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Abstract

This work presents the synthesis and characterization of triazine heterocyclic derivatives. The
spectroscopic properties like nuclear magnetic resonance [NMR, ("H and "°C)] were recorded
in.CDCl; solution and Ultraviolet-Visible (UV-vis) absorption spectrums of compounds, 5,6-
diphenyl-[1,2,4]triazin-3-ylamine (1), (5,6-diphenyl-[1,2,4]triazin-3-yl)-hydrazine (2) and
5,6-diphenyl-4H-[1,2,4]triazine-3-thione (3), were recorded in the range of 200-800 nm, using
chloroform as base solvent. Molecular geometry of compounds with triazine heterocyclic
derivative in the ground state have been calculated using the density functional theory (DFT)

with 6-31G(d,p) basis set and compared with the X-ray experimental data. The calculated
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results show that the optimized geometry can well reproduce the crystal structures. Total
static dipole moment (u), the average linear polarizability (a) and the first hyperpolarizability
(#) values of the investigated molecules have been computed using the same methods. The
energetic behavior of compounds in solvent media has been examined using B3LYP method
with the 6-31G(d,p) basis set by applying the polarizable continuum model (PCM). The total
energy of compounds decreases with increasing polarity of the solvent. Frontier molecular
orbitals and the molecular electrostatic potential (MEP), 1H-NMR, and “C-NMR of three
triazine derivatives were investigated using theoretical calculations. The linear polarizabilities
and first hyperpolarizabilities of the studied molecules indicate that the compounds 1-3 can be
used as a good nonlinear optical material (NLO). Isotropic chemical shifts were calculated
using the gauge-invariant atomic orbital (GIAO) method. Comparison of the NMR chemical
shifts, absorption wavelengths with the experimental values revealed that DFT and time
dependent-density functional theory (TD-DFT) method produce generally closer to good

results.

Keywords: 1,2,4-Triazine; Crystal structure; DFT; Non-linear optical properties; HOMO-

LUMO; MEP

*Corresponding authors: e-mail address: sahmad_phd @yahoo.co.in

1. Introduction

The usefulness of organic ligands with heteroatoms N, O, S is well known. However when
these ligands are coordinated with a metal atom, they show a remarkable biological activities
like anti-microbial, anti-viral and anti-tumor efc. [1-3]. 1,2,4-Triazine derivatives of Pd(II)
and Pt(I) show monodentate and bidentate behavior [4] due to their tautomeric and
ambidentate nature. Derivatives of triazines were investigated for their antitumor, fungicidal,

herbicidal, insecticidal and activities [5S]. Wide use of atrazine as herbicidal compounds
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resulted in alarming threat for human health as well as environment [6]. Keeping in view the
positive and negative aspects of triazine based molecules Larif et al reported a detailed
research explaining the biological activities of various derivatives of triazines using DFT and
quantitative structure activity relationship (QSAR) studies [7]. We have recently reported the
synthesis and spectroscopic studies of 1,2,4-triazine complexes with Ru(II) [8].

In recent years, DFT has been a shooting star in theoretical modeling. The
development of better and better exchange-correlation functionals made .it possible to
calculate many molecular properties with comparable accuracies to traditional correlated ab
initio methods, with more favorable computational costs [9]. Literature survey revealed that
the DFT has a great accuracy in reproducing the experimental values of in geometry, dipole
moment, vibrational frequency, efc [10-16]. It was noted that the experimental results belong
to solid phase and theoretical calculations belong to-gas phase. In the solid state, the existence
of the crystal field along with the intermolecular interactions have connected the molecules
together, which result in the differences of bond parameters between the calculated and
experimental values. Despite the differences observed in the geometric parameters, the
general agreement is good and the theoretical calculations support the solid state structure.

In this present paper, we report the crystal structures and spectral characterizations of
triazine heterocyclic derivatives. Representing the synthesis of triazine derivatives is given in
Scheme 1. The properties of the structure geometry, NLO properties, FMO and MEP for
compounds 1-3 at the DFT/B3LYP/6-31G(d,p) level were studied for the first time. Besides
these, the experimental and calculated values are valuable for providing insight into NMR,
UV-vis spectrum and molecular parameters. The results obtained from theoretical calculations

and experiments were compared.

2. Experimental and computational method

2.1. Materials and methods



All chemicals used in this study were purchased from Fluka and used without further
purification. The melting point was recorded on Stuart scientific SMP3 (Bibby, UK) melting
point apparatus and is reported as uncorrected. The 'H-NMR and “C-NMR experiments were
performed in Brucker-AVANCE-III 600 MHz at 300K. The compounds were dissolved in
CDCls. Chemical shifts (8) were reported in parts per million (ppm) relative ‘to
tetramethylsilane (TMS) for 'H-NMR and ?C-NMR spectra. '"H-NMR and "*C-NMR spectra
were obtained at a base frequency of 150 and 600 MHz, respectively. The UV-vis absorption
spectrum of the title molecules were examined in the range 200-800 nm using Spectro UV-
VIS double beam PC scanning spectrophotometer UVD-2960 Labomed Inc. The UV patterns
are taken from 1.69x10* molar solution of compound 1, 6.46x10° molar solution of
compound 2, and 1.39x10™ molar solution of compound 3, dissolved in chloroform.

