x *x transitions respectively.

SO0 — S2 and SO — S5 transitions are considered as
weak absorptions due to their low oscillator strength
values and their corresponding spectra are character-
ized by a weak band located within 390.06 to 390.21 nm
in solvents and 391.29 nm gas phase for SO — S2 transi-
tion and 280.26 to 283.90 nm in both gas and solvents
respectively for the SO — S5 excitation. These weak
absorptions are characterized by low molecular orbital
contribution fromH -5 — L in solvents and H — L in
gas phase.

4.1 Density of State

The DOS and PDOS of the studied compound and the
associated fragments; benzenediazonium, trichloro-tri-
azine, and amino-hydroxynaphthalene sulfonic acid, are
reported in Fig. 8. As demonstrated in Fig. 8a which is the
TDOS and PDOS plot of the benzenediazonium fragment,
s- and p-orbitals have the broad molecular orbitals (MOs)

contribution in the energy range of —0.55~—0.35 a.u. with
p-orbital having the highest energy contributions. The
dash line represents the HOMO energy of the fragment
which corresponding to —0.25454 a.u. having p-orbital as
the major MO contribution to the HOMO energy of the
fragment. The TDOS and PDOS of the 2,4,6-trichloro-1,3,5-
triazine fragment is reported in Fig. 8b. Herein, the MOs
contributions arise from p-orbital only and range from
—0.62 a.u. to the HOMO values at —0.32 a.u. Similarly,
the p-orbital MO contribution is maximum at the HOMO
energy level. The 4-amino-5-hydroxynaphthalene sulfonic
acid fragment TDOS and PDOS plot is shown in Fig. 8c.
While p-orbital remains the primary contributing orbital
of the MO, the s-orbital has a minimal contribution within
energy range of —0.65 ~—0.3 a.u. Surprisingly, none of the
contributing orbitals (s- and p-orbitals) has contribution to
the HOMO energy level having an energy of —0.18882 a.u.
Figure 8d depicts the TDOS and PDOS of the main studied
compound. The p-orbital is observed to have the major
contribution to the MOs having a broad energy range from
—0.60 a.u. and diminishes at the HOMO energy point of
—-0.223 a.u.
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Fig.8 Density of State (DOS) Plots for the s, p and d orbitals for a
benzenediazonium fragment b 2,4,6-trichloro-1,3,5-triazine frag-
ment ¢ 4-amino-5-hydroxynaphthalene sulfonic acid fragment and

5 Conclusion

(E)-5-((4,6-dichloro-1,3,5-triazin-2-yl)amino)-4-hydroxy-
3-(phenyldiazenyl)naphthalene-2,7-diylbis(hydrogen
sulfite) was successfully synthesized through a three (3)
step (diazotization, coupling component preparation and
finally, dye synthesis) process, and characterized using
FT-IR and UV-Vis spectrophotometry, and mass spectrom-
etry, from which the structure was deduced. DFT methods
were employed in the computational studies of CHA in
order to understand its electronic and spectra character-
istics. From the FTIR analysis, the major functional groups
figure S1 of the supporting information. The mass spectra
show a very narrow range between the experimental value
of 515 M +and theoretical value of 517 M + respectively.
The electrostatic potential, ESP shows a very high elec-
tron density around the more electronegative terminals
whereas there was a decrease in the electron density
between the vacant orbitals. We can conclude from the
low Eg obtained from calculations that CHA is very suit-
able for various optical and cellular applications (e.g. in
the photovoltaic industry) like other dyes [38]. CHA also
showed good light absorption properties, coupled with
interesting stabilizing inter-fragment orbital interactions.
From excitation studies, we observed that both local exci-
tations and charge transfers occur about the azo group
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(~N=N-). From the results, one can see that CHA is a great
asset in the organo-photo energy generation industry.
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