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ABSTRACT

Background: The growing demand for renewable energy sources has positioned biodiesel as a promising alternative to fossil
fuels. However, its limited oxidative stability poses significant challenges for storage and performance, particularly at elevated
temperatures. Objectives: This study aimed to investigate the influence of a methyl substituent group on the structural, electronic,
and antioxidant properties of hydroquinone-derived phenolic compounds to evaluate their potential as biofuel additives. Methods:
A combination of supramolecular and theoretical approaches was employed to examine the intermolecular interaction patterns in
the crystals of 2,5-dimethylhybenzene-1,4-diol and 2-methylhybenzene-1,4-diol through QTAIM and natural bond orbital (NBO)
analyses. Additionally, density functional theory (DFT) calculations at the M06-2X/6-311++G(d,p) level of theory were performed
to optimize the molecular structures and evaluate the corresponding chemical reactivity descriptors. The antioxidant mechanisms
and the stability of the radicals generated during free-radical scavenging were further investigated using thermodynamic
descriptors. Results: Electronic-structure analysis showed that methyl substitution slightly lowers the bond-dissociation enthalpy
and ionization potential of the phenolic compounds, thereby enhancing their antioxidant capacity. Compared with commercial
additives, the studied compounds exhibited competitive thermodynamic antioxidant profiles. Conclusions: Both compounds
demonstrated antioxidant potential as multifunctional biofuel additives, with dimethyl substituted hydroquinone standing out
as a promising candidate.

critical public infrastructure. However, as these finite resources
become increasingly scarce and economically unsustainable, the

1 | Introduction

Contemporary society is being confronted with an escalating
energy crisis driven by the rapid depletion of fossil fuel reserves
[1], geopolitical tensions [2], and the simultaneous surge in
global energy demand [3]. Fossil fuels continue to serve as the
foundation of modern civilization [4, 5], sustaining transportation
networks, industrial activities, power generation systems, and

resulting disruptions extend beyond energy markets, affecting
national economies, limiting access to essential infrastructure,
and undermining socioeconomic stability, particularly in vul-
nerable and under-resourced communities [6, 7]. Fossil fuel
combustion represents a primary source of greenhouse gas
emissions, atmospheric pollutants, and global climate change
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[8], leading to ecological degradation [3], negative public health
impacts, and a heightened frequency of extreme weather events
[9]. Accordingly, the global community faces a pressing dual
challenge: to ensure the availability of reliable, equitable energy
sources while expediting the transition toward cleaner and more
sustainable energy systems [10-14].

In this context, biodiesel has emerged as a viable alternative
[15]. As a renewable, biodegradable fuel derived from veg-
etable oils [16] or animal fats [17], biodiesel offers significant
environmental benefits compared to conventional petroleum-
based diesel, including reduced carbon emissions and enhanced
biodegradability [18]. It contributes not only to reducing reliance
on fossil fuels but also to decarbonizing the transportation sector.
Nevertheless, biodiesel’s major limitation is its susceptibility to
oxidative degradation, particularly during storage and at elevated
temperatures [19]. Oxidation degrades fuel quality, shortens shelf
life [20], and increases nitrogen oxide (NO,) emissions, thereby
diminishing the environmental and performance benefits of
biodiesel [19]. To address these challenges, the incorporation
of antioxidant additives has become a key strategy to enhance
biodiesel stability [21]. Among these, phenolic compounds—
particularly hydroquinone derivatives—have exhibited notable
antioxidant properties [22].

Hydroquinone (benzene-1,4-diol) is a simple aromatic compound
[24, 23] characterized by two hydroxyl (-OH) groups positioned
para- on a benzene ring [24]. This molecular arrangement
provides hydroquinone with a balance between aromatic stability
and high redox activity [25], making it a chemically versatile
scaffold in both industrial [25] and biological systems [26,
27]. These compounds neutralize reactive species and inter-
rupt oxidative chain reactions, thereby extending the induction
period and improving fuel preservation. Structural modifica-
tions, such as methylation, have been shown to enhance the
electron-donating capacity, steric effects, and supramolecular
organization of hydroquinone derivatives, ultimately improv-
ing their antioxidant activity [28]. Methyl-substituted hydro-
quinones have exhibited a promising performance in various
studies, positioning them as multifunctional candidates for
biodiesel stabilization [29, 30]. These modifications can influ-
ence not only the thermodynamic properties and electron
density distribution but also intermolecular interactions that
govern crystal stability and chemical reactivity in oxidative
environments.

In this regard, the present study aims to investigate the effect
of methyl group substitution on hydroquinone-based pheno-
lic compounds, with an emphasis on structural, electronic,
and antioxidant properties relevant to their potential use as
biodiesel additives. Using a comprehensive approach that inte-
grates experimental crystallographic data with computational
methodologies, including density functional theory (DFT) [31,
32], natural bond orbital (NBO) analysis [33, 34], and quan-
tum theory of atoms in molecules (QTAIM) |35, 36]—we seek
to elucidate the relationship between molecular structure and
antioxidant performance. The findings are expected to contribute
to the rational design of high-performance antioxidant additives,
supporting the long-term oxidative stability of biodiesel as a
sustainable energy alternative in a rapidly evolving global energy
landscape.