2.2.  Synthesis
2.2.1. 5,6-Diphenyl-[1,2,4]triazin-3-ylamine (1)

Benzil (4g, 19.03 mmol) and aminoguanidine bicarbonate (2.58g, 4.76 mmol) in n-
butanol (100 ml) was refluxed for four hours. The reaction was monitored through thin layer
chromatography (TLC). The mixture was cooled. The solid obtained was filtered off and
recrystalized from ethanol to give yellow crystals. [17]

Yield: 4.09g; 85%; m.p. 160 °C; "H-NMR shifts (CDCl3, 6 ppm): 7.30-7.44 (10H, aromatic),
5.53 (2H, s, NH,); *C-NMR shifts (CDCls, & ppm): 161.18, 157.24, 150.78, 136.04, 135.97,
130.37, 129.52, 129.38, 129.24, 128.53, 128.38; UV-vis data (nm): Amax = 345.

2.2.2. (5,6-Diphenyl-[1,2,4]triazin-3-yl)-hydrazine (2)

A mixture of 5,6-diphenyl-4H-[1,24]triazine-3-thione (5g, 18.84 mmol) and
hydrazine hydrate (10 ml) in isopropyl alcohol was refluxed for 4-6 h, until no more H,S
evolved. Acetic acid was added drop wise into mixture to remove the excess of hydrazine till
neutralization. The mixture was cooled. The solid obtained was filtered off and crystalized

from ethanol to give yellowish crystals [18]



Yield: 4.19g: 83.8%; m.p. 175-178 °C; '"H-NMR shifts (CDCl3, 6 ppm): 7.31-7.49 (10H,
aromatic), 6.64 (1H, s, NH), 4.18 (2H, s, NH,); BC.NMR shifts (CDCl3, 6 ppm): 162.20,
157.12, 151.21, 135.96, 135.92, 130.52, 129.56, 129.25, 128.62, 128.39, 128.38; UV-vis data
(nm): Amax = 355.

2.2.3. 5,6-Diphenyl-4H-[1,2,4]triazine-3-thione (3)

Benzil (6g, 28.5 mmol) was dissolved in glacial acetic acid (150 ml) and added to the
solution of thiosemicarbazide (2.59g, 28.5 mmol) in hot water (100 ml). The mixture was
refluxed for 4 h, the precipitate appeared filtered until hot. The orange filtrate obtained was
recrystallized from ethanol to give reddish crystals [18].

Yield: 5.27g; 87.82%; m.p. 222-224 °C; '"H-NMR shifts (CDCls, § ppm): 7.27-7.57 (10H,
aromatic). 11.78 (1H, b, NH); BC.NMR shifts (CDCl3, & ppm): 179.24, 160.73, 146.66,

132.22, 130.28, 130.10, 129.86, 129.40, 128.74, 128.60, 128.39; UV-vis data (nm): Amax =

440.
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Scheme 1. Representing the synthesis of triazine derivatives

2.3. Crystal structure determination



Diffraction data of compounds 1-3 were collected on Oxford Diffraction SuperNova
(single source at offset) Eos diffractometer equipped with a graphite-monochromatic CuK,
radiation at 296 K. The structures were solved by direct methods using SHELXS-97 and
refined by full-matrix least-squares method using SHELXL.-97 [19]. All non-hydrogen atom
parameters were refined anisotropically and all H atoms except for H atoms bonded nitrogen
atoms were refined using a riding model with C-H distances of 0.93 A. H atoms bonded
nitrogen atoms were located in a difference map and refined freely. The following procedures
were implemented in our analysis: program used for molecular graphics were as follow:
MERCURY programs [20]; supramolecular analyses: PLATON [21]; software used to

prepare material for publication: WinGX [22].

Table 1. Crystal data and structure refinement parameters for compounds 1-3.

Crystal data 1 2 3
Empirical formula  CjsHpNy CysH3Ns CysHy1N5S
Formula weight 248.29 263.30 265.33
Crystal system monoclinic monoclinic monoclinic
Space group P2,/c P2,/c P2,/c

a(A) 6.2975 (3) 5.7566 (1) 5.8906 (3)
b (A) 8.3157 (3) 17.2204 (4) 15.2907 (7)
c(A) 24.9646 (14) 13.6750 (3) 14.6629 (7)
A°) 99.577 (5) 94.324 (2) 100.100 (5)
V(A% 1289.13 (11) 1351.76 (5) 1300.24 (11)
Z 4 4 4

D (g cm™) 1.279 1.294 1.355

p (mm™) 0.64 0.66 2.11

0 range (°) 3.6-76.8 3.2-76.2 2.9-76.6
Measured refls. 10676 12294 7131
Independent refls. 2682 2822 2730

Rint 0.026 0.025 0.023

S 1.05 1.05 1.05
R1/wR2 0.042/0.124 0.035/0.102 0.036/0.105
Bhax! Bnin (€A™ 0.12/-0.14 0.17/-0.10 0.19/-0.21




2.4. Computational procedures

In computational procedure, Gaussian 03 [23] program package and GaussView
visualization program [24] were used for DFT and Hartree-Fock (HF) calculations. Starting
geometries of compounds 1-3 were taken from X-ray refinement data. Full geometry
optimization of compounds 1-3 in the ground state were performed by using DFT method
with Becke’s three-parameters hybrid exchange-correlation functional (B3LYP) [25]
employing 6-31G(d,p) basis set [26]. As the first step of our DFT calculation for the
investigated compounds 1-3, the initial geometrical configurations: taken from their
crystallographically obtained geometrical data with no constraint. -Thus, the optimized
molecular geometry, total molecular energy and dipole moment calculations were obtained
from the optimization output by the computational process. Secondly, the average linear
polarizability and first hyperpolarizability properties of the compounds were obtained from
molecular polarizabilities based on theoretical calculations. Thirdly, in order to evaluate the
energetic behavior and dipole moments of compounds 1-3 in solvent media, theoretical

