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Fossil fuels remain the primary global energy source, but their finite nature and environmental impact drive
the search for renewable alternatives. Biodiesel is a promising candidate, though its oxidative instability
limits widespread adoption. This work provides a comprehensive structural and computational analysis of
two nitro-substituted azine derivatives to evaluate their potential as biodiesel additives. Single-crystal X-ray
diffraction and Hirshfeld surface analysis revealed supramolecular stabilization through C-H---O, C-H---N,
and C-H- -t interactions, highlighting distinct packing motifs associated with nitro substitution. Topological
and electronic descriptors showed that additional nitro and methyl groups reduced reactivity in the gas
phase, while in the solid state the molecular energy gap (HOMO-LUMO) remained comparable. Also, a
non-centric azine molecular structure exhibited an exceptionally high second-order nonlinear optical
response, more than 30-fold higher than centric azine. Machine learning models were employed to predict
the oxidation rate constants in the presence of ‘OH radicals and to predict the optical activity parameters.
The results indicated a better absorption and emission response for azine with asymmetric electronic
distribution and high dipole moment. Predictions of the oxidation rate in the presence of ‘OH radicals

Received 22nd September 2025, indicate superior antioxidant performance for the azine with the fewest nitro groups, with reaction rates

Accepted 27th November 2025 comparable to those observed in diesel and the main components of biodiesel. These findings
demonstrate that crystal packing, molecular symmetry, and substitution patterns govern both solid-state

properties and antioxidant performance, underscoring the value of molecular-based approaches in

DOI: 10.1039/d5ce00915d

rsc.li/crystengcomm designing next-generation biodiesel stabilizers.

notable example due to its ability to reduce emissions of
atmospheric pollutants, such as unburned hydrocarbons and

1. Introduction

Fossil fuels such as coal, natural gas, and petroleum have
been the foundation of industrial and economic development
throughout history. Although abundant, these resources are
finite and directly linked to air pollution, environmental
degradation, and the greenhouse effect."> More than 80%
of the global energy matrix comes from non-renewable
sources,”” increasing the demand for alternative resources
and sustainable solutions.® In this context, biofuels emerge as
an attractive option due to their renewable nature and lower
environmental impact.®® Biofuels are biodegradable fuels
produced from biomass,® with biodiesel standing out as a
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carbon dioxide,' its lower toxicity,'* and its capacity to
improve the lubrication of moving parts in the fuel supply
system of motor vehicles.'> Although biodiesel is consumed
during combustion, it is regarded as a renewable fuel because
it is produced from biological sources, such as vegetable oils
and animal fats, that can be replenished within human
timescales. Unlike fossil fuels, its continuous production
makes it a sustainable and environmentally favorable
alternative.">"*

Biodiesel offers several advantages such as renewable
origin, environmental benefits and lower toxicity. However,
certain limitations hindered its consolidation in the global
energy matrix, such as lower oxidative stability and reduced
energy availability compared to fossil fuels."*™® Biodiesel is
an alkyl ester of fatty acids, obtained from animal fats,
vegetable oils, algae, and greasy waste.®’” ' According to Da
Silva and co-workers®* its oxidative stability is related to
its fatty acid composition, where a higher amount of
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polyunsaturated fatty acids leads to greater oxidative
degradation compared to samples with a prevalence of
saturated fatty acids. Other factors that may contribute to
biodiesel oxidation include exposure to air, light, high
temperatures, and the presence of catalytic enzymes or
metals in the fuel.?® In this sense, one or a combination of
these factors can compromise its quality and render it
unsuitable for commercial use. Another factor that
contributes to biodiesel degradation is the proliferation of
microorganisms, such as fungi and bacteria.>*® These
organisms, together with oxidative processes, promote the
formation of hydroperoxides (primary oxidation products)
that compromise the quality and stability of the biofuel.*”*®
In motor vehicles, these sediments clog filters, block
injectors, and form deposits in the fuel supply system,
resulting in damage to the mechanical components of the
engine.”* 3!

