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The oxidative instability of biodiesel remains a critical barrier to its widespread 
adoption despite its advantages as renewable, biodegradable, and low-emission 
fuel. Antioxidant additives are an established strategy to suppress free radical 
chain reactions, yet their efficiency is strongly modulated by molecular structure 
and solvent environment. This is the first comparative density functional theory 
study of dibrominated dimethoxybenzaldehydes and standard phenolic 
antioxidants under biodiesel-relevant solvent conditions using the conductor- 
like polarizable continuum model. Frontier molecular orbitals, Fukui index, 
ionization potentials, spin density distributions, and natural bond orbital 
hyperconjugations were systematically analyzed across polar and nonpolar 
environments. The computational results suggest that bromination is 
associated with increased electronic softness and electron transfer potential, 
while also leading to changes in the stability of radical intermediates, especially in 
ortho-substituted derivatives. Among the dibrominated compounds, IB1 exhibits 
the most balanced combination of computed properties, whereas IB3, although 
highly reactive in silico, is predicted to form comparatively less stable radical 
species. Compared with commercial benchmarks, these halogenated systems 
constitute a distinct mechanistic class governed by polarization rather than 
hydroxyl-centered resonance. These computational findings provide guidance 
for the rational design of next-generation biodiesel stabilizers, pending future 
experimental validation.
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1 Introduction

The transition to sustainable energy sources is a central challenge for global energy 
security and environmental stewardship (Yusuf et al., 2011; Luque et al., 2010; Usmani et al., 
2023). Increasing the efficiency and operational stability of renewable fuels is vital for 
accelerating the energy transition and achieving lower carbon emissions. Biodiesel, 
produced from renewable feedstocks such as vegetable oils, and animal fats, has 
emerged as a promising alternative to petroleum-derived fuels due to its 
biodegradability, low toxicity, and reduced greenhouse gas emissions compared with 
fossil fuels (Davis et al., 2018; Giakoumis et al., 2012). Integration of biodiesel into 
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existing and future energy infrastructures directly supports clean 
energy goals and sustainable process design. Despite these 
advantages, the large-scale deployment of biodiesel remains 
hindered by its intrinsic oxidative instability. Overcoming these 
process limitations is essential to enable the broader adoption of 
sustainable fuels within the context of advanced process engineering 
and reactor optimization for the energy transition. Oxidation during 
storage and use accelerates the formation of peroxides, acids, and 
polymers, leading to increased viscosity, corrosiveness, and 
sediment deposition, ultimately impairing both fuel quality and 
engine performance (Knothe, 2007; Pullen and Saeed, 2012; Saluja 
et al., 2016; Yang et al., 2013; Pullen and Saeed, 2014; Pantoja et al., 
2013; Serqueira et al., 2021). This challenge is further exacerbated in 
tropical and subtropical climates such as those in Brazil (Alvares 
et al., 2013) (Köppen area A4), where elevated temperatures, 
humidity, and solar irradiation intensify oxidative degradation 
(Varatharajan and Pushparani, 2018). Agricultural operations are 
especially impacted: machinery exposed to these conditions and 
fueled by blends experiences more rapid loss of fuel quality and 
higher maintenance requirements (Arumugam et al., 2023; Cui et al., 
2025; Ryu, 2009; Silva et al., 2025).

A well-established strategy to counteract these effects is the 
incorporation of antioxidant additives, which suppress autoxidation, 
extend shelf life, and enhance operational reliability (Saxena et al., 2017; 
Rajamohan et al., 2022; Hosseinzadeh-Bandbafha et al., 2022). 
Phenolic compounds have been widely employed for this purpose 
because of their strong capacity to interrupt free radical chain reactions 
via electron or hydrogen donation (Schober and Mittelbach, 2004; 
Sundus et al., 2017; Lapuerta et al., 2012). However, the efficacy of 
phenolic antioxidants is strongly modulated by their molecular 
structure and the surrounding medium (Lau et al., 2024). 
Understanding these structure–activity relationships is therefore 
essential for rational design of efficient stabilizers. A robust 
understanding of these structure–activity relationships and their 
process implications is crucial for advancing energy technologies 
that align with the goals of cleaner production. Density Functional 
Theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) 
has become a powerful tool for elucidating the electronic and structural 
determinants of antioxidant performance. By probing reactivity 
descriptors, frontier orbital distributions, and ionization potentials, 
computational methods provide predictive insight into antioxidant 
activity under diverse conditions. Prior studies of commercial phenolic 
antioxidants including butylated hydroxyanisole (BHA), butylated 