calculations in the four different Kinds of solvent [benzene, &2.3; chloroform &4.9; ethanol,
&24.55; DMSO, &46.7] have been carried out by using PCM [27-30]. Fourthly, frontier

molecular orbitals (EMOs) were performed with B3LYP/6-31G(d,p) the optimized structure.
Fifthly, to investigate the reactive sites of the compounds the molecular electrostatic
potentials- (MEPs) were evaluated using the same method. Sixthly, for NMR calculations, the
geometry-of the compounds 1-3, together with that TMS, is fully optimized. "H-NMR and
BC-NMR chemical shifts were calculated within the Gauge-including atomic orbital (GIAO)
approach [31] applying the DFT and HF methods and the same basis set as used for geometry
optimization. After optimization, the "H-NMR and ?C-NMR chemical shifts were converted
to the TMS scale by subtracting the calculated absolute chemical shielding of TMS (6=Z,-Z,
where d is the chemical shift, X is the absolute shielding and Z, is the absolute shielding of

TMS), with values of 32.02 and 201.35 ppm for HF/6-31G(d,p) and 32.01 and 184.38 ppm



for B3LYP/6-31G(d,p), respectively. In addition, "H-NMR and >C-NMR chemical shifts are
calculated by B3LYP/6-31G(d,p) method in chloroform solution. Finally, the electronic
properties, such as HOMO-LUMO energies, absorption wavelengths and oscillator strengths
calculated using B3LYP method of the TD-DFT, basing on the optimized structure in
chloroform and spectra were calculated using the TD-DFT method in gas phase and

chloroform solution.

2.5. Supplementary data

Crystallographic data for the structural analysis have been deposited with the Cambridge
Crystallographic Data Centre, CCDC 936603 for 1, 936601 for 2 and 936602 for 3. Copies of
this information may be obtained free of charge from.the Director, CCDC 12 Union Road,

Cambridge CB2 1EZ, UK. (Fax: +44 1223 336 033 or e-mail: deposit@ccdc.cam.ac.uk).

Table 2. Comparison of experimental and calculated selected bond lengths, angles and

dihedral angles for compounds 1-3 (A, ©).

X-ray DFT/B3LYP with 6-31G(d,p)

1 2 3 1 2 3
Bond lengths (A)
CI1-N1 1.348 (2) 1.3468 (18) 1.357 (2) 1.352 1.355 1.388
C1-N3 1.3505 (18)  1.3404 (15) 1.365 (2) 1.341 1.338 1.370
C1-N4 1.3427 (18)  1.3478 (17) - 1.363 1.365 -
C1-S1 - - 1.6797 (16) - - 1.664
N4-N5 - 1.407 (2) - - 1.406 -
N1-N2 1.3332 (16)  1.3309 (15)  1.3383(19) 1.319 1.314 1.332
C3-N3 1.3262 (17)  1.3294 (15) 1.315 (2) 1.335 1.338 1.313
C2-C3 1.4120 (19)  1.4140 (16) 1.447 (2) 1.424 1.421 1.464
C2-N2 1.3320 (18)  1.3356 (14) 1.310 (2) 1.344 1.348 1.314
Cc2-C4 1.4842 (19)  1.4863 (16) 1.486 (2) 1.486 1.485 1.484
C3-C10 1.4841(19)  1.4882 (14) 1.479 (2) 1.487 1.486 1.484
Bond angle (°)
C1-N4-N5 - 123.01 (12) - - 122.82 -
Torsion angles (°)
N2-C2-C4-C9 135.34 (15)  113.86 (14) 57.1(2) 138.09 138.82 38.83
N3-C3-C10-C11 12292 (16)  150.42 (13) -143.30(17) 140.95 140.29 -144.15
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C4-C2-C3-C10 -2.512) 9.9 (2) -5.9(2) -13.82 -14.24 17.07

Dihedral angles (°)

A/B 43.49(6) 64.04(4) 59.81(5) 40.83 40.21 41.54

A/C 56.74(5) 27.58(6) 34.91(6) 37.00 37.68 33.69

B/C 55.34(4) 65.59(5) 63.85(4) 57.29 57.85 58.67
3. Results and discussion

3.1.  Description of the crystal structures

Details of data collection and crystal structure determinations are given in Table 1.
Selected bond lengths and angles are collected in Table 2, respectively. The molecular
structures of compounds 1-3 with the atom numbering schemes are shown in Fig. 1. The 5-
and 6-phenyl substituents of the 1,2,4-triazine ring are inclined to its mean plane with the
dihedral angle of 56.74 (5)° and 43.49 (6)° for compound 1, 27.58 (6)° and 64.04 (4)° for
compound 2 and 34.91 (6)° and 59.81 (5)° for compound 3, respectively. Each 1,2,4-triazine
ring is forced by the steric effect of these bulky groups in adjacent positions of the
heterocyclic system. These strong steric interaction causing the appearance of the strains in
the 1,2,4-triazine ring results in the distortion of its planarity with the displacements of the
1,2,4-triazine atoms from the best plane within 0.0106 A for compound 1, 0.0157 A for
compound 2 and 0.0273 A for compound 3. In compounds, the C-N distances show no
noteworthy features, with values in the range 1.3404 (15)-1.365 (2) A, which are shorter than
the single-bond length of 1.480 A and longer than the typical C=N distance of 1.280 A,

indicating partial double-bond character and suggesting conjugation in the heterocycle.

(a) (b) (©)



Fig. 1. The molecular structure of compounds 1-3 [(a) for 1, (b) for 2 and (c¢) for 3] showing
the atom numbering scheme.

