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Abstract:

This study presents a comprehensive quantum chemical analysis of tetrazole (TZ) derivatives as
potential inhibitors of iron corrosion in dilute hydrochloric acid (HCI). Investigations were carried out in
the presence of. Absence of three compounds: 5-Phenyl Tetrazole, 5-Amino tetrazole and Tetrazole
was evaluated in neutral and protonated forms in gas phase and water phase conditions. The thing is,
all theoretical calculations were carried out using the density functional theory (DFT) method at the
B3LYP/6-311++G(2d,2p) level, which aims to determine the correlation between molecular structure
and corrosion inhibitory activity. A complete set of quantum chemical descriptors, including frontier
molecular orbital energy, energy gap (AE), ionization potential, global hardness, and softness.
Electrophilicity index, chemical potential, electronegativity, and Mulliken atomic charge are calculated
systematically. Correlation analysis was performed to set up the relationship between these descriptors
and the inhibition efficiency of the molecules studied. At the risk of stating the obvious (and this is key),
these findings offer valuable molecular-level insights into the adsorption behavior and inhibition
mechanisms of tetrazole derivatives on iron surfaces.
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Introduction:

Industrial sectors that cause significant economic losses and threaten structural integrity highlight
the importance of effective corrosion mitigation. This is crucial for ensuring the safety and durability of
industrial equipment. As it turns out, organic corrosion inhibitors, especially nitrogen-containing
heterocyclic compounds, have proven effective in reducing metal degradation [1]. Among these,
tetrazole (TZ) and its derivatives, including 5-amino tetrazole and 5-phenyl tetrazole, demonstrate
strong adsorption abilities and favorable electronic properties, enabling them to form stable protective
layers on metal surfaces. Advances in quantum chemical techniques, particularly Density Functional
Theory (DFT), offer deeper insights into the molecular mechanisms of corrosion inhibition and facilitate
the rational design of highly efficient inhibitors.

This study is designed to investigate how tetrazole and its derivatives behave in both neutral and
protonated forms under gas-phase and aqueous-phase conditions, with the aim of simulating and
understanding their interactions with iron in a dilute hydrochloric acid environment. It also seeks to
correlate quantum chemical descriptors with inhibition efficiency to elucidate the electronic factors
governing adsorption and protection [2]. The research addresses key questions regarding the influence
of electronic properties and molecular structure on inhibition performance, the predictive value of
guantum chemical descriptors, and the effect of environmental factors on inhibitor behavior [3].

Quantum chemical calculations were performed at the DFT/B3LYP/6-311++G(2d,2p) level using
Gaussian 09 (Revision A-02), evaluating descriptors such as hardness, Lowest and Highest Occupied
Molecular Orbital Energy (HOMO, LUMO) , electronegativity, energy gap, ionization potential, softness,
electrophilicity, chemical potential, and Mulliken charges, and correlating these with inhibition
efficiencies to guide the design of next-generation tetrazole-based corrosion inhibitors [4]. This study
conducts a quantitative analysis of tetrazole derivatives, including 5-phenyl tetrazole and 5-amino
tetrazole, via probe and non-protonated forms in a water and non-water phase. A quantum
computational program called Gaussian 09 (Rev- A-02) was used in this analysis [5] to calculate a
number of quantum chemical parameters, A range of quantum-chemical parameters was calculated,
including the energies of the frontier molecular orbitals, namely Lowest and Highest Occupied Molecular
Orbital Energy, the energy separation or gap between these orbitals, AE1; the ionization energy, IE1;
the chemical hardness, n1; the chemical softness, o1; the global electrophilicity, w1; the chemical
potential, €1; and the electronegativity, x1.

Mulliken atomic charges were also determined for the nitrogen atoms in the both not protonated and
non-protonated states. For the aqueous phase, the energy calculations were performed using the 6-
311++G(2d,2p) basis set. The connection between the calculated quantum-chemical parameters and
the inhibition efficiency was subsequently examined and discussed. Molecular optimization for
compounds containing different functional groups, together with the interpretation of the resulting data,
has been broadly used and reported in numerous studies [6].
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Tetrazole (Tz) S-phenyl Tetrazole (5-Ph-Tz) S-amino tetrazole (SNH, Tz)
Figure (1): Chemical structures of examined tetrazole and tetrazole derivatives.