hydroxytoluene (BHT), gallic acid (GA), propyl gallate (PG), 
pyrogallol (PY), and tert butylhydroquinone (TBHQ) have 
established benchmark profiles of electron donating ability and 
radical stabilization.

Within this broader landscape of potential stabilizers, phenolic 
antioxidants remain central because their radical scavenging efficiency 
has been consistently rationalized in terms of electronic descriptors. 
The commercial use of this class of compounds has established a robust 
theoretical benchmark, since their activity can be directly correlated 
with well-defined structure–activity relationships involving hydrogen 
donation and resonance stabilization of phenoxyl radicals (Yang et al., 
2013; Yaakob et al., 2014; Mittelbach and Schober, 2003). This 
consolidated body of knowledge provides both a conceptual and 
computational framework against which new molecules can be 
evaluated. Dimethoxybenzaldehyde (DMB) derivatives extend this 
framework by combining methoxy groups, which enhance 
donation, with carbonyl and halogen substituents that introduce 
inductive influences capable of modulating frontier orbital energies 
and reactivity indices (Duarte et al., 2025; Wenceslau et al., 2025; Lee 
et al., 2020; Borges I. et al., 2022; Duarte et al., 2023; Aguiar et al., 2022a; 
Borges I. D. et al., 2022; Kim et al., 2011; Gawai et al., 2005). Bromine 
substitution, in particular, alters electron density distribution in ways 
that may enhance radical stabilization but also requires careful 
consideration regarding fuel compatibility. Positioning DMB 
derivatives in direct comparison with well-characterized phenolic 
antioxidants therefore establishes a coherent theoretical basis for 
probing how substituent effects govern antioxidant performance in 
biodiesel (Christensen and McCormick, 2023; Amran et al., 2022; 
Sterpu et al., 2024).

Here, we extend the computational framework to three 
dibrominated dimethoxybenzaldehyde derivatives 4,5 dibromo 
2,3 dimethoxybenzaldehyde (IB1), 2,3 dibromo 
5,6 dimethoxybenzaldehyde (IB2), and 4,6 dibromo 
2,3 dimethoxybenzaldehyde (IB3) whose antioxidant potential has 
not been systematically investigated. The antioxidant properties and 
fuel stabilization potential of dibrominated DMBs derivatives remain 
largely unknown, as their mechanisms and synergistic effects have not 
been systematically evaluated in biodiesel contexts. This study 
addresses this gap by computationally investigating their electronic 
structure and radical-scavenging efficiency relative to established 
phenolic antioxidants. Their performance was evaluated through 
comparison with commercial phenolics, focusing on ionization 
potential, frontier orbital distributions, Fukui reactivity indices, spin 
density mapping, and Natural Bond Orbital (NBO) hyperconjugation 
analysis. By integrating molecular modeling with comparative 
benchmarking, this study provides a mechanistic basis for assessing 
brominated derivatives as potential biodiesel stabilizers. The 
comparative evaluation of DMBs derivatives and commercial 
phenolics reveals key structure–activity relationships that determine 
radical scavenging efficiency.

2 Computational procedures

2.1 Electron density calculations

All theoretical calculations were performed using the Gaussian 
16 (Hohenberg and Kohn, 1964; Kohn and Sham, 1965). Molecular 

TABLE 1 Reaction Rate (kOH) for DMB derivatives and commercial 
antioxidants.