2 | Computational Procedures
2.1 | Solid-State Analysis

The crystal structures of 2,5-dimethylhybenzene-1,4-diol (2,5-
MHQ) and 2-methylhybenzene-1,4-diol (2-MHQ) were obtained
from the Cambridge Structural Database (CSD) (Figure 1).
There are two polymorphic forms for 2,5-MHQ, with the codes
1143539 [37] and 129357 [38], and only one structure for 2-
MHQ, under code 2025206 (Berthold [39]). The influence of
methyl substituents on the molecular geometry was evaluated
through statistical analysis using the One-Way ANOVA test,
implemented via the RStudio 3.0.1 software package [40], which
was applied to assess variations in the geometric parameters
within the asymmetric unit. Using DFT calculations [31, 32],
implemented in the Gaussian 16 program package [41], the
molecular structures of 2,5-MHQ and 2-MHQ were optimized in
the gas phase to compare the geometrical parameters with those
in the solid state. The calculations were carried out using the
highly parameterized empirical exchange-correlation functional
MO06-2X [42], combined with the diffuse and polarized basis set 6-
311++G(d,p). Frequency calculations were performed to confirm
the minimum on the potential energy surface.

The gas-phase calculations were used as a structural reference
to better understand the supramolecular arrangements of the
2,5-MHQ and 2-MHQ crystals. Intermolecular interactions were
obtained by Mercury 2022.1.0 software [43], and analyzed using
the topological parameters derived from QTAIM [35, 36] at
the bond critical points (BCP), obtained on Multiwfn 3.8 [44]
software. Additionally, their interaction binding energies were
determined using the counterpoise method [45], which corrects
for basis set superposition error (BSSE) [46]. In this approach,
the BSSE-corrected binding energy (AEy;,q pssg) Was computed in
Equation (1).

AEbind,BSSE = Edimer - (EmonomerA + EmonomerB) + EBSSE (1)
where Ey,., is the total energy of the interacting dimer, and
E onomer o and E o005 are the monomer energies calculated in
the full basis set of the dimer. The energetic stability of these
interactions was further assessed through NBO analysis [33, 34],
estimated by second-order perturbation in Equation (2).

2
(aiPio}) P
E® =-n, L —n, — 2

i—j*
=) Ejx — Ejx —

where i and j are the donor and acceptor NBOs, (o|Flo)? or Ffj
is the Fock matrix element; €. is the energy of the antibonding
orbital o*, and ¢, is the energy of the bonding orbital o; n, is
the population occupation of the o donor orbital. Furthermore,
spin density isosurfaces were obtained to verify the distribution
of unpaired electrons in the structures of the produced radicals,
allowing their chemical stabilities to be predicted.

2.2 | Electronic-Structure Calculations

To understand the antioxidant properties, the electronic
structures were analyzed by frontier molecular orbital (FMO)
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2,5-dimethylbenzene-1,4-diol

2-methylbenzene-1.,4-diol

FIGURE 1 | Structural formula and respective Ortep 50% probability of 2,5-MHQ (and polymorphs), and 2-MHQ, obtained by Mercury 2022.1.0.

energies—namely the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals (LUMO)
[47]. All isosurfaces were obtained on GaussView 6 [48]. These
quantities were obtained from single-point energy calculations
at the same level of theory (M06-2X/6-311++G(d,p)), and their
numerical values were tabulated. The energies of these orbitals
are important quantum descriptors in evaluating the chemical
reactivity of antioxidant compounds. By Eyoyo, it is possible to
estimate the free-radical scavenging power by charge transfer,
as suggested by Fukui [49], who states that the most reactive
site of aromatic electrophiles can be determined from the spatial
distribution of electrons in the HOMO. The HOMO-LUMO
energy gap (AE;; _ ) was used to assess kinetic stability, in which
a larger AEy _; indicates lower chemical reactivity and higher
molecular stability.

Furthermore, descriptors such as ionization energy (IE) and
electron affinity (EA) were used to predict the tendency of
compounds to transfer electrons during free-radical scavenging
processes. According to Koopmans’ theorem [50], the IE and EA
were estimated as IE~ — Eyoyvo and EA~ — E| o, respectively.
Therefore, the lower the IE value, the greater the antioxidant
power, which is directly related to chemical hardness [51, 52], as
shown in Equation (3).

n 3)

_1(&E\ _IE-EA
~ 2\ aN2 U‘ 2

chemical potential [52] (Equation (4)).
0E IE+EA
= | — - —_ = 4
% ( N ) ) 3 X €y
and the global electrophilicity index [53], (Equation (5)).

w=— 5)

were derived. In Equations (3) and (4), E is the energy of the
system, N is the number of particles, v is the external potential,
and y is the electronegativity.

Calculation of Fukui f° function [49, 54], through Equation (6).

p ]’

0 — 6

£ [ ll ©

enabled the most probable sites for radical attacks on the 2,5-

MHQ and 2-MHQ molecules to be predicted. Here, po(r) is the
electronic density.