Computational Details:

Investigation of the corrosion inhibition mechanisms was carried out through quantum chemistry
calculations, as described below. The input files for all molecules examined in this study were generated
using GaussView (6.0.16) [4]. Each molecular structure was then subjected to a complete geometry
optimization at the B3LYP/6-311++G(2d,2p) level of theory. This basis set is widely recognized for
producing reliable molecular geometries and accurate electronic properties for a broad range of organic
compounds [9]. In addition, the Gaussian program was used with the basic equation form of the
polarized continuum model to represent the influence of water on both neutral and protonated inhibitor
molecules. Through this approach, the solvent environment was taken into account when evaluating
the molecular geometry and several electronic parameters [10]. A schematic illustration of the
compounds investigated in this work is provided in Figure 2, where the number and specific positions

of the nitrogen heteroatoms are clearly identified.
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Figure (2): Chemical structures of the investigated tetrazole derivatives

The investigated the chemical parameters of quantum, together with their definitions and the
corresponding equations employed for their calculation, are summarized below.
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Density Functional Theory (DFT) methods have gained significant traction and usefulness in recent
years for investigating corrosion inhibition mechanisms [10]. For this study's quantum chemical
calculations, the input files for the molecules under scrutiny were prepared using Gaussian 09 View
(6.0.16). A comprehensive optimization was executed with the B3LYP/6-311++G(2d,2p) basis set,
renowned for delivering precise geometries and electronic properties across a broad spectrum of
organic compounds. The Gaussian program utilized the basic equation form of the polarizable
continuous model to simulate the water effect on the geometry and various electronic parameters of
both neutral and protonated inhibitor molecules [11]. A schematic representation of the compounds
examined can be found in Figure 2, where the number and position of nitrogen heteroatoms are clearly
indicated.

Results and Discussion:

Quantum chemical calculations and molecular modeling techniques are extensively employed to
assess molecules regarding their reactivity, shape, and binding properties [11]. Parameters like
EHOMO, ELUMO, energy gap (AE), ionization energy, electron affinity, chemical hardness and
softness, dipole moment, proton affinity, electronegativity, electrophilicity, and nucleophilicity offer
significant insights for theoretically estimating a molecule's inhibition efficiency. Based on frontier
molecular orbital (FMO) theory, a molecule's chemical reactivity is significantly influenced by these
factors depends on the interaction between the HOMO and LUMO levels of the reacting species [12-
14].

The highest or lowest unoccupied molecular orbitals are referred to as frontier orbitals, and their
energies play a fundamental role in determining the molecular reactivity or stability of a compound.
Eromo and ELumo are widely used parameters associated with, respectively, the electron-donating and
electron-accepting ability of molecules [15,16]. The Highest Occupied Molecular Orbital contains
electrons of high energy and functions as an electron-donor orbital, whereas the LUMO functions as an
electron-acceptor orbital. The corrosion inhibition performance of molecules can be predicted based on
the energies of these orbitals. Frontier molecular orbital theory suggests that molecules with a high
Erowmo value are effective corrosion inhibitors because they can donate electrons to the metal surface.

On the other hand, ELumo indicates a molecule's ability to accept electrons, and a molecule with a
low ELumo value can also act as a strong corrosion inhibitor by protecting the metal surface from
degradation [17]. The theory is also beneficial in pinpointing the adsorption centers of inhibitor
molecules that interact with surface metal atoms. As shown in Figure 3, the charge density distributions
for the Lowest and Highest Occupied Molecular Orbital levels of tetrazoles reveal that the HOMO
distributions are primarily around the tetrazole ring in all the tetrazole derivatives analyzed in this study.
Additionally, in the phenyl tetrazole molecule, these distributions are found around the C=N bond of the
phenyl ring and around the amino group in the tetrazole derivative molecule
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Figure (3): Spatial distributions of the Optimized geometry for the Highest Occupied Molecular Orbital
Energy electron densities for the investigated inhibitors in their aqueous-phase (w) and neutral forms,
calculated at the B3LYP/6-311++G(2d,2p) level of theory.

Tetrazole (the parent compound) offers multiple nitrogen adsorption sites but has limited electron-
donating power. 5-Phenyl-tetrazole adds a donor effect, resulting in strong surface binding. 5-Amino-
tetrazole increases r-conjugation and surface Tr-interactions, though it may introduce steric effects; it
also increases electron density via the —NH,, group and can form hydrogen bonds. Overall, the expected
inhibition ranking (qualitative) is: 5-Ph-Tz > 5-NH,-Tz > Tz.

Table (1): Calculated energy gap (AE) and Highest Occupied Molecular Orbital Energy values for
the protonated(x) non-protonated(xg) compounds in the gas and aqueous phases at the B3LYP/6-
311++G(2d,2p) level of theory.