The molecules of compound 1 are linked into sheets by a combination of two N-H:*N
hydrogen bonds, C-H-'m and 7---m interactions are however found absent. Atom N4 in the
molecule at (x, y, z) acts as hydrogen-bond donor, via atoms H1 and H2, respectively, to
atoms N3 at (-x+1, y+1/2, -z+1/2) and N1 at (-x+1, y-1/2, -z+1/2), so forming C(4) [R22(8)]

chains running parallel to the [010] direction [(Fig. S1) (supplementary material)].

Table 3. Hydrogen-bonds, N-H--nm and C-H:-'m interactions parameters for compounds 1-3

A, °).

D-H-A D-H H-A D...A D-H-A
Compound 1

N4-H1--N3' 0.91 248 3.3431(18) 159

N4-H2--N1" 0.97 2.20 3.156 (2) 166
Compound 2

N4-H4--N1' 0911 (19)  2.095(19)  3.0019(17)  173.6 (16)

N5-H5B--N1" 0.99 (3) 2.66 (3) 3.508 (3) 143 (2)

N5-H5A.--Cg2" 0.94 (3) 2.98 (3) 3.759 (2) 140

C13-H13---Cg2" 0.93 2.82 3.6156 (15) 145
Compound 3

NI1-H1---S1' 0.98 2.33 3.2862(14) 163

Cl4-H14---Cg2" 0.93 2.69 3.420 (2) 136

Symmetry codes: (i) -x+1, y+1/2, -z+1/2; (ii) -x+1, y-1/2, -z+1/2 for 1; (i) —x-1, -y+1, -z; (ii)
-X, -y+1, -z; (iii) -x, 1/2+4y, 1/2-z; (iv) 14x, 1/2-y, 1/2+z; Cg2 = C4-C9 for 2; (i) -x+1, -y+1,
—z+2; (ii) x-1, 3/2-y, z-1/2; Cg2 = C4-C9 for 3.

In compound 2, amino atom N5 in the reference molecule at (x, y, z) acts as a
hydrogen-bond donor, via H5B, to atom N1 in the molecule at (-x, -y+1, -z), so forming a
centrosymmetric R22(10) ring centered at (0, 1/2, 0). Similarly, atom N4 in the molecule at (X,

y, Z) acts as a hydrogen-bond donor, via H4, to atom N1 in the molecule at (-x-1, -y+1, -z), so
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forming a centrosymmetric R,*(8) ring centered at (-1/2, 1/2, 0). The combination of N-H-N
hydrogen bonds generates a chain of edge-fused R,A(8)R,%(10) rings running parallel to the
[100] direction [(Fig. S2) (supplementary material)]. Compound 2 also contain C-H---m and N-
H---m interactions. Details of these interactions are given in Table 3. These C-H--mw and N-
H--m interactions play a major role in constructing network [(Fig. S3) (supplementary
material)].

The molecules of compound 3 interacts with the protonated nitrogen atom through a
N-H---S hydrogen bond forming centrosymmetric R,%(8) ring motif with an adjacent cation
sulphur atom. In compound 3, there is also C-H--'x interaction between C14-H14 and centroid
Cg2 (Cg2 = C4-C9). Details of this interaction are given in Table 3. All of these
intermolecular interactions give two-dimensional framework results [(Fig. S4) (supplementary
material)].

3.2. Optimized geometry and electronic structure

The optimized parameters of compounds 1-3 have been obtained by using the
B3LYP/6-31G(d,p) level by DFT.method. The computational results for compounds 1-3 were
listed together with corresponding X-ray experimental values in Table 2. As seen from Table
2, the optimized bond lengths and the bond angles are slightly different than the X-ray
experimental values. We noted here that the experimental results belong to the solid phase and
theoretical calculations belong to the gas phase. In the solid state, the existence of a crystal
field along with the intermolecular interactions connects the molecules together, which results
in the differences in bond parameters between the calculated and experimental values.

According to X-ray and DFT studies, the dihedral angles between the mean planes of
A (N1-N3/C1-C3), B (C4-C9) and C (C10-C15) rings for compounds 1-3 are given Table 2.

A logical method for globally comparing the structures obtained with the theoretical
calculations (red) is by superimposing the molecular skeleton with that obtained from X-ray
diffraction (blue), giving a RMSE of 0.232 A for compound 1, 0.226 A for compound 2 and

0.177 A for compound 3 (Fig. 2). These differences are due to intermolecular interactions.
11



These studies indicate that the B3LYP calculation reproduce the geometry of the compounds

50

(a) (b)

well.

(c)

Fig. 2. Atom-by-atom superimposition of the calculated structures (red) over the X-ray
structures (blue) for the synthesized compounds 1-3 [(a) for 1, (b) for 2 and (c) for 3].
Hydrogen atoms have been omitted for clarity.
3.3. Non-linear opftical effects

Non-linear optical (NLO) effects arise from the interactions of electromagnetic fields
in various media to produce new fields altered in phase, frequency, amplitude or other
propagation characteristics from the incident fields [32]. NLO is at the forefront of current
research because of its importance in providing the key functions of frequency shifting,
optical modulation, optical switching, optical logic, and optical memory for the emerging
technologies in areas such as telecommunications, signal processing, and optical
interconnections [33-35]. In order to investigate the relationships among photocurrent
generation, molecular structures and NLO, the polarizabilities and hyperpolarizabilities of

compounds 1-3 was calculated.
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The total static dipole moment (u), the average linear polarizability («) and, the first
hyperpolarizability (f) can be calculated using the following the Egs. (1)-(3), respectively

[33]. There are x, y and z components:

B (D

Pt M= 2)