Biodiesel esters have lower energy availability compared to
the hydrocarbons present in petroleum-derived fuels,
reducing their calorific value. Studies show that engines
powered by biodiesel lose between 1 and 8% of their power,"*
which can lead to increased fuel consumption.'® Also, the
development of compounds with antioxidant, antibacterial
properties and good energy availability is essential to increase
the stability and efficiency of biodiesel.>® This added
compound acts as a shield, preventing or delaying oxidative
degradation by interrupting the oxidation reaction through
chain breaking and decomposition of hydroperoxides.**** As
a result, it helps inhibit polymerization and avoid the
precipitation of oxidized compounds, which are undesirable
final stages of oxidation that promote the formation of
abiotic sediments.

Several classes of compounds have been investigated as
biodiesel additives, mainly for their antioxidant activity.>*°
However, azines remain little explored, despite having simple
synthesis, efficient purification, and conjugated systems
capable of favoring electron delocalization and stabilizing
free radicals.*’*® Therefore, investigating their potential may
reveal new strategies to improve biodiesel stability and
efficiency. Azines are organic molecules formed by the
reaction of hydrazine with ketones or aldehydes,**°
featuring two imine groups (C=N) linked by a nitrogen
bridge, forming the structure R;R,C—=N-N=—CR;R,. Although
this synthetic route is the most common, they can also be
obtained from ammonia, hydrogen peroxide*’ or from the
reaction between chalcones and hydrazones.** Depending on
the nature of the R substituent, azines can be classified as
symmetric (R;R, = R3R,), asymmetric (R;R, # R3R,),
aldazines (R; = R; = H), ketazines (R;R,R3R, # H), mixed (R,
= H, R,R3R, # H), aromatic, aliphatic, cyclic, and acyclic.*’
The structural versatility of azines gives these molecules
diverse = physicochemical and biological properties,
encouraging their application in health, materials science,
and energy. The biological potential of azines is widely
recognized, including antibacterial,®*** antifungal***® and
antioxidant activities.*®**”*® In addition, their optical®®>"
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and conductive properties indicate potential for applications
in optoelectronics.’>** Specifically, the ability to engineer
their extensive n-conjugated systems has made azines a target
for nonlinear optical (NLO) materials.”>>*> Research in this
area includes the development of new asymmetric azine
derivatives whose second-order NLO responses were
characterized in solution to evaluate their performance.

Furthermore, the strong inductive electronic effect of nitro
groups, combined with the structural versatility of azines,
enables precise modulation of molecular electronic
distribution, redox behavior, and overall reactivity.>”>*>’
Consequently, the enhanced electron-withdrawing capacity
influences molecular polarity and dipole moment, favoring
single electron transfer (SET) mechanisms and increasing
radical-scavenging efficiency even in the absence of classical
OH or NH donor groups.”® In this context, the present work
compares two new azines, (1E,2E)-1-benzylidene-2-[1-(4-
nitrophenyl)-ethylidene]-hydrazine (AZN1) and (1E,2E)-bis[1-
(4-nitrophenyl)-ethylidene]-hydrazine (AZN2), with potential
application as antioxidant additives for biodiesel. Structural
characterization was carried out by X-ray diffraction,
Hirshfeld surfaces (HS)*> and 2D fingerprint plots® to
evaluate intermolecular interaction patterns. The electronic
study employed density functional theory (DFT),*" along with
Fukui functions. Additionally, the quantum theory of atoms
in molecules (QTAIM)®* was used to analyze the topology of
the electron density and characterize the interactions
responsible for stabilizing the crystal packing. To evaluate
the antioxidant potential, machine learning models were
employed to predict the reaction rate against ‘'OH radicals. In
addition, the first hyperpolarizability (hyper-Rayleigh
scattering) was calculated to assess the NLO properties,
considering their relationship with electronic structures that
enhance antioxidant activity. Given the crucial role of
antioxidants in enhancing biodiesel stability and
performance, we explore how nitro substitution and
molecular symmetry in azine derivatives affect their
supramolecular arrangements, electronic reactivity, and
antioxidant potential, integrating experimental
crystallography, quantum-chemical descriptors, and machine
learning predictions.

