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Abstract-This study combines DFT-based quantum chemical calculations with experimental data to analyze 

the inhibition behavior of thiadiazole derivatives on copper. Compound (2) exhibited the highest inhibition 

efficiency computationally and experimentally, showing strong agreement between theory and experiment. 

Parameters such as electrophilicity index, dipole moment, and Fukui functions correlate with surface 

adsorption and provide a mechanistic foundation for designing more efficient inhibitors. 
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I. INTRODUCTION 

The 1,3,4-thiadiazole ring system has emerged as a privileged heterocyclic scaffold in modern 

chemistry due to its versatile electronic configuration and chemical reactivity, mainly attributed to the 

presence of the –N=C–S functional group. Literature data indicate that these compounds exhibit various 

bioactivities, including antimicrobial, antifungal, antiviral, anti-inflammatory, analgesic, anticonvulsant, 

antioxidant, and diuretic effects [1-6]. Beyond pharmaceutical applications, 1,3,4-thiadiazole derivatives 

have also gained prominence in materials science, particularly as effective corrosion inhibitors [7-9]. 

Recent studies underscore their ability to form stable, adherent, and compact protective films on metal 

substrates, notably copper, under aggressive chloride-containing environments [10-12]. This is particularly 

interesting because copper, widely used in thermal, electrical, and mechanical systems, is highly susceptible 

to localized corrosion that compromises structural integrity and system longevity. Therefore, developing 

high-performance organic inhibitors tailored for copper is a subject of significant industrial and 

environmental relevance. 

The corrosion inhibition efficiency of 1,3,4-thiadiazole derivatives is intricately governed by the 

interplay between their electronic structure and substituent-driven steric effects [13-17]. In particular, 

substituents at the 5-position modulate molecular orbital energies, frontier electron density distribution, and 

adsorption orientation, which critically impact the molecule–metal interaction strength. Alkyl substituents, 

with varied branching and inductive characteristics, alter the HOMO–LUMO gap, chemical hardness, and 

local reactivity indices, which ultimately determine the inhibitor’s adsorption geometry and protective 

capability. 
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The main objective of this study is to investigate the corrosion inhibition efficiency of three 1,3,4-

thiadiazole derivatives, considering their neutral, protonated, and copper-complexed forms on copper atoms 

using quantum chemical calculations. It is important to emphasize that, in the computational protocol, the 

copper atom is treated as a representative model for the brass surface, which is widely used in experimental 

setups. This approximation is scientifically justified since the copper (100) surface exhibits well-defined 

crystallographic properties that align well with DFT requirements, offering a stable and computationally 

tractable model for metal–inhibitor interactions. In this study, instead of using alloy surface models or 

hybrid quantum mechanics/molecular mechanics (QM/MM) approaches, copper-complexed species were 

explicitly constructed using a single Cu atom in coordination with the inhibitor molecules, as illustrated in 

the optimized geometries (Figure 1). These Cu complexes were fully optimized using the Gaussian software 

package, providing reliable structural and electronic data directly linked to their inhibition performance. 

This work focuses on how electronic and structural properties such as proton affinity, frontier 

molecular orbitals, and charge distribution influence the interaction with the copper atom and determine 

inhibition performance. By comparing different molecular forms' reactivity and binding tendencies, this 

study aims to provide a theoretical foundation that aligns with experimental observations, ultimately 

supporting the rational design of effective copper corrosion inhibitors. In this context, 5-ethyl-1,3,4-

thiadiazol-2-amine (1), 5-(ethylthio)-1,3,4-thiadiazol-2-amine (2), and 5-(tert-butyl)-1,3,4-thiadiazol-2-

amine (3) were selected as representative model systems to systematically explore the structure–activity 

relationship using quantum chemical methods. Notably, the study examines the neutral forms and considers 

the protonated and copper-complexed species to comprehensively understand inhibition under different 

physicochemical states. Theoretical evaluations, particularly those involving frontier molecular orbitals, 

Fukui functions, and proton affinity calculations, offer valuable insight into how molecular reactivity 

translates into practical inhibition performance. The outcomes of this investigation reveal that these 

molecules have the potential to reduce corrosion rates significantly, with efficiencies reaching up to 90%, 

highlighting their superior performance and practical viability in real-world applications. 