2.3 | Antioxidant Potential Analysis

Reactive species present in biodiesel negatively affect the per-
formance and durability of modern diesel engines. Its inherent
acidity, hygroscopic nature, and susceptibility to oxidative degra-
dation are major limitations that contribute to fuel instability and
accelerated engine wear [55-57]. In this context, the incorporation
of chemical additives is essential for enhancing biodiesel quality
and extending its service life. Among the additives are antioxidant
agents, which inhibit oxidative processes and help maintain fuel
functionality during storage and operation [58, 59].

The antioxidant potential of candidate compounds can be
assessed using thermodynamic and electronic descriptors, which
vary according to the specific mechanisms of radical neutral-
ization. Functionally, these additives act to eliminate reactive
species within the biodiesel matrix, in a manner analogous to
how biological systems counteract oxidative stress. The molec-
ular structures of 2,5-MHQ and 2-MHQ were optimized, and
harmonic frequency calculations were performed to confirm
that all optimized geometries correspond to a true minimum
on the potential energy surface. Additionally, the radical species
potentially formed during the hydrogen atom transfer (HAT) or
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TABLE 1 | Crystallographic data and structure refinement parameters for polymorphic forms of 2,5-MHQ and 2-MHQ.

Crystal data 2,5-MHQ (P-I) 2,5-MHQ (P-1I) 2-MHQ
Chemical formula CgH,,0, C¢H,,0, C,H;0,
Molecular weight (g/mol) 138.16 138.16 124.137
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Pca2, P2,/c P2,/n
a/A 13.256(2) 13.497(5) 4.7963(2)
b/A 4.5609(8) 4.5178(11) 9.9103(5)
c/A 11.977(2) 13.211(4) 12.9177(6)
al® 90 90 90
Bl° 90 118.80(2) 96.539(2)
/e 90 90 90
Volume/A3 724.121 705.921 610.02
A 4 4 4

Note: a, b, ¢, a, 8, and y are the crystallographic parameters; Z is the number of asymmetric units in the unit cell.

single-electron transfer (SET) mechanisms were modeled, and
their relative stabilities were investigated through spin density
distribution [60] and NBO analysis.

3 | Results and Discussion
3.1 | Solid-State Description

Polymorph I of 2,5-MHQ (P-I) and polymorph II of 2,5-MHQ
(P-II) crystallized in the orthorhombic Pca2, and monoclinic
P2,/c space groups, respectively. Compound 2-MHQ was crystal-
lized in the monoclinic P2,/n space group. The crystallographic
parameters are shown in Table 1. The statistical evaluation using
One-Way ANOVA was performed to compare the mean bond
lengths and bond angles of 2,5-MHQ (P-I and P-II) and 2-MHQ.
The results indicated no statistically significant differences in
most geometric parameters [F(2,24) = 0.026, p = 0.974], confirm-
ing that methyl substitution produces only minor distortions in
the intramolecular geometry. The observed structural differences
result from the substitution pattern and molecular symmetry,
rather than from experimental variability within the crystal
structures. The boxplot in Figure 2a shows that the C;—C; bonds
exhibited high values. This is due to the o bonds between the ring
carbon and the methyl group, which have longer lengths than
7-type bonds (1.40 A).

Compound 2-MHQ has another value above the upper limit in
the C,-C; bond, also derived from the effect of the methyl group.
However, it has a higher value of 1.399 A when compared to
the 2,5-MHQ (P-I) and 2,5-MHQ (P-II), which present 1.392 A
and 1.391 A, respectively; this value is not so accentuated and
is probably due to the lack of molecular symmetry (Figure 3).
For the angles, no outliers were found; the data were negatively
asymmetric, the median with values 121.115, 121.240, and 120.300
to 2,5-MHQ (P-I); 2,5-MHQ (P-II) and 2-MHQ are, respectively,
shifted to the third quartile in Figure 2b. In this case, it was not
possible to apply the One-Way ANOVA test because the values do
not follow a normal distribution.

Theoretical geometric parameters were examined by employing
the mean absolute percentage deviation (MAPD), according to
Equation (7),

100 «
h i=1

XDFT — XXRD

MAPD = @)

XXRD

to quantify and assess the variance between theoretical pre-
dictions and experimental observations. Here, yprr and xxrp
represent the theoretical and experimental geometric parameters,
providing a basis for an in-depth analysis of the molecular
structures of substituted hydroquinone. Comparing the bond
lengths of the polymorphs 2,5-MHQ and 2,5-MHQ (PI) with 2-
MHQ yields, the following MAPD values were obtained: 0.381%
(R? = 0.9909) and 0.562% (R*> = 0.9738) (Figure 4). For the bond
angles, the observed MAPD values were 0.260% (R? = 0.9791)
for PI and PII of 2,5-MHQ and 1.205% (R? = 0.3698) (Figure 4).
These data indicate that P-I and P-II of 2,5-MHQ exhibit only
slight differences in their molecular structures. Conversely, the
comparison of 2,5-MHQ (P-I) with 2-MHQ shows that the pres-
ence of an additional methyl group in 2,5-MHQ causes distortions
primarily in the C,-C,-0O, bond angle, which increases by 4.3%,
and the C;-C,-0, bond angle, which decreases by 3.0% in 2-
MHQ. Although the differences in cell parameters between P-I
and P-II are minor (Table 1), the QTAIM analysis (Table 2) reveals
subtle variations in the electron density at the BCP of the O-H::-O
hydrogen bonds. These small topological changes account for the
slightly different binding energies and help rationalize the dis-
tinct supramolecular packing observed between the two crystal
forms.