B=\B. +B.y +B.)? + By, +B. +B,)" + (B +B,. +B,.) ?3)
DFT has been extensively used as an effective method to investigate the organic NLO
materials [36]. In order to investigate the NLO properties of structures, u, o, and f
components for compounds 1-3 in gas phase were calculated at the B3LYP/6-31G(d,p) level
using polar = ENONLY input to Gaussian 03W program package listed in Table 4. In our
present work, the corresponding results of , a and 8 are given directly here, 2.807 D, 27.5889
A* and 5.5930x10%° cm’/e.s.u. for compound 1, 4.031 D, 26.2836 A’ and 3.2817x107°
cm’/e.s.u. for compound 2, and 7.355 D, 28.4596 A® and 7.2968x10* cm’/e.s.u. for
compound 3, respectively. Although the calculated values of a and £ are smaller than that of
(Z2)-4-methyl-N-[2-((2-oxonaphthalen-1(2H)-ylidene)methylamino)ethyl]benzenesulfonamide
(0 =39.117 A? and p= 13.011x10™ cm’/e.s.u. calculated with B3LYP/6-31G(d,p) method)
[37] and (E)-1-((4-phenoxyphenylimino)methyl)naphthalen-2-olate (a = 45.34 A’ and b=
39.01x107" em’/eis.u. calculated with B3LYP/6-31G(d,p) method) [38]. Urea is one of the
prototypical molecules used in the study of the NLO properties of molecular systems.
Therefore it was used frequently as a threshold value for comparative purposes. The
calculated values of o and f for compounds 1-3 are, 27.5889 A? and 5.5930x107° cmS/e.s.u.,
26.2836 A’ and 3.2817x10 cm’/e.s.u. and 28.4596 A’ and 7.2968x10 cm’/e.s.u.,
respectively, which are greater than those of urea (the o and f of urea are 3.831 A’ and
0.3728x10”° cm’/e.s.u. obtained by B3LYP/6-31G(d,p) method). So that, these results

indicate that compounds 1-3 are good candidate NLO materials.
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Table 4. The calculated static dipole moments (D), linear polarizability (A’) and first

hyperpolarizability components (a.u.) for compounds 1-3 in gas phase.

1 2 3 1 2 3
Lis 1.3035 3.1918 -2.2562 Brcs 3654869 -119.7117  387.5222
1 2.4799 -1.0752 6.7337 Bry 258.0666  138.4988  -238.1375
1 -0.1726 4.0305 1.9149 Bu 1432967  96.8056 -68.3260
Bory -328.0198  -553.2536  560.9760
e 35.2489 24.8951 26.7226 B 314658  -152.3444 - 327.1541
iy 2.1673 0.1285 -7.3773 - 7.8488 145.1642  -343.1309
ayy 32.1889 34.8663 38.5578 Boy: 4.6281 71.18243 258.2515
. 3.1412 6.5570 4.3371 - 303930 -130.4859  127.3559
ay 2.7383 22591 5.4078 - 25.2420 112.8170  -196.8959
a, 15.3292 19.0894 20.0985 B... 4.0966 -90.8921 12.0348

3.4. Total energies and dipole moments in solvent media

The total energy, energy gap and dipole moment have an effect on the stability of a
molecule [39]. We have done optimization in order to evaluate the energetic behavior and
dipole moments of the compounds 1-3 in solvent media; we carried out calculations in gas
phase and four different kinds of solvent (benzene, chloroform, ethanol and DMSO). The total
molecular energies, the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) energies, dipole moments and chemical hardness (7}

have been calculated with the PCM using B3LYP/6-31G(d,p). Results obtained from solvent
and gas phase are listed in Table 5. The chemical hardness is quite useful to rationalize the
relative stability and reactivity of chemical species. Hard species having large HOMO-LUMO
gap will be more stable and less reactive than soft species having small HOMO-LUMO gap
[40]. As seen from Table 5, we can infer that the obtained total molecular energies and energy
gap (AE) between HOMO and LUMO of compounds 1-3 by PCM method and chemical
hardness decrease with the increasing polarity of the solvent while the dipole moments rise
with the increase of polarity of the solvent for compounds 1-2. Solvent effects improve the
charge delocalized in the molecules, therefore, inducing the dipole moments to be raised.

Ground-state dipole moment is an important factor in measuring the solvent effect. A large
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ground-state dipole moment gives rise to strong solvent polarity effects [41, 42]. However, we
can conclude that the total molecular energies obtained by PCM method decrease with the
increasing polarity of the solvent, while the dipole moments and chemical hardness will
increase with the increase of the polarity of the solvent for compound 3. According to these
results, the stability of compound 3 increases in going from the gas phase to the solution
phase.
3.5. Frontier molecular orbital energies

Energies HOMO and LUMO are popular quantum mechanical descriptors [43].
According to the investigation on the FMO energy levels of the compounds, which play
important roles in interactions between the molecules as well as in electronic spectra of
molecule [44], we can find that the corresponding electronic transfer happened between
HOMO and LUMO, respectively. The energies .of the HOMO are directly related to the
ionization potential and characterize the susceptibility of the molecule towards attack of
electrophiles. The energy of LUMO is directly related to the electron affinity and
characterizes the susceptibility of the molecule attack of nucleophiles. The concept of hard
and soft nucleophiles and electrophiles has been also directly related to the relative energies
of the HOMO and LLUMO orbitals. Hard nucleophiles have a low energy HOMO, soft
nucleophiles have a high energy HOMO, hard electrophiles have a high energy LUMO and
soft electrophiles -have a low energy LUMO. Hard species having large HOMO-LUMO gap
will be more stable and less reactive than soft species having small HOMO-LUMO gap [45].
The atomic orbital compositions of the frontier molecular orbitals with energy values, which
computed at B3LYP/6-31G(d,p) level for compounds 1-3 in gas phase are shown in Fig. 3.
The positive phase is red and the negative one is green. As seen from Fig. 3, in the HOMO:
the main electronic transition is occurred at partly phenyl ring and C3 atom, while in LUMO
the charge density accumulated at a part of phenyl ring for compound 1. In compound 2, it is
clear from the figure that while the HOMO is mainly delocalized over the structure, LUMO is

delocalized on the whole structure other than hydrazinly group and phenyl ring. In the
15