To ensure a reliable comparison with theoretical predictions, the experimental inhibition efficiencies 

(IE%) of the studied thiadiazole derivatives (1), (2), and (3) were derived by averaging data obtained from 

two complementary electrochemical methods: potentiodynamic polarization and electrochemical 

impedance spectroscopy. Based on the results reported by X. Joseph Raj and N. Rajendran, the average 

inhibition efficiencies were determined to be 65.5% for (1), 76.8% for (2), and 66.9% for (3) [17]. These 

values represent a consistent trend across both experimental techniques and provide a robust benchmark 

for evaluating the accuracy of quantum chemical descriptors in predicting corrosion inhibition performance 

on brass surfaces. 

Ultimately, this study provides a mechanistic rationale for developing next-generation copper 

corrosion inhibitors based on the thiadiazole framework and bridges the gap between theoretical predictions 

and experimental observations through a detailed quantum chemical analysis. These quantum chemical 

calculations were conducted to establish a comprehensive reactivity profile for each molecular form: 

neutral, protonated, and copper-complexed. The derived descriptors, including band gap energy (ΔE), 

ionization potential (IP), chemical hardness (η), electrophilicity (ω), and proton affinity (PA), were 

critically evaluated to rationalize the experimentally observed inhibition efficiencies. This approach enables 

a quantitative correlation between computed reactivity parameters and experimental IE% values, ultimately 

guiding the electronic interpretation of inhibitor–metal interactions.  
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II. MATERIALS AND METHOD 

All computations were performed using the Gaussian 16 software package [18], and molecular 

structures were visualized through GaussView 6.0.8 [19]. Solvent effects were modeled via the integral 

equation formalism polarized continuum model (IEF-PCM), allowing accurate simulation of aqueous-

phase conditions relevant to corrosion environments [20]. Density Functional Theory (DFT) was employed 

due to its validated capability to accurately predict corrosion inhibitor activity through electron density 

analysis, which is widely used in corrosion studies. Geometry optimizations, Molecular Electrostatic 

Potential (MEP) analyses, and calculations of global reactivity descriptors band gap energy (ΔE), ionization 

potential (IP), electron affinity (EA), chemical hardness (η), chemical softness (σ), and electrophilicity 

indices (ω⁻, ω⁺) were carried out for the neutral, protonated, and copper-complexed forms of the studied 

1,3,4-thiadiazole derivatives in their interactions with copper atom. These calculations were performed at 

the B3LYP/6-31G(d) computational levels in the gas phase and aqueous solution. 

 
∆𝐸𝑔𝑎𝑝 = 𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂  (1) 

𝜀 =
1

𝜔
 

(8) 

𝐼𝑃 = −𝐸𝐻𝑂𝑀𝑂 (2) 
ω− =

(3IP + EA)2

(16(IP − EA))
 

(9) 

𝐸𝐴 = −𝐸𝐿𝑈𝑀𝑂  (3) 
ω+ =

(IP + 3EA)2

(16(IP − EA))
 

(10) 

η = (
IP − EA

2
) 

(4) ∆𝜔± = ω+ + ω− (11) 

   σ =
1

η
 

(5) 𝑓+ = 𝑞(𝑁 + 1) − 𝑞(𝑁) 

 

(12) 

µ = − χ = (
𝐼𝑃 + 𝐸𝐴

2
) 

(6) 𝑓− = 𝑞(𝑁) − 𝑞(𝑁 − 1) 

 

(13) 

𝜔 =
µ2

2𝜂
 

(7) 
𝑓0 =

𝑞(𝑁 + 1) − 𝑞(𝑁 − 1)

2
 

(14) 

 

The global reactivity parameters were calculated using the equations (1–11) presented below. 

Additionally, Fukui functions (𝑓+, 𝑓−, 𝑓0) were calculated using equations (12–14) to analyze local 

reactivity sites on the molecular structures. 