The supramolecular arrangement reveals a zigzag pattern, with
variations in its intermolecular interactions directly influencing
its structural stability. In the case of P-I of 2,5-MHQ, O,-
H---0, (A) and O,-H---O, (B) interactions were identified (Figure
5a), characterized by the graph set [61] C{(7). The topological
parameters from the QTAIM (Table 2) indicate that the electron
densities in the internuclear regions are low, with the former
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FIGURE 4 | Scatterplots comparing geometric parameters between experimental and theoretical data for: (a) 2,5-MHQ P-I, (b) 2,5-MHQ P-11, and

(c) 2-MHQ.

being 1.14 times greater than the latter. These interactions cor-
respond to moderate-intensity H-bonds [62, 63], exhibiting a
partially covalent character [64, 65], with an average binding
energy of —6.37 kcal/mol for O,-H:--O, and -4.96 kcal/mol for
0,-H---0,. The orbitals involved in these interactions at the
BCP are ¢(0,) and o(O,—H), contributing, on average, 51.5% and
32.3%, respectively. NBO analysis revealed that the lone pairs
7:(0,) and 7,(0,) hyperconjugate with the antibonding orbital

0*(0,—H), with the highest observed stabilizing energy reaching
13.39 kcal/mol (Table 3).

In P-IT of 2,5-MHQ, the interactions O,-H---O, (A) and O,-H---O,
(B) were identified and described by the graph sets C{(7), along
the ¢ axis, and Cl(2), also along the b axis. The topological
parameters (p = 0.030; Vp? = 0.13; h = 0.002; |v|/G = 0.9)
indicate that the electron densities at the BCPs are slightly lower

6 of 16

ChemistrySelect, 2026

85U8017 SUOWILLOD 3ATea.0 3edldde aup Aq pausenob ae sejoie YO ‘85N JO Sa|nJ Joj A%eid18ulUO A8]IA UO (SUOTPUOD-PUB-SWLBI WD A8 | IM A eIq 1 U1 |UO//SdNL) SUORIPUOD PUe SWB | 8L 885 *[9202/60/20] U0 Ariqiauliuo A(1M ‘seded Aq 20605202 1015/200T 0T/I0p/w0d A8 | imArelq 1 jputjuo adoune-Ais Leyo//Sdny Wiy papeojumod ‘2 ‘9202 ‘67595952



TABLE 2 |

method [46].

Geometric and topological QTAIM parameters of the intermolecular interactions in 2,5-MHQ (P-I and P-II) and 2-MHQ, obtained at the
MO06-2X/6-311++G(d,p) level of theory. Binding energies were calculated using the basis set superposition error (BSSE) correction via the counterpoise

0---H---0  p(r)? V2P BSSE energy

Interaction OH---0 (A) ©) (auw) (auw) G@®° v®?! h()e° 1} (kcal/mol) Interaction type
2,5-MHQ (P-I)

0,-H---0, (A) 1.769 153.037 0.0364 0.1275 0.0324 —0.0330 —0.0006 1.0 —6.37 H-bond (medium)
0,-H---0, (B) 1.823 169.842 0.0318  0.1286 0.0308 —0.0294 0.0014 1.0 —4.96 H-bond (medium)
0,-H---0, (A) 1.769 153.037 0.0362 0.1269 0.0322 —0.0328 —0.0005 1.0 —-6.37 H-bond (medium)
0,-H---0, (B) 1.823 169.842 0.0321 01295 0.0310 —0.0297 0.0013 1.0 —496  H-bond (medium)
2,5-MHQ (P-1I)

0,-H---0, (A) 1.83992 170.72424 0.0304 0.1306 0.0304 —0.0282 0.0022 0.9 —-4.90 H-bond (medium)
0,-H---0, (B) 1.8399 170.73047 0.0303 0.1300 0.0303 —0.0281 0.0022 0.9 —-4.90 H-bond (medium)
0,-H---0; (A) 1.83992 170.72424 0.0303 0.1300 0.0303 —0.0281 0.0022 0.9 —-4.90 H-bond (medium)
0,-H---0, (B) 1.8399 170.73047 0.0304 0.1306 0.0304 —0.0282 0.0022 0.9 —4.90 H-bond (medium)
2-MHQ

0,-H---0, (A) 1.88625 175.20808 0.0260  0.1155 0.0260 —0.0231 0.0029 0.9 —5.38 H-bond (medium)
0,-H---0, (B) 1.89966 167.52504 0.0263  0.1196 0.0267 —0.0236 0.0032 0.9 —4.69 H-bond (medium)
0,-H---0, (A) 1.88625 175.20808 0.0262  0.1162 0.0262 —0.0233 0.0029 0.9 —5.37 H-bond (medium)
0,-H---0, (B) 1.89966 167.52504 0.0261 0.1191 0.0266 —-0.0234 0.0032 0.9 —4.69 H-bond (medium)

2Total electronic density on BCP.
bLaplacian of electron density on BCP.
¢Lagrangian Kinect energy.

dPotential energy density.

