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Abstract
In this work, we study the reaction of 1,2,4-triazole with hydrochloric acid (HCl), leading to the formation of the
protonated triazole (TAH*). We utilize density functional theory (DFT) calculations to gain insights into the structural
analysis of optimized molecules for both neutral and protonated 1,2,4-triazole. Various reactivity descriptors, such
as electron affinity, HOMO-LUMO energy gap, dipole moment, and Fukui indices, are analyzed for these compounds
to identify nucleophilic regions where interactions with HCl may occur. Additionally, we examine their infrared (IR)
and Raman spectra to highlight hydrogen bonding. The IR and Raman spectra of both neutral and protonated 1,2,4-
triazole are specifically analyzed at the N2 and N4 sites. The objective is to determine the preferred site of
protonation, particularly at nitrogen N4.
Keywords: DFT; electron affinity; HOMO-LUMO energy gap; Fukui indices; nucleophilic.

JOCIIAAKEHHA IPOTOHYBAHHA 1,2,4-TPUA30JIY. DFT-PO3PAXYHKH
A6penaxag Enb-Appanil, 3axapisa Enb-Kipi2, A6pennax Enp-Bykiniz, Xamig Cay¢iz, Jlaxcen Bygan?
1Ynieepcumem im. I6n Togpaina e Kenimpi, Jlabopamopis opeaHiuHoi ximii, kamanaizy ma HaskoAuwHb020 cepedosuuya
(LOCCE), pakynremem npupodHuqux Hayk, Kenimpa, Mapokko
2Ynieepcumem Moxammeda V 8 Pabami, Ljenmp Hayk npo mamepianu, /labopamopis pizuko-ximii HeopeaHiuHuUx i op2aHiyHux
Mmamepianie (LPCMIO), Buwa HopmaavbHa wkoaa (E.N.S.), Pabam, Mapokko
3Yuieepcumem Todpailnb, labopamopis nepedosux mamepia.ie, iHxiceHepHUX npoyecis, XimMiuHull paky1bmem, pakysbmem
npupodHu4ux Hayk 8 Kenimpi, Mapokko

AHoTalis

Y wmifi poGorti amocaigkeHa peaknia mik 1,2,4-tpiaszosiom i xsmopugHoio kuciaorow (HCI) 3 Meroro cuHTe3y
npoToHoBaHoro 1,2,4-rpiazosy (TAH*). Mu BUKOPpHCTOBYBaJIM PO3paxyHKH Teopii pyHknioHnaay rycrunu (DFT), mo6
OTpHMMaTH yAABJIEHHS PO CTPYKTYPHUM aHaJIi3 MoJieKyJH. KijibKa AeckpunTopiB peakuiiiHOi 34aTHOCTI, BK/II0YAal04HU
CNOpiAHeHiCTh 0 e1eKTPOHa, pisHuLA eHepriit HOMO-LUMO, juno/ibHM MOMEHT Ta iHgekcu PyKyi npoaHatizoBaHi
3 MeTOI0 BH3HAa4YeHHS HYK/J1eoQilbHMX AiJISHOK, Ae HailimoBipHime BigGyBawTbhcs B3aemogii 3 HCl. Kpim Toro,
cnporHo3oBaHi I4- Ta KP-cnekTpu J/11 BUBYEHHs BOJAHEBOro 3B’s3Ky, mpoaHaJji3oBaHi I4- Ta KP-cnmekTpu Ak
HelTpa/JbHUX, TaK i mpoTroHoBaHux 1,2,4-TpuasosiiB mo N2 Ta N4-micusx. Hamoiw meTo 6y/0 BU3HAaYE€HHA
HaliMoBIpHIiIIOro MicuAg NPOTOHYBaHHA, 30KpeMa 3a aTOMOM a30Ty N4.