Compound Reaction rate constant kOH (M
−1s−1)

IB1 5.22 × 109

IB2 4.64 × 109

IB3 5.22 × 109

GA 4.09 × 109

TBHQ 7.57 × 109

BHA 7.27 × 109

PG 1.11 × 1010
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geometries were optimized at the hybrid M06-2X (Zhao and 
Truhlar, 2008), which incorporates long-range exchange 
corrections and is widely used for thermochemistry, kinetics, and 
noncovalent interactions. Studies have demonstrated that this 
functional reliably describes mid-range electronic correlation 
effects, and non-covalent interactions and is one of the best- 
performing functionals for modeling the thermodynamics of 
chemical processes (Arumugam et al., 2023; Cui et al., 2025). 
Furthermore, this functional has shown good results in analyses 
of the antioxidant activity of compounds (Mendes et al., 2024; Thuy 
and Son, 2022; de Aguiar et al., 2025). Self-consistent field (SCF) 
calculations employed tight convergence criteria and an ultrafine 
integration grid. Geometry optimizations maintained stringent 
thresholds, and vibrational frequency analyses confirmed that all 
structures represent true minimum, with no imaginary frequencies. 
Unless otherwise specified, thermal corrections were obtained at 
298.15 K and 1 atm.

Electronic structures were analyzed in terms of Frontier 
Molecular Orbitals (FMOs) (Zhang and Musgrave, 2007): the 
Highest Occupied Molecular Orbital (HOMO), associated with 
electron-donating ability, and the Lowest Unoccupied Molecular 
Orbital (LUMO), associated with electron-accepting ability 
(KEBİROGLU and AK, 2023; Rocha et al., 2015; Freitas et al., 
2024; NC et al., 2023). Within conceptual DFT, the central 
descriptors are defined from the total electronic energy E(N, v)
as functions of the number of electrons N under a fixed external 
potential v. The chemical potential (Equation 1) (Pearson, 1992), 

μ �
∂E
∂N
􏼠 􏼡

υ
� −

I + A

2
� −χ, (1)

the chemical hardness (Equation 2) (Pearson, 1992; Pearson, 2005) 

η �
1
2

∂2
E

∂N2􏼠 􏼡
υ

�
I−A

2
, (2)

and the global electrophilicity index (ω) (Equation 3) (Parr 
et al., 1999) 

ω �
μ2

2η
(3)

were calculated to obtain information about the chemical reactivity 
of the compounds studied in this work. In this context, E is the total 
electronic energy, N is the number of electrons, and v is the external 

potential (arising from the nuclei and any fixed fields). The chemical 
potential (μ) is related to electronegativity (χ) by χ � −μ, the 
ionization energy (I) is approximated as I � −EHOMO, and the 
electron affinity (A) as (A � −ELUMO). The chemical hardness (η) 
measures the resistance of the electronic cloud to deformation 
during charge transfer, while the global electrophilicity index (ω) 
quantifies the stabilization achieved upon electron acquisition.

2.2 Antioxidant analysis

The Fukui index f0 (Fukui, 1982; Li and Evans, 1995) was 
applied to identify molecular sites most susceptible to radical attack. 
Atomic charges were obtained through natural population analysis, 
and finite-difference approximations were used to derive the 
reactivity indices. These indices guided the generation of radical 
species, which were subsequently optimized at the same theoretical 
level (Weinhold et al., 2016; Reed et al., 1985; Barrera et al., 2025; 
Yamauchi et al., 2024). There are several methods for determining 
the antioxidant activity of compounds (Wenceslau et al., 2025), and 
to determine these property of the dibrominated DMBs derivatives, 
thermodynamic descriptors were calculated in the gas phase, in the 
same level of theory. Two main mechanisms can explain the 
antioxidant activity of compounds. The first, the hydrogen atom 
transfer (HAT) and the other, proton transfer (Lee et al., 2020; 
Borges I. et al., 2022). Hydrogen transfer processes can occur 
through homolytic or heterolytic scission of hydrogen atoms. The 
heterolytic pathway involves either a single electron transfer 
followed by proton transfer (SET-PT) or sequential proton loss 
followed by electron transfer (SPLET). The schematic representation 
of both mechanisms is shown in Scheme 1.