HOMO, the charge density is mainly localized on C atom of triazine group and S atom
attached to triazine group of molecule for compound 3. However, in case of the LUMO, more
charge density moves to the triazine ring part and S1 atom. Both the HOMO and LUMO are
mostly the m-antibonding type orbitals for compounds 1-3. As can be seen from Table 5, the
magnitude of the energy separations between the HOMO and LUMO (transition from HOMO
to LUMO) are 6.232, 4.187 and 3.211 eV for compounds 1, 2 and 3, respectively, in gas
phase. In our present study compound 3 with low chemical hardness 1.6055e€V compared
with other compound 1-2 have a low energy gap. Normally, the inhibitor with the least value
of chemical hardness is expected to have the highest inhibition efficiency [46]. These large
HOMO-LUMO gaps automatically mean high excitation energies for many of excited states,

a good stability and a high chemical hardness for the compounds 1-3.

® 3o’
FLAAF

LUMO (-0.262 eV) HOMO (-6.494 eV)

(a)

LUMO (-1.931 eV) HOMO (-6.118 eV)

(b)

16



LUMO (-1.798 eV) HOMO (-5.009 eV)

(c)
Fig. 3. Molecular orbital surfaces and energy levels given in parentheses for the HOMO and
LUMO synthesized compounds 1-3 [(a) for 1, (b) for 2 and (c) for 3] computed at B3LYP/6-
31G(d,p) level.
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Table 5. Calculated energies, frontier orbital energies, chemical hardness and dipole moments of structures for four different solvents.

Gas phase (¢ =1)

Benzene (¢ = 2.3)

Chloroform (¢ = 4.9)

1 2 3 1 2 3 1 2 3
Euu (Hartree) ~ -797.8311  -852.8783  -1140.4349 -797.8396 -853.1576 -1140.6669  -797.8459  -853.1643  -1140.6749
Enomo (€V) -6.494 6.118 -5.009 -5.892 -5.890 -5.926 -5.927 -5.903 -6.076
Eromo (€V) -0.262 -1.931 -1.798 -1.765 -1.860 2.634 -1.809 -1.887 -2.656
£ (eV) 6.232 4.187 3211 4.127 4.030 3.292 4.118 4.016 3.420
1HeV) 3.1160 2.0935 1.6055 2.0635 2.0150 1.6460 2.0590 2.0080 1.7100
4 (D) 2.807 4.031 7.355 3.330 4.044 8.277 3712 4.495 9.450
Ethanol (¢ = 24.55) DMSO (¢ = 46.7)

1 2 3 1 2 3
Euu (Hartree)  -797.8520  -853.1707  -1140.6827 -797.8526 -853.1714  -1140.6837
Enomo (€V) -5.971 -5.874 -6.192 -5.974 -5.892 -6.203
Erowo (eV) -1.854 -1.865 2.679 -1.858 -1.891 -2.680
£ (eV) 4.117 4.009 3513 4116 4.001 3.523
eV) 2.0585 2.0045 1.7565 2.0580 2.0005 17615
1t (D) 4.088 4768 10:550 4.132 4.834 10.693

18



3.6. Molecular electrostatic potential

The molecular electrostatic potential (MEP) V(r), is related to the electronic density
and is a very useful descriptor in determining the sites for electrophilic and nucleophilic
reactions as well as hydrogen bonding interactions [47, 48]. Being a real physical property,
V(r) can be determined experimentally by diffraction or by computational methods [44].
MEP maps of the compounds 1-3 were calculated by using the geometry obtained from DFT
method at the B3LYP/6-31G(d,p). The negative (red and yellow) and the positive (blue)
regions in the MEP were related to electrophilic reactivity and nucleophilic reactivity,
respectively (Fig. 4). As can be seen from the Fig. 4, In compounds 1-3, negative electrostatic
potential regions (red color) are mainly localized over 1,2,4-triazine ring atoms. In such a way
that, the most negative regions are on the N2 and N1 atoms in. compounds 1-2 and V(r) values
are -0.058 and -0.056 a.u. for compound 1, -0.059 and -0.057 a.u. for compound 2. In
compound 3, the negative V(r) values are -0.060 and -0.058 a.u. S1 and N3 atoms,
respectively, which is the most negative regions. However, for the possible nucleophilic
reactions, the most positive regions (blue color) in MEP maps are on the hydrogen atoms
bonded to N4 for compound 1 and N4 and N5 for compound 2. The maximum positive
regions are located on the H1 and H2 atoms bonded to N4 with V(r) values of 0.041 and
0.046 a.u. for compound 1, the latter positive sites are localized over the H4 and HS5A
hydrogen atoms bonded to N4 and N5 atoms with values of 0.032 and 0.042 a.u. for
compound 2, respectively. In compound 3, a maximum positive region is associated with the
N1-H1 bond indicating a possible site for nucleophilic attack with maximum value of 0.048
a.u. In regard to these calculated results, the MEP map indicates that the negative potential
sites are on nitrogen atoms as the positive potential sites are around the hydrogen atoms.

These regions give knowledge about intermolecular interactions.
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(a) (b) (c)

Fig. 4. Molecular electrostatic potential maps of the synthesized compounds 1-3 [(a) for 1, (b)
for 2 and (c) for 3] calculated at B3LYP/6-31G(d,p) level.