Kaiouogi cnoea: DFT; enekTpoHHa cropifiHeHicTh; pisHuns eHepriii HOMO-LUMO; inpekcu @ykyi; Hyk/i1eodilbHICTD.
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Introduction

1, 2, 4-triazole exists in a solid form and is
soluble in polar solvents, while being slightly
soluble in nonpolar solvents. It is also flammable
and can emit irritating or toxic smoke or gas in
case of a fire. The finely dispersed particles of this
compound can create explosive mixtures in the
air. It is a five-membered, m-excessive, aromatic
nitrogen heterocycle, composed of two carbon and
three nitrogen atoms arranged at the 1-, 2-, and 4-

positions of the ring. All atoms in the structure of
1, 2, 4-triazole are indeed sp2 hybridized, and it
possesses aromatic character due to the
delocalization of 6m electrons over the ring.
Furthermore, 1, 2, 4-triazole exhibits
tautomerism, existing in two tautomeric forms:
1H-1, 2, 4-triazole and 4H-1, 2, 4-triazole. These
forms involve the reversible migration of a
hydrogen atom and a double bond within the ring
structure,

|
H. N _H He M _H
Y =
W !
N—N NN
\H
{1H} {4H}

The parent 1H-1, 2, 4-triazole has been prepared
by the reaction of hydrazine obtained in situ from
the hydrolysis of 1,2-di (butan-2-ylidene)hydrazine
with formamide at 170 °C.

The 1, 2, 4-triazole (TA) and its derivatives are
among the azoles that have received considerable
attention due to their applications in various fields.
In medicine, they exhibit a broad spectrum of
activities, including analgesic [1], anti-
inflammatory [2; 3], antidepressant [4], anticancer
[5-9], antimicrobial [5; 10-13], and antibacterial
[11-16] properties.

In the industry, examples of their use include
improving the stability and heat resistance of
macromolecular materials [17], acting as corrosion
inhibitors for metals and alloys [18-20], and also in
the field of chemical engineering for the
construction of superconductive compounds
[21; 22]. Applications in agriculture are known for
these systems. Several triazoles are used as
herbicides [23], insecticides [24], bactericides [25],
fungicides [24; 26; 27], or plant growth regulators
[27; 28].

In this paper, we have conducted a theoretical
study on the reaction between 1,2,4-triazole and
hydrochloric acid (HCI) TA + H* - TAH™.

With: TA and TAH* represent respectively the
1,2,4 triazole and the protonated 1,2,4-triazole.

Using the Density Functional Theory (DFT)
calculation method, employing the B3LYP function
in conjunction with the 6-311G basis set [29-31].
Our investigation involved the optimization of both
neutral and protonated forms of 1,2,4-triazole, and
included structural analysis as well as the
computation of various global reactivity indices.
These indices encompass HOMO-LUMO energy gaps

and dipole moments. Additionally, we employed
Fukui indices to identify the electrophilic sites most
favorable for proton attack, namely N2 or N4.

Subsequently, a mechanistic study was carried
out to explore the protonation of the neutral
molecule. We identified this process using Infrared
(IR) and Raman spectra of 1,2,4-triazole in both its
neutral and protonated forms.

Computational details

This research employed GAUSSIAN 09 W to
determine the chemical and thermodynamic
properties of 1,2,4-triazole in its neutral form when
exposed to HCl acid. Density Functional Theory
(DFT) calculations were performed using the
Becke-Lee-Yang-Parr three-parameter hybrid
functional (B3LYP) in conjunction with the 6-311G
basis set (The combination of B3LYP and the 6-
311G basis set offers a good balance between
accuracy and cost, making this pairing popular for
studies in quantum chemistry, particularly for
applications in organic chemistry) [32;33]. We
conducted an investigation into the lengths and
angles of 1,2,4-triazole in its neutral state, which
yielded data on frontier molecular orbitals such as
the energy of the highest occupied molecular orbital
(EHOMO) and the energy of the lowest unoccupied
molecular orbital (ELUMO). as well as the IR and
RAMAN spectra of the 1,2,4-triazole in both its
neutral and protonated states to analyze hydrogen
bonding at the sites N2 and N4. The energy gap is
calculated from HOMO and LUMO, and electron
affinity (EA) is calculated from the energy of HOMO.

Results and discussion
Structural analysis
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The geometry-optimization of the 1,2,4-
triazole neutral and protonated molecule
illustrated in Figure 1.