Since IB1, IB2, and IB3 have no phenolic groups, the antioxidant 
activity calculations were conducted only using the ET mechanism, 
in which one electron was removed from each structure and the 
ionization potential of the dibrominated DMBs derivatives was 
calculated using Equation 4, 

IP � H AH·[ ]+ +He − HAH, (4)

in which HAH, H[AH·]+ , and He are the dibrominated DMBs 
derivatives, radical cation formed after free radical scavenging, 
and electron enthalpies. The lower the IP value, the greater the 
antioxidant activity of the azine. The results were tabulated and 

SCHEME 1 
Diagram of free radical scavenging mechanisms.
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compared. Furthermore, spin density distributions were obtained to 
predict the stability of the radicals formed.

To investigate the influence of the medium on the electron-transfer 
step, the ionization potentials (IP) were calculated in different solvation 
environments. For this purpose, the implicit conductor-like polarizable 
continuum (CPCM) model (Takano and Houk, 2005) was employed, 
using solvents with distinct dielectric constants to represent 
hydrophobic and hydrophilic microenvironments relevant to 
biodiesel-like systems. Benzene (ε = 2.27) and toluene (ε = 2.37) 
were selected as representatives of nonpolar media because their 
polarity is similar to the hydrophobic matrix of biodiesel, which is 
predominantly composed of fatty acid esters with dielectric constants 
between 3 and 4.5. These solvents therefore allow the low-polarity 
microenvironment in which antioxidant additives operate to be 
reasonably mimicked. The inclusion of ethanol (ε = 24.85) was 
intended to model residual polar components that may remain from 
the transesterification process, affecting local polarity and the solvation 
profile of the compounds (Patiño-Camino et al., 2021; Plácido and 
Capareda, 2016). Water (ε = 78.35) was also considered due to the 
hygroscopic nature of biodiesel (Etim et al., 2022; He et al., 2007), which 
enables the incorporation of small amounts of this contaminant and can 
substantially alter the dielectric properties of the medium. In this 
manner, it becomes possible to assess how different physicochemical 
environments influence the ionization process without anticipating any 
interpretation regarding antioxidant performance.

Radical stabilization was further investigated by spin density 
distribution and NBO analysis (Weinhold and Landis, 2012; 
Weinhold and Landis, 2001) through the donor–acceptor 
hyperconjugation (Alabugin et al., 2011) obtained by the second- 
order perturbation formula (Equation 5), 

E
2( )
i → j* � −nσ

〈σi F̂
􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌σ*
j〉

2

εj* − εi
� −nσ

F2
ij

εj* − εi
, (5)

where 〈σi|F̂|σ*
j〉

2 or F2
ij is the Fock matrix element between the 

natural bond orbitals i and j; εσ* is the energy of the antibonding 
orbital σ*, and εσ is the energy of the bonding orbital σ; nσ represents 
the population occupation of the σ donor orbital.

To complement these quantum descriptors, a machine learning 
approach was adopted for estimating radical reaction rate constants 
(kOH). Calculations leveraged the pySiRC (Sanches-Neto et al., 2021) 
framework, employing Morgan fingerprints and the XGBoost 
algorithm to predict kOH for each target molecule under oxidative 
attack by hydroxyl radicals in model biodiesel environments. 
Performance benchmarks and method validation followed protocols 
previously reported (Jenkin and Hayman, 1999). This allowed direct 
computational comparison of dibrominated DMBs (IB1, IB2, IB3) and 
reference commercial antioxidants (BHT, TBHQ, BHA, PG, PY, GA) 
(Figure 1), supporting a predictive ranking of radical-trapping 
potentials in biodiesel-relevant conditions.

3 Results and discussion

3.1 Molecular modeling analysis

The spatial distributions of the HOMO and LUMO (Figure 2) 
provide computational insights into the reactivity profiles of the 
studied compounds (Ganiev et al., 2023; Kim et al., 2013). In IB1, the 

computed HOMO is extensively delocalized over the aromatic 
backbone and adjacent methoxy and bromine substituents, 
indicating a pronounced propensity for electron donation from 
these conjugated regions. The LUMO is primarily localized on the 
brominated and methoxylated sites, suggestive of a substituent- 
directed capacity for charge acceptance that may modulate 
interaction with radical species. IB3, conversely, exhibits both 
HOMO and LUMO densities that are distinctly more localized, 
confined to specific aromatic and substituent positions; this spatial 
restriction is associated with decreased π-delocalization and 
enhanced electronic softness, factors that favor increased 
reactivity but potentially at the cost of reduced radical 
stabilization. IB2 displays intermediate behavior, with modest 
orbital delocalization and energetic descriptors that fall 
between IB1 and IB3.