3.7. NMR analysis

The isotropic chemical shifts are frequently used as an aid in identification of reactive organic
as well as ionic species. It is recognized that accurate predictions of molecular geometries are
essential for reliable calculations of magnetic properties [49]. Therefore, full geometry
optimization of compounds 1-3 were performed by using the HF and B3LYP methods with 6-
31G(d,p) basis set. Then, GIAO "H and "*C chemical shift calculations of the compounds 1-3
have been by the same methods. The 'H-NMR and "*C-NMR chemical shifts were measured
in gas phase and a less polar (CDCI3) solvent. The results obtained via experimental (in
chloroform) and theoretical calculations (in gas phase and chloroform) are tabulated in Table
6. The molecule 1 contains twelve protons, out of these, 10 are aromatic and two are amino.
There is very clear sharp singlet peak at 5.53 ppm with the intensity of two protons
representing the protons (H; & H;) of amino group. The corresponding values we obtained
through HF & B3LYP method are 4.30-4.59 & 5.01-5.46, respectively. Since, we had one
dimensional proton spectrum so it is difficult to assign separate value for each aromatic
proton in experimental results. We have provided aromatic range for all three molecules and
these are well comparable with data obtained through theoretical calculations. Similarly for
molecule two there are two singlet’s appear at 6.64 and 4.18 ppm with the intensity of one

and two protons which help us to identify NH & NH; protons. The third molecule had one N-
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H proton which gave a broad peak at 11.78 ppm the corresponding HF and B3LYP values are
11.62 & 11.36 ppm. “C-NMR data also gave very good characterization of all three
molecules, triazine ring in each molecule contain three carbon atoms C1, C2 & C3. Cl1 lies
between two carbon atoms and it appears at 161.18 ppm, the calculated theoretical values for
this signal are 159.23 & 148.23 ppm in CDCl; through HF and B3LYP methods for molecule
1. Similarly in 2™ and 3" molecule this signal appears at 162.20 & 179.24 ppm. The variation
in 3™ molecule represents its different environment with other two molecules. The overall

assignments for triazine and aromatic carbon atoms are given in Table 6.

Table 6. Experimental and theoretical 'H-NMR and ?C-NMR isotropic chemical shifts (with

respect to TMS, all values in ppm) of compounds 1-3 in gas phase and chloroform.

Compound 1
Atom Exp. HF B3LYP Atom Exp. HF B3LYP
CDCl, CDCl, Gas CDCl, Gas CDCl; CDCly Gas CDCl; Gas
H1 553 4.59 4.12 5.46 4.93 Cl1 161.18 15923  158.16 148.23 147.02
H2 5.53 4.30 3.70 5.01 4.36 C2 150.78  148.17  147.87 142.40 142.37
HS 7.30 8.1 7.13 8.70 8.70 C3 157.24  163.31 161.03 145.52 143.60
H6 7.72 7.37 8.03 7.83 C4 13597 13495 13558 126.19 126.55
H7 7.55 7.69 7.84 7.61 C5 128.38  128.30  128.77 116.50 127.18
H8 to 7.25 7.78 7.61 7.49 C6 129.24  126.19  126.06 116.45 116.27
H9 6:86 8.33 7.37 7.26 C7 128.53  126.04  125.39 115.50 114.96
H11 7.04 7.35 7.60 7.54 C8 129.24 12457 12420 114.74 114.28
H12 724 7.23 7.60 7.37 C9 129.38 12841 128.38 117.47 117.49
H13 7.68 7.82 7.94 7.67 C10 136.04 13273  133.58 125.56 126.23
H14 7.72 7.79 8.06 7.81 Cl11 128.38 12940 12945 118.38 118.41
H15 7.44 8.26 9.06 8.70 8.60 Cl12 129.52  123.76  123.57 114.60 114.21
C13 130.37 12930  128.22 118.14 117.12
Cl4 129.52 12538  126.05 126.39 115.95
CI15 128.38  129.14  129.02 118.38 118.58
Compound 2
Atom Exp. HF B3LYP Atom Exp. HF B3LYP
CDCl; CDCl; Gas CDCl; Gas CDCl;  CDCl; Gas CDCl; Gas

H4 6.64 6.49 597 6.93 6.38 Cl 16220 16820  167.28 151.22
H5A 4.18 3.69 3.38 3.79 3.53 C2 151.21  153.78 15340 141.84
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H5B 4.18 3.67 3.26 3.73 3.35 C3 157.12  164.47 161.94 144.98

HS5 7.31 8.82 8.78 8.76 8.76 C4 128.62  137.01 137.36 126.07
H6 8.01 7.78 8.03 7.84 C5 128.38  130.09  130.76 116.48
H7 7.82 7.56 7.82 7.59 Co 129.25  128.89  128.83 116.39
H8 7.55 7.29 7.60 7.48 C7 13592 12891 128.44 115.56
H9 to 7.29 7.14 7.38 7.25 C8 129.25 12736 126.95 114:79
H11 7.60 7.54 7.63 7.58 c9 128.38  131.18  131.15 117.39
H12 7.55 7.30 7.62 7.40 C10 130.52  134.51 135.37 125.86
H13 8.04 7.73 7.96 7.40 Cl11 128.39 13344 13347 118.36
H14 8.03 7.76 8.06 7.69 C12 129.56 12622 126.12 124.74
H15 7.49 8.91 8.75 8.71 8.58 C13 13596 13339 13226 118.20