The optimization process was carried out using
monomer wave functions at the B3LYP/6-311G

N > N

J

a

b

level. The optimization procedure involved visual
observations and sets approximation in the
GAUSSIAN 09 W software. The resulting structural
parameters are presented in Table 1.

9 o

J

C

Fig. 1. Geometry optimized of: a - 1,2,4-triazole, b- 1,2,4-triazole H*(N2), c- 1,2,4-triazole H+*(N4)

In Table 1, the values of interatomic distances and angles for the studied molecules are reported.

Table 1
Calculated Geometric Parameters (bond lengths in Angstréms, valence angles, and dihedral angles in degrees)
{1H} {1H} {1H}
Structural 1,2,4-triazole 1,2,4-triazole H*(N2) 1,2,4-triazole H+*(N4)
parameters A B C
N1-N2 1.387 1.374 1.391
N1-C5 1.360 1.350 1.331
N2-C3 1.338 1.350 1.319
C3-H 1.071 1.074 1.073
C5-H 1.073 1.074 1.075
H-N2 1.011
H-N1 1.002 1.011 1.008
C3-N4 1.382 1.347 1.387
N4-C5 1.335 1.347 1.349
H-N4 1.010
N1N2C3 101.84 106.68 103.76
N2C3N4 114.61 110.43 110.42
C3N4C5 103.67 105.77 107.88
N4C5N1 109.46 110.43 105.57
HN1N2 119.31 122.35 118.86
HN1C5 130.28 130.97 128.76
HN2C3 130.98
HN4C3 126.33
HN4C5 125.79
HN1C5H 0.01 0.02 0.01
HC3N2N1 179.98 179.97 179.96
HN4C3H 0.10
HN4C5H 0.01
HN1N2H 0.03
HN2C3H 0.00

The values of the dihedral angles obtained for
the atoms forming the cycle confirm that the 1.2.4
triazole neutral and protonated molecule is
planar. The HN1N2 angle is approximately 120° in
all three structures. Within the cycle, the angles
have decreased due to the presence of three
nitrogen atoms. This is the case for the N2C3N4
angle, which measures 114.61°, and the N4C5N1
angle, which is even smaller (109.46°).

An analysis of the distances indicates that the
H-N2 bond length is equal to that of H-N4.
Furthermore, the length of the N-N bond is slightly
shorter than what is reported in the literature.
Protonation of the 1,2,4-triazole on the N2 and N4
atoms did not lead to a significant alteration in the
original geometry.

Study of global reactivity
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The energies were calculated in the gas phase
using DFT/B3LYP 6-311G and are presented in

Table 2. The calculations showed that protonation
is a highly exothermic reaction.

Table 2
Energy and dipole moment
Species Energy (ua) Enomo (eV) Erumo (eV) AE (eV) 1 (Debye)

{1H} Triazol -242.21581 -7.62362 -0.47981 7,14381 3.0247

{1H}};§T°IH+ -242.55300 -13.74715 ~7.37773 6.36942 49717

{IH}{;f?°lH+ -242.57496 -14.28680 -6.89194 7.39486 3.9315
The examination of the table 2 above reveals The structure minimization (most
that the values associated with the dipole moment stable/lowest energy), HOMO and LUMO

of protonated molecules are higher. This
observation helps explain the greater polarization
compared to the case of the neutral molecule. It
can also be demonstrated that both protonated
systems on N2 and N4 are energetically favorable.

I~

distributions are depicted in Figure 2.

As analyzed in this figure, the total distribution
of HOMO/LUMO is almost entirely occupied by
1,2,4-triazole structure. This signals the presence
of various major active electron donor/acceptor
sites. Therefore, this shows high molecular
chemical reactivity with the H* proton.