¢Total energy density.

compared to P-I, suggesting weaker interactions (Figure 5b). In
fact, the calculated interaction energies were —4.90 kcal/mol,
still characterizing moderate-intensity H-bonds. Similarly, the
bonding orbitals involved in these interactions are o(0O,) and
0(0,), contributing 53.8%, while o(O,—H) and o(O,—H) con-
tribute 34.8%. Finally, NBO analysis suggests that the interactions
in P-IT are less stable, with the most stabilizing hyperconjugations
being 7,(0,) —» ¢*(0,—H) and 7,(0,) — ¢*(0,—H), presenting
Efi)} of 7.34 kcal/mol (Table 3).

The interactions in 2-MHQ correspond to O,-H---O, (A) and O,-
H---O, (B) (Figure 5c), described by the graph sets C{(7). Although
they are similar to the interactions observed in 2,5-MHQ (P-
I), the electron densities at BCPs are lower. As a result, the
binding energies are -5.38 kcal/mol for O,-H---O,, with orbital
contributions of 43.64% from o(0O,) and 29.55% from o(O,—H).
For O,-H::-0O,, the binding energy is —4.96 kcal/mol, with 45.11%
contribution from o(0,) and 35.08% from o(O,—H). NBO analysis
revealed that the O,-H---O, interactions are electronically more
stable, with El(ffj of 5.25 kcal/mol for the hyperconjugation 7,(0,)
— 0%(0,—H). The 0O,-H---O, interaction is stabilized by the
hyperconjugation 7,(0,) — ¢*(0,—H), with Eg] of only 4.81
kcal/mol.

The variations in electronic density, binding energies, and hyper-
conjugation effects underscore the balance between structural
organization and intermolecular forces in these systems. The
stronger hydrogen bonds observed in 2,5-MHQ (P-I) suggest

that this polymorph exhibits higher thermodynamic stabil-
ity [66]. In contrast, the slightly weaker interactions in 2,5-
MHQ (P-II) and 2-MHQ may influence key physical proper-
ties, such as solubility and mechanical resistance. Nonethe-
less, their ability to maintain a stable crystalline framework
indicates that these compounds possess potential as effective
additives for improving the oxidative stability of biodiesel
formulations [67].

3.2 | Molecular Modeling Analysis

FMO isodensities (HOMO and LUMO) of 2,5-MHQ and 2-MHQ,
and their respective energies are presented in Figure 6 and
Table 4. In both compounds, the HOMO is a 7 orbital and
the LUMO is a Rydberg orbital. The HOMO energy (Ey) in
2-MHQ is approximately 3.83 kcal/mol lower, and the LUMO
energy (E;) is roughly 1.20 kcal/mol lower compared to the
2,5-MHQ molecule. According to the HSAB principle [68], this
suggests that 2,5-MHQ is slightly more acidic than 2-MHQ. The
energy gap (AEy _ 1) indicates that the latter is electronically more
stable; this is because 2-MHQ is slightly harder (~1.69%) and
therefore less polarizable compared to the 2,5-MHQ molecule.
When compared with other antioxidant compounds, for instance,
in a comprehensive DFT-based study where AEy; _ | valuesranged
from approximately 30.0 kcal/mol for 4-(benzo[d]thiazol-2-yl)-
7-hydroxy-2H-chromen-2-one to about 121 kcal/mol for catechin
and epicatechin [69] and 136 and 142 kcal/mol for two chalcones
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TABLE 3 | S-order perturbation theory analysis in the NBO basis obtained at the M06-2X/6-311++G(d,p) level of theory for the interactions of the

OH groups of 2,5-MHQ (P-I and P-II), and 2-MHQ.

Donor Acceptor
i ugati E? _ (kcal/mol) . .
Interaction Hyperconjugation i jr Occupancy Hybrid Occupancy Hybrid
2,5-MHQ (P-I)
0,-H---0, (A) 7(0,) - 0%(0,-H) 6.07 1.96353 O;: 0.04191 0,:
Sp3‘03 Sp2.l4
H:s
7,(0,) —» 0*(0,-H) 13.05 1.90481 O;:p 0.04191 0,:
Sp2‘14
H:s
0,-H---0, (B) 7,(0,) — ¢*(0,-H) 2.61 1.97686 0,: 0.02559 O;:
Sp1.18 Sp2.42
H:s
1,(0,) = 0*(0,-H) 9.31 1.89451 0,: 0.02559 O;:
Sp3AO3 Sp2A42
H:s
0,-H---0, (A) 7,(0;) = 0%(0,-H) 5.82 1.96353 O;: 0.04197 0,:
Sp2‘78 sp3.95
H:s
7,(0,) —» 0*(0,-H) 13.39 1.90481 O;::p 0.04197 0,:
sp3.95
H:s
0,-H---0, (B) 7,(0,) — ¢*(0,-H) 2.62 1.97686 0,: 0.02553 O;:
Sp1.06 Sp2.41
H:s
1,(0,) - 0*(0,-H) 9.30 1.89451 O,:p 0.02553 O;:
Sp2A41
H:s
2,5-MHQ (P-1I)
0,-H---0, (A) 7(0,) - 0*(0,-H) 317 1.97525 O;: 0.01993 O;:
spLél SPZASZ
H:s
7,(0,) — ¢*(0,-H) 7.34 1.98049 O;: 0.01993 O;:
Sp1‘46 sp2,52
H:s
0,-H---0, (B) 7,(0,) —» 0*(0,-H) 317 1.97524 0,: 0.01993 0,:
Spl,él sp2,52
H:s
1,(0,) = 0%(0,-H) 7.34 1.91311 O,:p 0.01993 0,:
SPZ.SZ
H:s
0,-H---0, (A) 7(0,) - o*(0,-H) 317 1.97524 O;: 0.01993 O;:
SpLél SPZASZ
H:s
7,(0,) — ¢*(0,-H) 7.34 1.91311 O;:p 0.01993 O;:
Sp2,52
H:s
0,-H---0, (B) 7,(0,) —» 0*(0,-H) 317 1.97525 0,: 0.00445 0,:
Spl,él Sp3.00
H:s
(Continues)
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TABLE 3 | (Continued)