Compounds (Mwt)| AE | ELUMO | EHOMO| Compounds (Mwt) AE ELUMO | EHOMO
5-Ph-Tz -2x 4.10 -7.22 -11.32 5-Ph-Tz -2xq 5.33 -1.94 -7.27
5-Ph-Tz -3x 418 | -7.05 -11.23 5-Ph-Tz -3xq 4.77 -2.99 -7.76
5-Ph-Tz -4x 4.88 -6.85 -11.73 5-Ph-Tz -4xq 5.02 -2.98 -8.00

5NH2 -Tz -2x 5.74 -7.16 -12.90 5NH2 -Tz -2 xq 5.66 -2.65 -8.30
5NH2 -Tz -3x 543 | -7.25 -12.69 5NH2 -Tz -3 xq 5.44 -2.74 -8.18
5NH2 -Tz -4x 7.04 -6.30 -13.34 5NH2 -Tz -4 xq 6.61 -1.99 -8.60
Tz -2x 6.30 -8.27 -14.57 Tz -2 xq 6.80 -3.28 -10.08
Tz -3x 7.42 | -8.03 -15.45 Tz -3 xq 7.47 -3.12 -10.59
Tz -4x 7.67 -7.44 -15.11 Tz -4 xq 8.13 -2.42 -10.55

Here's the calculated energy gap valuables were comparison across all nine investigated molecules
using the two basis-set variants, protonated(x) and not protonated(xq). The 5-Ph-Tz derivatives
exhibited the lowest energy gap values, generally ranging from approximately 4 to 5 eV. In contrast, the
unsubstituted Tz derivatives showed the largest energy gaps, with values between 6.3 and 8.1 eV,
whereas the 5-NH,-Tz derivatives displayed intermediate values. The relatively smaller energy gap
values obtained for the 5-Ph-Tz derivatives indicate greater electronic responsiveness and a potentially
higher tendency to participate in interactions with the metal surface. The ionization energy values (1) is
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a fundamental quantum chemical parameter for evaluating molecular reactivity. Higher ionization
energy values indicate that the removal of an electron requires greater energy and are generally
associated with enhanced electronic stability and lower chemical reactivity.

Conversely, a lower ionization energy suggests that electron removal is more favorable, reflecting a
greater tendency of the molecule to participate in electron-donation interactions. Another important
guantum chemical descriptor is ionization energy valuable (). It can be used to assess the electronic
reactivity of atoms and molecules [20]. For the protonated species in the gas phase, the calculated
ionization energies follow the order 5-Ph-Tz < 5-NH,-Tz < Tz, with values of 7.36, 11.73, and 12.90 eV,
respectively. This trend is consistent with the predicted inhibition performance, which follows the order
5-Ph-Tz > 5-NH,-Tz > Tz. The particularly low ionization energy of 5-Ph-Tz indicates that its electrons
can be removed more readily, suggesting a greater tendency toward electronic interactions with the
metal surface and, consequently, a higher inhibition efficiency than those of 5-NH,-Tz and Tz. As
presented in Tables 2 and 3, tetrazole (Tz) exhibits the lowest predicted inhibition efficiency among the
investigated compounds in both cases forms, irrespective of whether the calculations are performed in
the gas or aqueous phase.

Table (2): Additional calculated results of the quantitative chemistry of the tetrazole derivatives
examined at the B3LYP/6-311++G(2d,2p) theoretical level.

Compounds MV TNC Energy X w I d 9 € V1 Energy

5-Ph-Tz |110.24|-1.74|-13315.42| 4.60 | 3.97 | 7.27 | 2.67 | 0.38 | -4.60 | 6.04 | -13315.42

5NH2 -Tz | 51.98 |-0.85| -8534.94 | 4.18 | 2.75 | 7.35|3.17 | 0.32 | -4.18 | 6.22 | -8534.94

Tz 56.28 |-0.39| -7028.34 | 4.72 | 3.04 | 8.38 | 3.66 | 0.27 | -4.72 | 5.41 | -7028.34

Table (3): Additional calculated quantum chemical descriptors of the not protonated and non-
protonated compounds in the aqueous phase and gas phases at the B3LYP/6-311++G(2d,2p) level of

theory.
Compounds X TNC w n € U] | (o)
Tz -2x 4.11 -0.77 2.60 3.25 -4.11 5.18 | 7.36 | 0.31
Tz -3x 4.47 -1.63 3.55 2.81 -4.47 6.89 | 7.28 | 0.36
Tz -4x 4.60 -1.74 | 3.97 2.67 -4.60 6.04 | 7.27 | 0.38
Tz -2xq 4.09 -0.88 2.62 3.19 -4.09 6.92 | 7.27 | 0.31
Tz -3xq 4.33 -1.69 3.16 2.96 -4.33 9.23 | 729 | 0.34
Tz -4xq 4.50 -1.92 3.79 2.67 -4.50 8.02 | 718 | 0.37