Cl4 129.56  127.79 - 127.53 116.43

C15 128.39  133.08°  132.93 118.42

Compound 3
Atom Exp. HF B3LYP Atom Exp. HF B3LYP
CDCl; CDCl; Gas CDCl; Gas CDCl;  CDCly Gas CDCl; Gas

H1 11.78 11.62 10.65 11.36 10.59 Cl1 179.24 19994  187.15 170.18 169.63
HS5 7.27 7.35 7.13 7.42 7.22 C2 146.66  150.76  148.38 136.14 133.87
Ho6 7.63 7.37 7.69 7.44 C3 160.73  169.81 167.77 148.64 147.26
H7 8.00 7.69 7.94 7.67 C4 130.28  133.07  134.05 122.78 123.45
H8 8.04 7.78 8.05 7.81 C5 128.39  131.76  131.34 117.29 116.89
H9 to 8.54 8.33 8.37 8.19 C6 128.74 12744  127.23 115.32 114.82
H11 7.54 7.35 7.60 7.45 C7 129.40  131.77  130.56 117.62 116.47
H12 7.53 7.23 7.62 7.46 C8 128.74 12895  128.85 116.96 116.54
H13 8.17 7.82 8.03 7.74 C9 128.39  129.79  129.48 115.84 115.60
H14 8.05 7.79 8.07 7.83 C10 13222 13148 13246 123.49 124.15
H15 7.57 9.15 9.06 8.80 8.71 Cl11 128.60  134.41 133.69 118.86 118.31

C12 130.10 12542 124.90 114.72 113.94
C13 129.86  136.41 134.74 120.62 119.14
Cl4 130.10  127.65 127.59 116.92 116.51
Cl15 128.39 135.11 135.27 119.75 119.94

3.8. Electronic absorption spectra

In order to understand electronic transitions, electronic absorption spectra was calculated with
TD-DFT method, based on the B3LYP/6-31G(d,p) level optimized structure of compounds 1-
3. TD-DFT calculations of compounds 1-3 in gas phase and chloroform solvent were

performed by using PCM model. The experimental and computed electronic values, such as
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absorption maxima of A (which is a function of the electron availability) and Singlet A values
(which are from CI expansion coefficients are used to calculate the percentage contribution of
the translations), excitation energies (E), and oscillator strengths (f) are reported Table S1
(supplementary material). The major contributions of the transitions were designated with the
aid of SWizard program [50]. The electronic absorption spectra of the investigated
compounds show an electronic absorption band with maxima at 345, 355 and 440 nm for
compound 1, 2 and 3, respectively, these values are very close to calculated absorption peak.
These experimental bands at 345, 355 and 440 nm for compounds 1-3, respectively are
attributed mainly to a HOMO—LUMO transitions are predicted as n—m transitions. The
other wavelength, excitation energies, oscillator strengths and calculated counterparts with
major contributions in gas phase and solvent can be seen in Table S1 (supplementary

material).

4. Conclusions

In this paper, we have synthesized compounds [CisH 2Ny (1), C;sH 3Ns (2) and CysH iN3S
(3)] including triazine heterocyclic derivative, and characterized it using structural (XRD)
technique. The optimized parameters of compounds 1-3 have been obtained by using the
B3LYP/6-31G(d,p) level by DFT method. The X-ray structure is found to be very slightly
different from its optimized counterparts. It is noted here that the experimental results are for
the solid phase and the theoretical calculations are for the gas phase. In the solid state, the
existence of the crystal field together with the intermolecular interactions holds the molecules
together, which results in differences between X-ray experimental and calculated values for
the bond parameters. In spite of the differences observed in the geometric parameters, the
common agreement is good and the theoretical calculations support the solid-state structures.
Furthermore, the non-linear optical properties: total static dipole moment and the first
hyperpolarizability properties of compounds have been calculated in order to get insight into

compounds. And also the value of the AE explains the eventual charge transfer interaction
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taking place within the molecule of compounds. The total energy of molecules decreases with
the increasing polarity of the solvent for compounds 1-3. Chemical hardness decrease with the
increasing polarity of the solvent while the dipole moments rise with the increase of polarity
of the solvent for compounds 1-2. However, dipole moments and chemical hardness have
been increased with the increase of the polarity of the solvent for compound 3. According to
these results, the stability of compound 3 increases in going from the gas phase to the solution
phase. To predict reactive sites for electrophilic and nucleophilic attack for the investigated
molecules, MEP studies were carried out. Thus, it would be predicted that the nitrogen atoms
will be the most reactive site for electrophilic attack and hydrogen atoms will be the reactive
site for nucleophilic attack. These sites give information about the possible areas for inter-
and intramolecular hydrogen bonds. The magnetic properties of the compounds 1-3 were
observed and calculated. The theoretical '"H-NMR-and *C-NMR chemical shift results of
compounds 1-3 are generally are closer to the experimental 'H-NMR and *C-NMR shift data.
The electronic properties were also experimental and calculated electronic spectrum was
recorded with help of UV-vis spectrometer. The experimental bands at 345, 355 and 440 nm
for compounds 1-3, respectively are attributed mainly to a HOMO—LUMO transitions are
predicted as m—7 transitions. The comparisons of the predicted bands with the experimental
bands were done and show an acceptable general agreement. The present quantum chemical
study may further play an important role in understanding of dynamics of these molecules.

In summary, very complete characterizations of studied novel compounds were given
in the present paper. We hope the results of this study will be helpful for the design and

synthesis new materials.
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» Synthesis of triazine heterocyclic derivatives.
» Molecular geometry of triazine heterocyclic derivative in the ground state using the density
functional theory (DFT) with 6-31G(d,p)

» Crystal structure determination of triazine heterocyclic derivatives
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