Donor Acceptor
Interaction Hyperconjugation E,(iz ;» (kcal/mol) Occupancy Hybrid Occupancy Hybrid
2,5-MHQ (P-I)
7,(0,) = 0*(0,-H) 7.34 1.91310 0,:p 0.00445 0,:
SP3AOO
H:s
2-MHQ
0,-H---0, (A) 7,(0;) = 0%(0,-H) 2.99 1.97294 0;: 0.01604 0;:
Sp1A79 SPZASO
H:s
7,(0,) — 0*%(0,-H) 4.81 1.90422 O;::p 0.01604 O;:
SPZ.SO
H:s
0,-H---0, (B) 7,(0,) = ¢*(0,-H) 5.25 1.97263 0,: 0.01659 0,:
sp1‘70 Sp2'40
H:s
1,(0,) = 0*(0,-H) 3.19 1.92303 O,:p 0.01659 0,:
Sp2.40
H:s
0,-H---0, (A) 7,(0,) = 0%(0,-H) 2.96 1.97466 0;: 0.01636 0;:
Sp1A65 Sp2A47
H:s
7,(0,) = o%(0,-H) 49 1.91287 0,:p 0.01636 0
Sp2’47
H:s
0,-H---0, (B) 7,(0,) = ¢*(0,-H) 522 1.97087 0,: 0.01623 0,:
Sp1.83 Sp2.43
H:s
7,(0,) — o*(0,-H) 3.16 1.91447 0,:p 0.01623 0,:
Sp2.43
H:s

in additives [70]—the calculated AE;_, values for 2,5-MHQ
and 2-MHQ place them among the most electronically stable
compounds within this spectrum. Specifically, a recent study on
the flavonoid luteolin reported a AEy _; of approximately 148
kcal/mol in a nonpolar solvent [71], whereas both 2,5-MHQ and
2-MHQ exhibit even larger gaps, indicating greater electronic
stability. This enhanced stability represents an advantage for their
potential application as antioxidants in biodiesel, as it may reduce
the likelihood of undesirable self-oxidation or decomposition
reactions during storage and exposure to oxidative environments.
Moreover, this stability ensures that the molecules can efficiently
scavenge free radicals without undergoing structural degrada-
tion, thereby prolonging the protective effect of the additive
within the fuel matrix. Furthermore, based on IE and u values,
it can be inferred that 2,5-MHQ can facilitate electron transfer
more readily, rendering it a more effective antioxidant agent than
2-MHQ.

According to the criteria established in previous studies [72,
73], moderate electrophiles exhibit w values between 18 and 35
kcal/mol (0.8-1.5 eV). Both 2,5-MHQ and 2-MHQ fall within this
range and are therefore classified as moderate electrophiles, with

TABLE 4 | Chemical reactivity indices for 2,5-MHQ and 2-MHQ
obtained at the M06-2X/6-311++G(d,p) level of theory. The values are in
kcal/mol.

Descriptor 2,5-MHQ 2-MHQ
Enomo —159.639 —163.470
Erumo -3.719 —4.916
AR, 155.920 158.554
Tonization energy (IE) 159.639 163.470
Electronic affinity (EA) 3.719 4.916
Electronegativity (y) 81.679 84.193
Chemical potential () —81.679 —84.193
Chemical hardness (1) 155.920 158.554
Global electrophilicity index (w) 21.394 22.354

*AEq.1, = ELumo—Enomo

2-MHQ displaying slightly higher electrophilicity than 2,5-MHQ.
However, 2-MHQ is slightly more electrophilic than 2,5-MHQ.
The V(r) values showed that the regions over the O atoms in
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A:O-H--0, B:0,-H---0,

FIGURE 5 | Molecular graphsrepresenting the bond paths (BP) and BCP present in the supramolecular arrangement of the compounds (a) 2,5-MHQ

P-TIand (b) P-II, and (c) 2-MHQ.

both molecules are nucleophilic sites, while the H atoms of these
groups are electrophilic sites (Figure 7). The symmetry in the 2,5-
MHQ molecule provides a homogeneous electronic distribution
due to the inductive effects caused by the symmetrical -CH; and
—-OH groups, resulting in similar V(r) values. On the other hand,
the asymmetry of the 2-MHQ molecule results in more heteroge-
neous V(r) values, since the inductive effect of the -CH; group
causes an increase in the charge density on the O, atom, making
it more nucleophilic than O,, since its H atom is more acidic.