5-Ph-Tz -2x 9.27 -1.62 | 2094 | 2.05 -9.27 6.43 |[11.73| 0.49

5-Ph-Tz -3x 9.14 -1.73 | 19.98 | 2.09 -90.14 4.26 |11.23| 0.48

5-Ph-Tz -4x 9.29 -1.34 | 17.67 | 2.44 -9.29 1.01 |11.32| 041
5-Ph-Tz -2xq 4.60 -1.92 3.97 2.67 -4.60 9.36 | 8.00 | 0.38
5-Ph-Tz -3xq 5.38 -1.83 6.06 2.39 -5.38 6.41 | 7.76 | 0.42
5-Ph-Tz -4xq 5.49 -1.40 6.00 2.51 -5.49 043 | 7.27 | 0.40
5NH2 -Tz-2x | 10.03 | -0.53 | 17.54 | 2.87 | -10.03 | 5.89 |12.90| 0.35
5NH2 -Tz -3x 9.97 -0.53 | 18.29 | 2.72 -9.97 216 |12.69| 0.37
5NH2 -Tz -4x 9.82 -0.27 | 13.70 | 3.52 -9.82 6.08 |13.34| 0.28
5NH2 -Tz -2xq | 5.47 -0.63 5.30 2.83 -5.47 749 | 830 | 0.35
5NH2 -Tz -3xq | 5.46 -0.61 5.47 2.72 -5.46 264 | 818 | 0.37
5NH2 -Tz -4xq | 5.30 -0.32 4.24 3.31 -5.30 7.53 | 8.60 | 0.30

Tz -2xq 4.09 -0.88 2.62 3.19 -4.09 692 | 7.27 | 0.31
Tz -3xq 4.33 -1.69 3.16 2.96 -4.33 9.23 | 7.29 | 0.34
Tz -4xq 4.50 -1.92 3.79 2.67 -4.50 8.02 | 7.18 | 0.37

5NH2 -Tz-2x | 10.03 | -0.53 | 17.54 | 2.87 |-10.03 | 589 |12.90| 0.35
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5NH2 -Tz -3x 9.97 -0.53 | 18.29 | 2.72 -9.97 2.16 |12.69| 0.37
5NH2 -Tz -4x 9.82 -0.27 | 13.70 | 3.52 -9.82 6.08 [13.34| 0.28
5NH2 -Tz -2xq | 5.47 -0.63 5.30 2.83 -5.47 749 | 830 | 0.35
5NH2 -Tz -3xq | 5.46 -0.61 5.47 2.72 -5.46 264 |8.18 | 0.37
5NH2 -Tz -4xq | 5.30 -0.32 4.24 331 -5.30 7.53 | 8.60 | 0.30

5-Ph-Tz -2x 9.27 -1.62 | 20.94 | 2.05 -9.27 6.43 |11.73| 0.49

5-Ph-Tz -3x 9.14 -1.73 | 19.98 | 2.09 -9.14 4.26 |11.23| 0.48

5-Ph-Tz -4x 9.29 -1.34 | 17.67 | 2.44 -9.29 1.01 |11.32| 041
5-Ph-Tz -2xq 4.60 -1.92 3.97 2.67 -4.60 9.36 | 8.00 | 0.38
5-Ph-Tz -3xq 5.38 -1.83 6.06 2.39 -5.38 6.41 | 7.76 | 0.42
5-Ph-Tz -4xq 5.49 -1.40 6.00 2.51 -5.49 043 | 7.27 | 0.40
5NH2 -Tz -2x | 10.03 | -0.53 | 17.54 | 2.87 | -10.03 | 5.89 |12.90| 0.35
5NH2 -Tz -3x 9.97 -0.53 | 18.29 | 2.72 -9.97 2.16 |12.69| 0.37
5NH2 -Tz -4x 9.82 -0.27 | 13.70 | 3.52 -9.82 6.08 [13.34| 0.28
5NH2 -Tz -2xq | 5.47 -0.63 5.30 2.83 -5.47 749 | 830 | 0.35
5NH2 -Tz -3xq | 5.46 -0.61 5.47 2.72 -5.46 264 | 818 | 0.37
5NH2 -Tz -4xq | 5.30 -0.32 4.24 3.31 -5.30 7.53 | 8.60 | 0.30

The relationship between the experimentally determined inhibition efficiency (IE%) [16] and the
corresponding theoretical results was evaluated using correlation analysis, as summarized in Table 4.
The analysis revealed the strongest correlations for the lonization potential (I) and Highest Occupied
Molecular Orbital Energy values in the Vapor Phases and aqueous phases, with correlation values of
95% and 89%, respectively. These relatively high values demonstrate a strong relationship between
the calculated quantum chemical descriptors and the experimentally measured inhibition efficiency. In
addition, satisfactory correlations, exceeding 64%, were obtained for the Total Negative Charge values,
Electron affinity, Global Softness, Global Hardness, Energy Gap, lonization Energy and Highest
Occupied Molecular Orbital Energy values. The complete correlation results for the investigated
parameters are presented in Table 4.