Rooted in the Pearson hard and soft acid-base (HSAB) theory and governed by the principles of 

chemical potential equalization, the electron transfer interaction model offers a robust theoretical 

foundation for interpreting adsorption phenomena. For bulk copper, where the ionization potential (IP) 

equals the electron affinity (EA), the absolute electronegativity (χ) and global hardness (η) are 

quantitatively defined as 4.43 eV and 0.0 eV, respectively. This equivalence simplifies the conceptual DFT 

treatment of copper–inhibitor interactions by enabling the direct application of reactivity indices to model 

charge transfer dynamics at the metal–molecule interface. [21-26]. 

∆𝑁 =
𝜒𝐶𝑢 − 𝜒𝑖𝑛ℎ

2(η𝐶𝑢 + η𝑖𝑛ℎ)
 (15) 
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Recent studies have replaced electronegativity (χ) with the work function φ in evaluating adsorption 

efficiency, as the latter pertains more directly to the Fermi level of the metal. DFT calculations yield a work 

function value of 4.49 eV for the Cu (100) surface. The agreement between experimental data and ΔN 

values calculated via the modified equation underscores the robustness of this computational strategy in 

predicting inhibitor performance, further validating the use of quantum descriptors in corrosion studies. 

[27-29]. 

∆𝑁110 =
𝜙 − 𝜒𝑖𝑛ℎ

2(η𝐶𝑢100
+ η𝑖𝑛ℎ)

 
(16) 

The initial interaction energy (Δψ) was calculated using electronegativity and hardness parameters of 

the copper surface and the inhibitor molecules to quantify the molecule-metal interaction further. This 

equation captures the energetic driving force of charge transfer during adsorption. Given that the hardness 

(η) of bulk copper is 0.0 eV, the resulting Δψ values reflect the energetic favorability of the adsorption 

process, directly correlating with inhibition efficiency. 

∆𝜓 =
(𝜒𝐶𝑢 − 𝜒𝑖𝑛ℎ)2

4(η𝐶𝑢 + η𝑖𝑛ℎ)
 

(17) 

This equation quantitatively defines the initial energetic interaction between the inhibitor molecule and 

the copper surface at the early adsorption stage. Considering that the global hardness (η𝐶𝑢) of bulk copper 

is theoretically zero, the Δψ parameter becomes entirely governed by the electrophilicity differential 

between the metal and the inhibitor. Consequently, this formulation captures the inherent thermodynamic 

favorability of electron transfer, reinforcing the mechanistic rationale for the superior adsorption affinity 

and inhibitory efficacy of the examined thiadiazole derivatives. 

  Proton affinity (𝑃𝐴) values were calculated to precisely evaluate the protonation tendencies of the 

inhibitors, providing critical insights into their inhibition efficiencies, using equations (18–19): 

𝑃𝐴 = 𝐸𝑝𝑟𝑜 − (𝐸𝑛𝑜𝑛−𝑝𝑟𝑜 + 𝐸𝐻+) 

 

(18) 

𝐸𝐻+ = 𝐸𝐻3𝑂+ −   𝐸𝐻2𝑂 

 

(19) 

In this study, frontier molecular orbital analysis was performed utilizing Koopmans' Theorem, 

emphasizing that HOMO/LUMO energies and band gap energy (ΔE) significantly explain HOMO/LUMO 

interactions and the anti-corrosive properties of the investigated 1,3,4-thiadiazole derivatives. 

 

III. RESULTS AND DISCUSSION 

 The quantum chemical analysis provided valuable insight into the electronic and structural features 

of the three thiadiazole derivatives investigated: 5-ethyl- (1), 5-(ethylthio)- (2), and 5-(tert-butyl)-1,3,4-

thiadiazol-2-amine (3). The optimized geometries and molecular electrostatic potential (MEP) surfaces of 

the neutral forms revealed that all derivatives possess nucleophilic regions localized primarily on the 

exocyclic amine nitrogen (N6), supporting their potential to engage in surface adsorption. 