Among phenolic benchmarks, BHA and BHT show HOMO 
density highly concentrated on the hydroxyl moieties and ortho/ 
para positions of the aromatic core. This canonical distribution 
aligns with classical mechanisms for HAT, where delocalized spin 
upon oxidation stabilizes the resulting phenoxyl radicals. In 
contrast, GA, PG, and PY each exhibit broader orbital 
delocalization in their HOMOs, spanning multiple hydroxyl sites 
and aromatic centers, which enhances radical stabilization but may 
slow initial scavenging kinetics (Varatharajan and Pushparani, 2018; 
França et al., 2017). The complementary LUMO maps reveal diffuse 
and, in some cases, spatially extended character particularly 
pronounced in PG, PY, and TBHQ. For these molecules, the 
computed LUMOs exhibit substantial electron density expansion 
beyond the aromatic moiety into peripherally located regions, a 
hallmark indication of Rydberg orbital character. The presence of 
these Rydberg orbitals endows TBHQ, PY, and BHA with alternative 
electron-accepting channels and non-classical stabilization 
pathways for radicals, as observed in both computational theory 
and experimental radical chemistry.

Quantitative descriptors (Supplementary Table S1) consistently 
support these qualitative trends. IB1 displays the highest HOMO 
energy (≈- 8.39 eV) among the DMB derivatives, reflecting its strong 
electron-donating profile and increased electronic hardness. By 
contrast, IB3, characterized by the narrowest HOMO–LUMO gap 
(≈6.53 eV) and lowest ionization energy (≈7.89 eV), is definitively 
the most electronically “soft” and computationally reactive member 
within the new inhibitor series. IB2 presents an intermediate 
electronic configuration. Solvent-dependent analyses further 
suggest that while IB1 and IB2 maintain their electronic features 
across environments of varying polarity, IB3’s descriptors, especially 
its electronic gap and ionization potential, are substantially 
modulated by medium, reflecting a heightened sensitivity to 
environmental changes as predicted within the computational 
protocol. This effect may have implications for radical persistence 
under operational biodiesel conditions, but experimental 
corroboration is warranted.

Commercial antioxidants define well-established mechanistic 
archetypes: GA and PG have the largest calculated 
HOMO–LUMO gaps (≈7.26–7.37 eV) and highest calculated 
hardness, which typically correlate with enhanced kinetic stability 
but lower inherent reactivity. BHA and BHT, with moderate gaps 
(≈6.80–6.96 eV) and the lowest ionization energy (≈6.99–7.12 eV), 
are computationally positioned as rapid radical quenchers. TBHQ, 
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sharing a moderate gap and showing pronounced solvent 
modulation, reflects practical efficiency in nonpolar 
biodiesel systems.

3.2 Antioxidant potential

Spin density mapping reveals the spatial distribution of unpaired 
electrons following radical formation. For the dibrominated 
derivatives (IB1–IB3), the unpaired electron preferentially 
localizes on carbons adjacent to brominated positions, with 
partial delocalization into the aromatic π-system (Figure 3). In 
IB1, spin density is found mainly on C2, C3, and C5; 
IB2 concentrates spin density at C3 and C6, reflecting a more 
localized distribution but still partially extended across the 
aromatic ring. IB3 exhibits localization at C3 and C5, but with 
reduced overlap into the π-framework, consistent with the structural 
distortion imposed by ortho bromination.