Ground state structure

HOMO
Fig. 2 :3-D plots of optimized geometry, HOMO and LUMO for the 1.2.4 triazole neuter

The HOMO energy level, which represents
nucleophilicity, indicates the ability of the 1,2,4-
triazole neutral molecule to donate electrons to
the LUMO (an acceptor with an unoccupied 1s
orbital for an H* proton). This explains the attack
on this proton through the delocalized free
electron pairs in the N2 and N4 atoms. The LUMO

LUMO

energy level, representing electrophilicity, reflects
its capacity to accept electrons from the HOMO,
signifying the electron-receiving tendency of a
1,2,4-triazole neutral molecule. This demonstrates
the proton's greater ability to accept electrons,
leading to enhanced reactivity efficiency [34].
Therefore, by increasing the HOMO energy level
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and decreasing the LUMO energy level, the binding
ability of 1,2,4-triazole to the proton increases.
However, The figure X shows that the distribution
of the highest occupied molecular orbitals
(HOMO) and lowest wunoccupied molecular
orbitals (LUMO) is heterogeneous throughout the
molecule, highlighting regions of increased
reactivity. The HOMO orbitals are primarily
concentrated around the nitrogen atoms N2 and
N4, where the electron density is particularly high.
This localization is reinforced by the presence of
non-bonding pairs and multiple bonds, which
enhance the nucleophilic potential of these atoms.
According to Fukui's work (1982) on the role of
frontier orbitals in chemical reactivity, sites with
high HOMO density are especially prone to
interactions with electrophiles such as protons
(H"). Furthermore, Parr and Yang's research
(1989) on density functional theory (DFT)
confirms that electron-rich heteroatoms, such as
nitrogen atoms, exhibit an increased affinity for
protonation in acid-base reactions. These findings
support the idea that the localized reactivity
around N2 and N4 arises directly from these
electronic and  structural characteristics,
explaining their crucial role in chemical reactivity
processes [35]

That protonation via N4 is favored and is
slightly more exothermic. The electron affinity
(EA), denoting the released energy due to the
capture of an electron, has been estimated using
the following relation: EA = -ELUMO

(EA(N4) > EA(N2)). On the other hand, one can
also note that the values associated with the dipole
moment of protonated molecules are higher, and
this helps explain a greater polarization compared
to the case of the neutral molecule. The Triazole H*
(N4) has a maximum energy gap of 7.39486 eV,
contributing to superior stability compared to
Triazole H* (N2).

Natural Bond Orbital (NBO) Analysis

The calculations were performed on 1,2,4-
triazole, as shown in Fig 1, to evaluate the NBO
charges on each atom. We attempted to determine

the likely sites for proton attacks, aiming to
identify the atom(s) carrying the most negative
charge, which would provide a clue about the
proton's approach direction. The molecule
contains three nitrogen atoms. The lone electron
pair of one of them contributes to the aromaticity
of the ring and is more likely to be atom N1. The
other two, N2 and N4, represent two probable
protonation sites [36].

In this current application, we used the
quantum method of density functional theory
(DFT) B3LYP/6-311G to determine the
optimization of the previous molecule, using local
reactivity indices (Fukui indices). We will now
elucidate how this process enables the integration
of a proton.

The Fukui function f, corresponding to site K
of a molecule in its condensed form of Fukui
functions in a molecule with N electrons, was
proposed by Yang and Mortier. [37].

- The Fukui index fg Measures the
susceptibility of an electronic site to act as an
electron donor, and electronic sites with high
positive Fukui indices have a greater likelihood of
reacting with electron acceptors, such as empty
sites or electrophiles. It is defined by the equation:

fg = [ag(N + 1) — qg(N)],

- the Fukui index fy : The receptivity of an
electronic site to receive electrons is expressed by
its Fukui index. Electronic sites with high negative
Fukui indices are more likely to interact with
electron donors, such as nucleophiles. It is defined
by the equation:

fg = [ax(N) —qx(N - 1)],

gg(N) : "Electron population of the K atom in
the neutral molecule”.

gkg(N + 1) : "Electronic population of the K
atom in the anionic molecule".

gg(N — 1) : "Electronic population of atom K in
the cationic molecule.”

The values of fg and fg of the nitrogen atoms
N2 and N4 confirm this. See Table 3.