2. Experimental and computational
procedures

2.1 Solid-state analysis

The two azines AZN1 and AZN2 were synthesized by the
reaction of hydrazone (1) with benzaldehyde (2) and 4-nitro-
acetophenone (2) respectively, in ethanol according to
Figueredo and co-workers,*® as depicted in Supplementary
Information (Scheme S1 and Fig. S1-S10). X-ray diffraction
data for the samples were collected at the MANACA
beamline of Sirius, the National Synchrotron Light
Laboratory, at 120 K, using paratone as a cryoprotectant
and a wavelength of 1 = 0.67019. The data were processed
using the MNCAutoproc pipeline with XDS.** Both

This journal is © The Royal Society of Chemistry 2025
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structures were solved using SHELXS®® and refined with
SHELXL®® on the Olex2 platform.®” Crystallographic
information files were deposited in the Cambridge
Structural Database®® under the deposition number 2484685
(AZN1) and 2484683 (AZN2). Graphical representations and
supramolecular interactions were generated using the
Mercury software.®’

Hirshfeld generated to investigate
intermolecular interactions in the crystal packing. The
normalized d,,om function was employed to locate contact
regions on the molecules based on the internal (d;) and
external (d.) distances to the surface, normalized by the
respective van der Waals radii (r'"),">7%"* as shown in eqn (1).

surfaces were

. _ pvdw _ pvdw
d _ di—r} . de -7 (1)
norm Fydw Fvdw
i e

In this configuration, red regions indicate contacts with
distances shorter than the sum of the van der Waals radii,
highlighting stronger interactions, while white and blue
areas correspond to separations close to or greater than this
value, associated with weaker or absent contacts.”’ The
shape index was employed as a complementary tool to
identify interactions involving © systems (such as C-H-'n
and m---n), evidenced by red concave regions over the
aromatic rings and blue convex regions over the C-H
atOmS.ngOJZ

The contribution of each contact to the stabilization of the
supramolecular arrangement was measured through the
fingerprint plot, a two-dimensional graph generated from the
combined distribution of d; and d., which allowed
visualization of the relative frequency of each type of
contact.®® All analyses were performed using the Crystal
Explorer software”® with the crystallographic information files
obtained from structure solution and refinement serving as
input data for the calculations.

2.2 Molecular modeling analysis

The electronic study of the compounds was conducted using
DFT®' employing the hybrid functional M06-2X"* and the
6-311++G(d,p) basis set.”>”® This theoretical level was chosen
for providing satisfactory results in accounting for electron
correlation,”””® as well as being recommended for describing
non-covalent interactions.”*”® Calculations were initially
performed in the solid state, followed by geometry
optimizations in the gas phase to investigate possible
electronic variations. Structural modeling was carried out
using the Gaussian09 (ref. 80) and GaussView programs.®"

Based on the obtained results, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) were calculated to understand the
electronic properties and reactivity of the compounds.®>%
Using the energies of these orbitals, the global chemical
hardness () was calculated, a parameter that quantifies the
system's resistance to changes in electron density,®* as
presented in eqn (2).

This journal is © The Royal Society of Chemistry 2025
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1-A
=— 2
n=- (2)
Additionally, the chemical potential (x) was determined, a
parameter that indicates the tendency of compounds to
donate electrons, from the species with higher potential to
the one with lower potential,®* as represented in eqn (3).