Commercial antioxidants display distinct but complementary 
stabilization strategies. BHA and BHT show spin densities centered 
on the phenolic oxygen and adjacent carbons, directly benefiting 

from strong O–H to π conjugation, which efficiently stabilizes the 
radical cation. GA and PG exhibit broader spin distribution 
patterns, associated with their multiple hydroxyl substitutions, 
while PY and TBHQ exhibit intermediate patterns, with spin 
density distributed between oxygen substituents and aromatic 
carbons, reflecting their capacity to quench radicals efficiently in 
biodiesel-like environments (Lapuerta et al., 2012; Fernandes et al., 
2012; Rizwanul Fattah et al., 2014; Sui et al., 2021; Ileri and Koçar, 
2014; Rodrigues et al., 2020; Almeida et al., 2011). The spin density 
analysis consolidates the mechanistic framework of the 
dibrominated series: antioxidant activity is mediated by electron 
transfer, but the efficiency of radical stabilization is strongly 
modulated by substitution geometry. In contrast, commercial 
antioxidants achieve stabilization primarily through well- 
established O–H centered delocalization pathways, underscoring 
the advantage of phenolic hydroxyl groups over halogen substitution 
in ensuring persistent radical quenching.

The NBO analysis (Supplementary Table S2–S4) revealed that 
the O2 and O3 atoms experience the least stabilization due to the 
hyperconjugations occurring in the radicals. Notably, IB3 exhibits 
hyperconjugation from π(C1–C6) → π*(O2–C2) with a stabilizing 

FIGURE 1 
Structural formula of the dibrominated DMBs derivatives investigated (IB1, IB2, IB3) and commercial antioxidants used as benchmarks (BHA, BHT, GA, 
PG, PY, TBHQ).
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energy of ≈1.07 eV, effectively stabilizing the radical on the O2 atom. 
When the unpaired electron is located at C2, there are two important 
hyperconjugations that significantly contribute to stabilizing the 
IB1 radical: π(C5–C6) → π*(C1–C2) with an E(2)i− j* value of 
≈0.569 eV, and η2 (O2) → π*(C1–C2) with an E(2)i− j* value of 
≈0.734 eV. In contrast, for the IB2 radical, only one 
hyperconjugation strongly aids in its stabilization: η2 (O2) →
π*(C1–C2), with an E(2)i− j* value of ≈1.15 eV. Finally, in the 
IB3 radical, the hyperconjugation that contributes most to its 
stabilization is η1 (O2) → σ*(C2–C3). However, the E(2)i− j* value 
for this interaction is lower, indicating relatively poor stabilization of 
the radical in this region of the molecule. When the unpaired 
electron is located on the C3 atom, there are three significant 
hyperconjugations involving donor orbitals π(C1–C2), π(C5–C6), 
and η3 (Br1) of IB1 with the acceptor orbital π*(C3–C4) contribute to 
its stabilization, with E(2)i− j* values of ≈0.525, ≈0.703, and ≈0.390 eV, 
respectively. In the case of IB2 and IB3, only one crucial 
hyperconjugation each was observed in the stabilization of their 
radicals: η2 (O2) → π*(C1–C2) with an E(2)i− j* value of ≈1.15 eV for 
IB2, and η1 (O2) → σ*(C2–C3) with an E(2)i− j* value of 
≈0.241 eV for IB3.

Collectively, the NBO results underscore the decisive role of 
substitution geometry in dictating radical stability. IB1 achieves 

stabilization through a distributed network of hyperconjugations, 
IB2 depends on one dominant interaction, and IB3 is structurally 
penalized by steric congestion, which suppresses orbital 
overlap. These findings reconcile the paradox observed in global 
descriptors: although IB3 exhibits the lowest ionization potential 
and narrowest HOMO–LUMO gap, its radical intermediates lack 
sufficient hyperconjugative support, reducing its efficacy as an 
antioxidant. The duality of bromination—enhancing electronic 
softness while constraining delocalization—emerges here as a 
fundamental trade-off that limits the utility of this class in 
biodiesel stabilization.