Table (4): The experimental inhibition efficiency (IE%) Relationship between and the calculated
quantum chemical parameters.

Association I o | ELUMO | EHOMO | AE |[TNC| n € X w 1
Vapor Phase | 0.95 (0.73] 0.29 0.98 0.69 066 0.80 | 0.19 | 0.19 | 0.13 | 0.23
Liquid Phase | 0.89 |0.80] 0.17 0.88 0.71/064| 088 | 0.34 | 0.34 | 0.04 | 0.29

Density functional theory calculations provide valuable insights into the structural conformation
and molecular behavior of these compounds. Specifically, the theory of function Density approach
enables a precise analysis of the electrostatic potential distribution [22]. Figure 4 illustrates the
analysis of the electrostatic potential surfaces for the non-protonated forms of the compounds in
both Vapor Phase and aqueous phases. The maps of the electrostatic potential are essential for
identifying the nucleophilic and electrophilic regions of all molecule, they serve as critical tools for
evaluating the reactivity of these compounds [23].

Conclusion:

Based on the quantum-chemical descriptors calculated for the tetrazole-based inhibitors (Tz, 5-
Ph-Tz, and 5NH2-Tz), the measured inhibition efficiencies are consistently supported. As a general
trend from the chemical softness values, molecules with higher softness typically adsorb more
readily on the metal surface. In the gas phase as well as in the aqueous phase, chemical softness
is highest for 5-phenyl Tetrazole (5-Ph-Tz) and lowest for tetrazole (Tz); this confirms that 5-phenyl
Tetrazole (5-Ph-Tz) works best as an inhibitor, while tetrazole (Tz) works least well. The quantum
chemical descriptors computed for the tetrazole-based inhibitors (Tz, 5-Ph-Tz and 5NH2-Tz)
consistently line up with the inhibition efficiencies observed in experiments.
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From the chemical softness values, it appears that molecules with greater softness tend to adsorb
more strongly on the metal surface. In both the gas phase and the water phase, 5-phenyl Tetrazole
(5-Ph-Tz) shows the highest softness, whereas tetrazole (Tz) shows the lowest, which confirms 5-
phenyl Tetrazole (5-Ph-Tz) as the most effective inhibitor and tetrazole (Tz) as the least. This trend
is also backed up by the electronegativity values. Dipole moment analysis further reinforces these
findings: higher dipole moments are linked to better electron transport and stronger interactions
between the inhibitor and the metal. Among the molecules studied, 5-Amino tetrazole (5NH2-Tz)
has the highest dipole moment, which suggests a strong ability to adsorb, especially in both the gas
phase and the water phase. Looking at how the total negative charge (TNC) is distributed gives
more evidence for how well the tetrazole derivatives under study can be adsorbed.

The fairly high electron density on 5-phenyl tetrazole (5-Ph-Tz) and 5-amino tetrazole (5-NH,-Tz)
makes them better at donating electrons to the empty orbitals of the mild steel surface. This leads
to stronger interactions at the interface and more stable layers of adsorbed material. As a result,
these derivatives are expected to work better as corrosion inhibitors than the parent tetrazole
molecule does. This theoretical picture fits well with the inhibition efficiencies found in experiments,
which shows a clear link between the calculated electronic properties and the protection that's seen.

Taken together, the quantum chemical results point to 5-phenyl Tetrazole (5-Ph-Tz) as the most
effective corrosion inhibitor, with 5-Amino tetrazole (5NH2 -Tz) coming next and tetrazole (Tz) showing
the weakest performance throughout. These calculated findings match what has been seen in
experiments, which confirms that quantum chemical modeling can predict corrosion inhibition quite
reliably.

A correlation analysis was also carried out between experimental inhibition efficiencies and a number
of computed parameters. The strongest links were found for EHOMO and ionization energy (), which
had correlation coefficients of 95% and 89% in gas and water phases, respectively. Good correlations,
above 64%, also appeared for AE, hardness (n), softness (g) and TNC, which supports the idea that
these descriptors are dependable.
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