Table 3
Values of the Fukui indices of 1.2.4 triazole
Atoms i fx f2 =ff — fx
N, -0.202 -0.316 0.114
N, -0.092 -0.125 0.033

In the table 3, the most active centers in the
second-degree Fukui indices f? are greater than
zero, indicating that the 1,2,4-triazole compound
used has the ability to donate electrons to a proton

(H*), suggesting that the active centers favor
electrophilic attack [38]. One can observe from the
table that among the nitrogen atoms, N4 exhibits
higher fy values than nitrogen N2. This suggests
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that the site N4 is more likely to act as a favorable
electrophile (H*).
Study of hydrogen bonding

1,2,4-triazole H*(N2)

The two optimized transition state structures
for the acidification reaction between 1,2,4-
triazole and hydrochloric acid are depicted in
Figure 3.

1,2,4-triazole H*(N4)

Fig. 3: Structures of transition states obtained by DFT B3LYP/6-311G involved in the reaction between 1,2,4-triazole
and HCL

The hydrogen bond length (N2-H) is 1.36884,
which is longer than that of (N4-H) at 1.19064.
This allows us to conclude that the hydrogen bond
in the 1,2,4-triazole structure H*(N4) is stronger.
Therefore, protonation of 1,2,4-triazole on N4 is
more favorable than on N2 [39].

Analysis of the frequency of vibrational modes

DFT calculations allowed us to determine the
wave numbers of vibration and Raman activity.
The vibrational motions were visualized using the
Gauss View program.

The analytical calculation of normal vibration
modes was performed on the fully optimized
geometry to confirm whether the stationary point
obtained corresponds to the global energy
minimum on the potential energy surface, and
thus to determine if the obtained geometric
structure corresponds to the optimal structure
with minimal energy. Subsequently, it is verified
whether the frequencies of the 6 global translation
and rotation modes of the molecule are very close
to zero (ideally, they should be equal to zero), and
if no imaginary frequencies are found.

We predict 3n-6 internal vibrations for a non-
linear molecule consisting of n atoms. The
calculated spectra are shown in Figure 4.

In the calculated spectra of the neutral and
protonated 1,2,4-triazole molecules at N2 and N4

positions, the expected number of internal
vibrations predicted by group theory is indeed
observed [40]. The neutral molecule has 8 atoms,
which corresponds to 3N-6=18 degrees of
freedom, and therefore, it exhibits 18 molecular
vibrational modes. From a global perspective,
three frequency domains can be distinguished: 7
modes with frequencies below 977 cm-t, 8 modes
with frequencies ranging from 1000 to 1600 cm,
and 3 modes with frequencies exceeding
3000 cmL.

The protonated molecule (TAH*N2) has 9
atoms, which amounts to 3N-6 = 21 degrees of
freedom and thus 21 molecular vibration modes.
From a global perspective, three frequency
domains can be distinguished: 8 modes with
frequencies below 983 cml, 9 modes with
frequencies between 1000 and 1550 cm, and 4
modes with frequencies above 3386 cm-.

The protonated molecule (TAH*N4) consists of
9 atoms, which means it has 3N-6 = 21 degrees of
freedom, resulting in 21 molecular vibrational
modes. From a global perspective, three frequency
domains can be distinguished: 8 modes with
frequencies below 978 cml, 9 modes with
frequencies between 1000 and 1587 cm, and 4
modes with frequencies exceeding 3287 cm-1.
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Fig. 4. Calculated IR and Raman vibration spectra of neutral and protonated triazole
Conclusion investigated through theoretical calculations

The reaction between 1,2,4-triazole and utilizing the RB3LYP/6-311G density functional
hydrochloric acid (HClI) was thoroughly theory (DFT) quantum method. This allowed us to
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determine bond lengths and angles within the
molecular structure. Additionally, we assessed the
reaction of 1,2,4-triazole in its neutral state with
HCI by analyzing Fukui indices. Furthermore, we
delved into the vibrational modes of the involved
molecules by simulating infrared (IR) and Raman
spectra.

Based on our research findings, we have drawn
the following conclusions:

- On one hand, the structural study of 1,2,4-
triazole does not explain the favorable site for
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