The antioxidant potential of the dibrominated derivatives was 
evaluated employing site-specific reactivity indices, radical stability 
parameters, and ionization potential metrics. Fukui’s f0 function 
(Figure 4a) consistently identified bromine substituents and the 
phenolic oxygen as the most electrophilic sites for potential radical 
attack, with the electronic polarization induced by bromination 
rendering these sites particularly susceptible to electron abstraction. 
Notably, the absence of labile hydrogen atoms in DMB molecules 
indicates HAT is not their operative scavenging pathway; instead, 
their antioxidant mechanism is primarily governed by electron 
transfer processes. This mechanism is supported by the 
computed electronic descriptors and is further illustrated in 

FIGURE 2 
Isosurface representations of HOMO and LUMO for phenolic biodiesel additives and dibrominated DMBs (IB1–IB3). Energy values are shown in eV, as 
computed using the M06-2X/6-311++G (d,p) level of theory (isovalue = 0.002) in the gas phase.
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Scheme 1, where the free radical (R·) captures an electron from the 
additive, leading to the formation of a radical cation and a 
neutralized radical species.

In this process, R· captures an electron from the additive 
(DMB), generating a radical cation ([DMB·]+) and a neutralized 
radical (R–) as schematically illustrated in Scheme: 

DBM + R·→ DMB·[ ]+ + R– 

The relative stability of the radical intermediates, expressed as 
enthalpy differences (ΔH, Figure 4b), follows the order IB3 > IB2 > 
IB1. These values are comparable to those of commercial 
antioxidants such as GA and PG, suggesting that despite 
structural distortions introduced by bromination, the DMBs can 
form radicals of competitive stability. In these radicals, the unpaired 
electron preferentially localizes on C2, C3, and C5 in IB1, C3 and 
C6 in IB2, and C3 and C5 in IB3 before undergoing free radical 
scavenging. The IP calculations further refine this mechanistic 
framework. Gas-phase values are ≈8.48, ≈8.43, and ≈8.17 eV for 
IB1, IB2, and IB3, respectively, which situate them within the 
reference range of phenol (Xue et al., 2013a) (≈8.31 eV), 
glutathione (Aguiar et al., 2022b) (≈7.55 eV), phenolic chalcones 
(Xue et al., 2013b) (mean: ≈7.55 eV), and other chalcones (Aguiar 

et al., 2023) (≈8.02 eV). Solvent effects significantly modulate these 
values, with reductions of ≈12% in nonpolar solvents and up to 
≈20% in polar solvents. This trend enhances reactivity in the 
presence of water an inevitable biodiesel contaminant due to its 
hygroscopic nature thereby ensuring antioxidative activity under 
practical conditions (Christensen and McCormick, 2023; Fregolente 
et al., 2012; Rodriguez et al., 2018).

Commercial antioxidants display similar solvent-dependent 
behavior (Schober and Mittelbach, 2004; Serqueira et al., 2015; de 
Sousa et al., 2014; Kreivaitis et al., 2013; Hazrat et al., 2021). BHA 
and BHT exhibit pronounced reductions, from ≈7.46–7.55 eV in the 
gas phase to ≈5.68–5.94 eV in water (Figure 4c), rationalizing their 
widespread efficiency in biodiesel applications. GA, PG, and PY, by 
contrast, maintain consistently high IPs with limited solvent 
sensitivity, conferring robustness but reduced reactivity 
(Hosseinzadeh-Bandbafha et al., 2022; Lau et al., 2024; Erdemir 
et al., 2005). TBHQ represents an intermediate case, with reactivity 
enhanced in nonpolar solvents, consistent with its efficiency in 
biodiesel-like matrices. While IB1 emerges as the most 
thermodynamically stable, IB3 is the most reactive but least 
stabilized, and IB2 exhibits intermediate behavior. These 
mechanistic insights confirm that dibromination can produce 

FIGURE 3 
Spin density distributions of radical intermediates for dibrominated DMBs derivatives (IB1–IB3) and reference phenolic antioxidants, calculated at the 
M06-2X/6-311++G (d,p) level (isovalue = 0.015). Blue lobes represent unpaired electron density with Mulliken spin populations indicated. DMB derivatives 
show spin localization influenced by methoxy and bromine substitution, whereas phenolic antioxidants display delocalization centered on hydroxyl 
groups and adjacent carbons, reflecting distinct stabilization mechanisms.
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competitive descriptors relative to established phenolic antioxidants, 
although the dual influence of bromine facilitating ET but 
constraining delocalization—remains a fundamental 
computationally observed limitation of these structures.