The copper-complexed geometries of compound (1), shown in Figure 1, illustrate distinct spatial 

arrangements depending on the molecular form (neutral, protonated, or complexed). HOMO–LUMO 

distributions confirm substantial orbital overlap with copper, particularly via sulfur and nitrogen 

coordination sites, which corroborates the proposed interaction mechanisms. 
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Figure 1. Optimized Geometries, Frontier Molecular Orbitals (HOMO–LUMO), and Molecular Electrostatic Potential (MEP) 

Maps of the Copper Complexes of Compound (1) 

 

The Cu-complexed geometries of compounds (2) and (3), visualized in Figure 2, further validate 

these findings and suggest that steric bulk influences orbital delocalization and surface binding. Table 1 

summarizes the global reactivity descriptors (GRDs) in gas and aqueous phases. Compound (2) exhibits 

the lowest HOMO–LUMO energy gap (5.34 eV in gas, 5.36 eV in aqueous), indicating greater reactivity. 

In contrast, compound (1) shows the highest dipole moment in water (4.39 D), which may enhance 

electrostatic adsorption. Compound (2) also has the highest electrophilicity index (1.99 eV), supporting its 

stronger tendency to accept electrons from copper atoms. These GRD trends align with experimental data. 
The condensed Fukui functions presented in Table 2 further pinpoint local reactive sites. For all compounds, 

the exocyclic amine nitrogen (N6) consistently shows high nucleophilic character (f⁻ values between −0.35 

and -0.44), validating its role in metal coordination. Sulfur atoms (S3) also exhibit strong reactivity, 

especially in compounds (1) and (3), indicating dual-site adsorption pathways. 
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Figure 2. Optimized Geometries, Frontier Molecular Orbitals (HOMO–LUMO), and Molecular Electrostatic Potential (MEP) 

Maps of the Copper Complexes of Compound (2) and Compound (3). 
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Table 1. Comparison of Global Reactivity Descriptors for Compounds (1), (2), and (3) in Gas and Aqueous Phases at the 

B3LYP/6-31G(d) Level 

 

GRDs* 

B3LYP/6-31G(d) level 

Gas Phase Aqueous Phase 

 (1) (2) (3) (1) (2) (3) 

IP 6.250 5.823 6.224 6.289 5.946 6.293 

EA 0.412 0.479 0.377 0.466 0.587 0.471 

ΔEgap 5.838 5.344 5.846 5.824 5.359 5.822 

η 2.919 2.672 2.923 2.912 2.679 2.911 

σ 0.343 0.374 0.342 0.343 0.373 0.344 

χ 3.331 3.151 3.301 3.378 3.267 3.382 

µ -3.331 -3.151 -3.301 -3.378 -3.267 -3.382 

ω 1.901 1.858 1.863 1.959 1.991 1.964 

ε 0.526 0.538 0.537 0.511 0.502 0.509 

ω+ 0.600 0.617 0.579 0.634 0.693 0.637 

ω- 3.931 3.768 3.879 4.012 3.959 4.019 

∆𝑵 1.604 1.709 1.651 1.532 1.559 1.526 

ΔN110 1.691 1.789 1.738 1.619 1.639 1.613 

∆𝝍 0.103 0.153 0.109 0.095 0.126 0.094 

µ 3.026 1.699 3.000 4.398 2.560 4.352 
*All energy-based descriptors (IP, EA, ΔE, η, χ, µ, ω, ω⁻, ω⁺, ΔN, and ΔN₁₁₀) are given in electronvolts (eV); softness 

(σ) and nucleophilicity index (ε) are expressed in inverse electronvolts (eV⁻¹); the initial interaction 

energy (Δψ) is reported in electronvolts (eV); dipole moment (µ) is presented in Debye. 

 

Site-specific proton affinity (PA) values were calculated for each nitrogen center to investigate 

protonation behavior (Table 3). The results indicate that N6 is the most favorable site for protonation across 

all molecules, with the least negative PA values. The calculated initial interaction energy values (Δψ) 

support the energetic favorability of adsorption. Compound (2) showed a more negative Δψ than the others, 

indicating a stronger thermodynamic driving force for surface interaction. 