3.3 | Application of Biofuel Additives

Antioxidants play a crucial role in stabilizing biodiesel, prevent-
ing oxidation that compromises its quality and functionality over
time. Phenolic compounds, such as hydroquinone and its deriva-
tives, have been extensively studied due to their effectiveness
in neutralizing free radicals and inhibiting oxidation reactions
in biofuels. The mechanism of action of these compounds is
related to their ability to donate electrons or hydrogen atoms,
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FIGURE 6 | HOMO and LUMO plots for (a) 2,5-MHQ, and (b) 2-MHQ calculated at the M06-2X/6-311++G(d,p) level of theory.
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FIGURE 7 | MEP surface at p(r) = 4.0 x 10~ electrons/Bohr? contour of the total SCF electronic density for (a) 2,5-MHQ, and (b) 2-MHQ, obtained

at the M06-2X/6-311++G(d,p) level of theory.

thus interrupting the oxidative chain reactions that degrade
biodiesel. Additionally, the insertion of methyl groups into the
structure of phenols can enhance their antioxidant capacity,
more effectively stabilizing biodiesel under various operational
conditions [21].

There are two main mechanisms to explain the antioxidant
activity: HAT and SET, followed by proton transfer (SET-PT)
mechanisms (Figure 8). In all these reactions, the antioxidant
compound is converted into a neutral radical (A -), which
must have a more stable and less reactive structure than the
initial free-radical (R -). The results of the Fukui f© function
showed that radical attacks are more likely to occur at C; and
C, atoms. However, it is possible that R - attacks these sites

via the SET-PT mechanism, resulting in proton transfer at the
phenolic H atoms. The O atoms are also susceptible to this type
of attack, but via the HAT mechanism. For this mechanism, it
is possible to form only one A - radical for 2,5-MHQ, since the
hydroxyl groups are symmetrical, and two other A - radicals
for 2-MHQ. In this mechanism, R - captures an H - atom by
homolytic cleavage of the antioxidant compound, forming the
new radical, A. The thermodynamic descriptor used to evaluate
the antioxidant activity is the O-H bond dissociation enthalpy
(BDE), calculated by Equation (8).

BDE = (H,. + Hy) - H, 8
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HAT
——— A+ R—1I
A—H + R.——
#AH*- + R: %-A- + R—H

FIGURE 8 | Scheme illustrates hydrogen atom transfer (HAT) and single-electron transfer followed by proton transfer (SET-PT) mechanisms in

free-radical scavenging. Both pathways lead to the same reaction products.

TABLE 5 | Bond dissociation enthalpy (BDE), ionization potential (IP), and proton dissociation enthalpy (PDE) for the 2,5-MHQ and 2-MHQ
compounds. The thermodynamic descriptors are also presented for the commercial additive compounds.

Compound
Radical 2,5-
MHQ 2-MHQ BHA BHT GA PG PY TBHQ
BDE (kcal/mol)
1 80.526 82.463 79.941 78.348 85.117 83.464 84.461 80.185
2 — 80.932 — — 87.024 82.536 84.995 82.625
1P (kcal/mol)
173.266 178.277 171.919 173.299 182.879 179.209 183.530 176.511
PDE (kcal/mol)
1 —42.033 —45.104 —41.272 —44.245 —47.049 —45.033 —48.356 —45.617
2 — —46.635 — — —45.142 —45.962 —47.821 —43.177
IP + PDE (kcal/mol)
1 131.233 133.173 130.647 129.055 135.830 134.175 135.175 130.894
2 — 131.642 — — 137.738 133.246 135.709 133.334

where H,, Hy . and H, . are the enthalpies of the antioxidant, the
H - radical and the A - radical, respectively.

The lower the BDE value, the greater the antioxidant potential
of the compound. The data showed that 2,5-MHQ is a better
antioxidant compared to 2-MHQ, since the BDE value obtained
was slightly lower (~0.5%). For 2-MHQ, the radical formed by
the dissociation of the O,-H bond is favored by ~1.9%, due
to the inductive effect caused by the methyl group bonded
to the neighboring C atom, compared to the breaking of the
O,-H bond. Table 5 shows the BDE values obtained by the
calculation. As a basis for comparison, the same calculations
were carried out for some additives commonly used as preserva-
tives in food, cosmetics, pharmaceuticals, and biodiesel, namely,
butylated hydroxyanisole acid (BHA), butylated hydroxytoluene
(BHT), gallic acid (GA), propyl gallate (PG), pyrogallol (PY),
and tert-butylhydroquinone (TBHQ). The BDE values obtained
for these additives fall within the range of 78-87 kcal/mol.
The breaking of the O-H bond of the carboxyl group of GA
does not contribute to free-radical scavenging, since the BDE
value was exceptionally high (106.112 kcal/mol). Nonetheless,
the BDE values obtained for the compounds in this work
are in the range mentioned for the commercial additives.
The calculation of the spin density for the radicals formed
by both compounds (Figure 9) showed that the radicals are
electronically stable since the unpaired electrons in each rad-

ical structure are delocalized across their respective aromatic
rings.