The machine learning-derived reaction rate constants provide 
predictive (Table 1) insights into the radical-trapping potential of 
DMB derivatives relative to established commercial antioxidants. 
The three DMB derivatives exhibit kOH values that situate them 
within the same theoretical reactivity regime as BHT and GA, but 
below the highly reactive benchmarks TBHQ, BHA, and particularly 
PG, which was identified as the most reactive antioxidant among 
those assessed. This computational ranking aligns qualitatively with 
literature trends for antioxidant efficiency in biodiesel, where PG, 
TBHQ, and BHA typically suppress oxidation and extend induction 
periods more effectively than BHT and GA under Rancimat 
conditions (Varatharajan and Pushparani, 2018; Hosseinzadeh- 
Bandbafha et al., 2022; Schober and Mittelbach, 2004; Mittelbach 
and Schober, 2003; Yamauchi et al., 2024; Singh et al., 2022; hao Ni 
et al., 2020; Chen et al., 2019). Consequently, the moderate (kOH)

values predicted for the DMBs suggest radical scavenging 
capabilities comparable to BHT, indicating suitability for 
scenarios requiring controlled stabilization.

Furthermore, the similarity between IB1 and IB3 suggests 
that their structural differences have minimal impact on 
hydroxyl radical trapping, whereas the lower reactivity of 
IB2 implies specific electronic or steric constraints. While the 
present work is strictly theoretical, the derived 
descriptor–kinetics hierarchy establishes a concrete 
framework for future validation, serving as a bridge to 
practical observations. To confirm the predicted performance, 
the rank ordering established herein—based on IP, softness, 
NBO hyperconjugation, and ML-derived (kOH) should be 
directly confronted with a targeted experimental protocol. 
This validation would necessitate DPPH and ABTS radical- 
scavenging assays to determine (IC50) values, correlating 
kinetic rates with computed electronic descriptors, alongside 
DSC and TGA measurements on treated biodiesel to determine 
oxidation onset temperatures and mass-loss profiles. Thus, this 

FIGURE 4 
(a) The f0 for radical attacks on DMBs, (b) graph of ΔH of DMB compounds and their respective radicals and (c) a graph of the ionization potentials of 
DMBs and commercial biodiesel additives. All values computed at the M06-2X/6-311++G (d,p) level. Solvent effects are indicated where applicable.
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study provides the theoretical foundation and a concise roadmap 
for subsequent experimental verification of DMB derivatives as 
effective biodiesel stabilizers.

4 Final considerations

This study integrated computational descriptors frontier 
molecular orbitals, Fukui indices, ionization energies, spin 
density distributions, and NBO hyperconjugation analyses to 
elucidate the antioxidant mechanisms of dibrominated DMBs 
derivatives compared to commercial phenolic benchmarks. Our 
calculations suggest that bromination enhances electronic 
softness and facilitates electron transfer, positioning DMB 
additives as computationally promising for radical scavenging 
in biodiesel stabilization. However, increased softness and 
planarity deviation, particularly in ortho-substituted 
derivatives, may restrict conjugation and reduce the 
persistence of radical intermediates.

Within the DMB series, IB1 is predicted to combine a favorable 
electron-donating profile with distributed stabilization potential, 
while IB3 displayed high reactivity but limited radical stability 
due to local electronic effects. IB2 exhibits intermediate behavior 
based on our analyses. When benchmarked against commercial 
antioxidants, distinct mechanistic contrasts are indicated by our 
computational results. BHA and BHT are characterized in our study 
as achieve efficiency through low ionization potentials and 
hydroxyl-centered resonance stabilization; GA and PG rely on 
wide HOMO–LUMO gaps and extended delocalization across 
multiple hydroxyl groups; TBHQ benefits from solvent- 
dependent reactivity optimized for nonpolar biodiesel matrices. 
The dibrominated derivatives, by contrast, operate through 
halogen-induced polarization and ET pathways, situating them in 
a mechanistically distinct class. These results demonstrate that the 
antioxidant potential of DMB derivatives depends on achieving the 
right balance between reactivity and radical stability. Optimization 
of substitution patterns can be guided by computational descriptors 
established in this study, and may inform the design of future fuel 
additives, once validated experimentally.
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