 

Figure 3. Atomic Site Numbering of the Investigated 5-Substituted 1,3,4-Thiadiazole Derivatives. 
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Table 2.  Condensed Fukui Functions (f⁺, f⁻, f⁰) of Selected Atoms for Compounds (1)–(3) Based on NBO Charge 

Analysis 

Inhibitor Atom No 𝑓+ 𝑓− 𝑓0 

 

 

 

 

(1) 

C1 -0,107 -0,189 -0,148 

C2 -0,174 0,033 -0,071 

S3 -0,739 0,333 -0,203 

N4 0,051 -0,249 -0,099 

N5 0,127 -0,364 -0,119 

N6 0,186 -0,443 -0,128 

C9 0,247 -0,185 0,031 

C10 0,247 -0,185 0,031 

 

 

 

 

(2) 

C1 -0,045 -0,079 -0,062 

C2 -0,158 0,02 -0,069 

S3 -0,665 0,295 -0,185 

N4 0,125 -0,328 -0,102 

N5 0,148 -0,325 -0,089 

N6 0,193 -0,355 -0,081 

C9 0,266 -0,253 0,007 

S12 -0,428 -0,036 -0,232 

C13 0,332 -0,306 0,013 

 

 

 

 

 

(3) 

C1 -0,100 -0,229 -0,165 

C2 -0,174 0,035 -0,069 

S3 -0,735 0,349 -0,193 

N4 0,035 -0,231 -0,098 

N5 0,128 -0,353 -0,113 

N6 0,185 -0,434 -0,125 

C9 -0,043 0,084 0,021 

C10 0,373 -0,347 0,013 

C14 0,357 -0,351 0,003 

C18 0,356 -0,350 0,003 

 

Table 3.   Site-Specific Proton Affinity (PA) Values for Nitrogen Atoms in Compounds  (1)–(3) 

Inhibitor Nitrogen atoms PA (kJ/mol) 

 

(1) 

 (N(1)) -246.81 

 (N(2)) -248.36 

(N(3)) -128.87 

 

(2) 

-(N(1)) -242.96 

 (N(2)) -246.69 

 (N(3)) -132.76 

 

(3) 

- (N(1)) -256.52 

 (N(2)) -255.85 

 (N(3)) -133.09 

 

This trend strongly correlates with the spatial electron density and nucleophilic character of the 

exocyclic amine (N(6)), which is not delocalized into the aromatic ring system and thus retains higher lone-

pair availability. MEP surface analysis further validates this site-selectivity, revealing a dominant negative 

potential localized at N(6), indicative of its proton-capturing capacity. These findings agree with established 

basicity principles and reinforce the structure–function paradigm wherein protonation at N(6) enhances 

interaction affinity with electrophilic centers on the copper surface, particularly under low pH conditions. 

In conclusion, the exocyclic amine (N(6)) is unequivocally the preferred protonation site across all 

derivatives, and this site-specific behavior plays a pivotal role in modulating the inhibitor’s adsorption 

strength, surface charge transfer, and overall inhibition efficiency. Therefore, targeting this basic center in 

future inhibitor design strategies represents a rational and mechanistically grounded approach for enhancing 

anticorrosive performance in acidic environments. 
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 A clear correlation emerges when comparing these theoretical findings to experimental inhibition 

efficiencies reported by Raj and Rajendran (2011). Compound (2) demonstrated the highest experimental 

IE% (76.8%), followed by (3) (66.9%) and (1) (65.5%). This trend is consistent with the theoretical 

descriptors: (2) had the highest electrophilicity and nucleophilicity at key atoms, the smallest energy gap, 

and the strongest Cu binding tendency. These results validate the computational strategy used and highlight 

the relevance of DFT-based descriptors in accurately predicting inhibitor performance. 

In summary, the theoretical results not only reproduce the experimental inhibition trends but also 

offer mechanistic insight into the role of electronic structure in determining anticorrosive activity. 

Compounds with better orbital overlap, stronger electron-accepting character, and high basicity at key 

nitrogen sites demonstrated superior performance, reinforcing the structure–activity relationship essential 

for designing next-generation corrosion inhibitors. 

 

IV. CONCLUSION 

The electronic structure and reactivity of the three studied 1,3,4-thiadiazole derivatives demonstrate 

that alkyl substituents significantly impact their corrosion inhibition potential. The results suggest that 

electron-donating alkyl groups enhance adsorption through HOMO interaction with copper atoms. Fukui 

analysis supports these findings by indicating enhanced nucleophilic sites correlating with improved 

inhibition efficiency. These insights provide a basis for designing next-generation copper corrosion 

inhibitors derived from thiadiazole scaffolds. 
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