In the SET-PT mechanism, the AH compound initially loses an
electron to R -, transforming into the radical cation [A -]* (Step
I). The thermodynamic descriptor that evaluates the antioxidant
potential of the compound at this stage is the ionization potential,
given in Equation (9).

IP = H, + — Hyy ©)

where Hj, ;+ and H,y represent the total energies of [A -]*, and
AH, respectively. The lower the value, the greater the antioxidant
activity. Then, the [A -]* radical cation loses a proton to the anion
[R:]™ to form the radical A - (Step II), and the proton dissociation
enthalpy (PDE) is calculated by Equation (10).

PDE = HA, + HH* - H[A*]- (10)

where Hy. is the proton enthalpy. The sum of the ionization
potential (IP) and PDE values in this mechanism provides the
global antioxidant potential of the mechanism, so that the lower
the value of the sum, (IP + PDE),,,, the greater this potential
will be. Thus, the values in Table 5 show that the (IP + PDE),,;,
value of 2,5-MHQ is ~0.3% lower than the (IP + PDE),,, of 2-
MHQ, leading to a better antioxidant potential. Comparing the
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FIGURE 9 | Possible radicals generated via HAT and SET-PT mechanisms during the free-radical scavenging process for 2,5-MHQ (a) and 2-MHQ
(b). The spin density distributions for the respective radicals are displayed on the right.

(IP + PDE),,;, values of the commercial compounds, we observe
that both compounds studied in this work are within the (IP +
PDE),,;, range (129-136 kcal/mol).

The spin density calculation showed that the unpaired electron
is in resonance with the aromatic ring, stabilizing the formed
radicals (Figure 9). NBO analysis indicated that their structures
are mainly stabilized by 7 — 7* and » — 7* hyperconjugations.
For radical 2 of 2-MHQ, the 7(C,-C,) —» 7*(C5—C;) and 7(C;-
C,) - 7*(C,-C,) hyperconjugations occur, with Efi) i values of
15.03 and 26.38 kcal/mol, respectively. Radical 1 is stabilized by
hyperconjugations, where the Efff - values are not as intense as
in radical 2, indicating that it is a slightly less stable structure.
The hyperconjugation that most contributes to the stabilization
of this system is 7,(0,) —» ¢*(C,-C,), with an El(i)]* value of 9.87
kcal/mol, in addition to other less intense hyperconjugations,
such as o(C,-H) — ¢*(C,-C;) and 1,(0,) —» ¢*(C5;-C,), which

contribute to the stabilization of the radical, with E,(i) . values
of 3.03 and 3.37 kcal/mol, respectively. Finally, for radical 1
generated by 2,5-MHQ, two key hyperconjugation interactions
contribute to stabilizing its structure: 7,(0,) = o*(C,-C,), with
E .. =9.94 kcal/mol, and n,(0,) - 6*(C,~Cy), with E” . =9.49
kcal/mol. Thus, although 2,5-MHQ is the compound with the
best antioxidant potential, the hyperconjugations that occur in
2-MHQ result in the formation of an electronically more stable

radical (radical 2).

This delocalization, observed in the spin density maps (Figure 9),
indicates an extensive 7z-resonance system that contributes to
the stabilization of the radical intermediates. This electronic
distribution is consistent with the NBO results, which reveal that
m—m* and n—7* hyperconjugative interactions play a major role
in dissipating the unpaired electron density, thereby enhancing
the thermodynamic stability of these radical species.
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4 | Conclusions

The results demonstrate that structural modifications in methy-
lated hydroquinone derivatives influence their supramolecu-
lar, electronic, and thermodynamic properties—key attributes
for their effectiveness as biodiesel additives. Supramolecular
arrangements and topological analyses revealed that the P-I
polymorphic form of 2,5-MHQ exhibits stronger and more stable
hydrogen bonding interactions compared to its structural vari-
ants, indicating enhanced thermodynamic stability in the solid
state. This stability may enhance the persistence of the additive
during fuel storage. At the molecular level, the compounds
displayed chemical reactivity indices, such as ionization energy,
electron affinity, and chemical hardness, which are comparable to
those of widely used commercial antioxidant additives. Notably,
2,5-MHQ exhibited lower O-H BDE, reduced IP, and provided
favorable proton dissociation energy, supporting its high antiox-
idant potential across multiple reaction pathways. Furthermore,
the radicals formed post-reaction were electronically stable, with
delocalized spin density, reducing the likelihood of harmful
secondary reactions.

These findings indicate that both 2,5-MHQ and 2-MHQ exhibit
structural and thermodynamic characteristics consistent with
effective antioxidant performance in biodiesel, helping delay oxi-
dation and preserve the fuel’s physicochemical integrity during
storage and use. Among the compounds analyzed, 2,5-MHQ
stands out as the most promising candidate, combining struc-
tural robustness, a favorable electronic profile, and antioxidant
activity comparable to commercial standards. Therefore, the data
presented herein underscore the relevance of methyl substitu-
tion in phenolic compounds used as multifunctional biodiesel
additives, and they highlight promising avenues for developing
novel compounds optimized for sustainable energy applications.
This advancement may contribute significantly to addressing the
challenges of the energy transition, which remains a pressing
issue for contemporary society.
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