I+A

H=——F—="x (3)

To assess the energetic stability associated with the
addition of electronic charge to the system, the global
electrophilicity index was calculated according to the
definition by Parr and co-workers,® as presented in

eqn (4).

w="— (4)

In eqn (2) and (3) I = -Eyomo corresponds to the
ionization energy, while A =~ -E;ymo represents the electron
affinity. The most reactive regions of the molecules were
identified through the molecular electrostatic potential
(MEP) map,**™®® constructed from the potential generated by
the nuclei and the electron density on the molecular surface.
The calculation was performed according to eqn (5), where
the first term represents the nuclear potential and the second
the electronic potential,®” enabling the identification of areas
associated with probable molecular interactions.

v =3 Z“r| - [ PI) Gy 5)

ra-rl Jir=r]

Complementarily, the Fukui functions F(r) were calculated
to identify the sites most susceptible to nucleophilic,
electrophilic, and radical attacks.®>°° Formally, F(r) is defined
as the first derivative of the electron density p(r) with respect
to the number of electrons N, at constant external potential
V, in order to evaluate the local variation of the electron
density caused by the addition or removal of electrons,” thus
allowing the relationship between electronic distribution and
local reactivity. From the electronic densities of the neutral,
anionic (N + 1), and cationic (N - 1) species, optimized in the
gas phase, the reactivity indicators for each type of attack
were calculated using the following equations.

+

fr(r) = (a'g f\?) : Nucleophilic attack (6)

f(r)= (ag ](J)) : Electrophilic attack (7)
0

o) = (ala)](\;)) : Radical attack (8)

Using the finite difference approximation, the above
equations were rewritten in the form:
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F(r) = para(r) = palr) 9)
S (1) = pa(r) = pna(r) (10)
fo(r) — W%*l(") (11)

QTAIM is a quantum mechanics approach®>®® that
employs the topological analysis of the electron density p(r)
to describe structural properties and interactions,®®°%9°
allowing the identification of critical points (CPs) along the
bonding paths between adjacent nuclei. To characterize
hydrogen bonds of the D-H:-A type, Popelier and Koch®®%®
proposed eight criteria, grouped into two subsets: four local
topological parameters of p(r) and four associated with the
hydrogen atom.

The electron density at the bond critical point (BCP)
expresses the strength of the interaction and serves as the
basis for descriptors that define its nature. The Laplacian V*p
represents the curvature of the electron density and indicates
regions of charge accumulation or depletion. Negative values
of V?p indicate electron density accumulation, associated
with the covalent character of the interaction, while positive
values reveal charge depletion along the bonding path,
typical of closed-shell interactions.”**® The mutual
penetration (MP) between the involved atoms is considered a
sufficient criterion to predict the formation of hydrogen
bonds (HB).””® It is quantified by the expression MP = (Ry +
Ry) = Dyy...p, Where Ry and R, are the radii of the hydrogen
and acceptor atoms, respectively, and Dy..., is the distance
between them. When there is no penetration, the electron
densities of these atoms do not significantly overlap, and the
interaction tends to be predominantly electrostatic.

The interaction energy can be estimated from the
electron density at the BCP using the equation proposed by
Emamian and co-workers® BE = -233.08 x p(r) + 0.7423, in
k] mol™. The ellipticity (¢), defined as & = A/d, - 1,
indicates the anisotropy of the electron density in the plane
perpendicular to the bond. High € values suggest n character
or greater susceptibility to local distortions, while values
close to zero indicate ¢ bonds, with a cylindrical and
symmetrical electron distribution.”>°*'%° These parameters,
together with other structural descriptors, were used in the
analysis of the C-H:--O and C-H-:-'N interactions of the
compounds evaluated in this study. For this purpose, a
partial optimization was applied using the opt=readfreeze
option, keeping the geometric parameters of the non-
hydrogen atoms fixed and adjusting only the positions of the
hydrogens. The analysis was conducted using the Multiwfn
program.'®" For the investigation of NLO properties, the
structures were considered in an n-hexane solution, a solvent
chosen for its low polarity and compatibility with biodiesel
lipids, providing a representative medium to analyze the
performance of antioxidant additives.'*****

The initial geometry used in the calculations was obtained
from X-ray data and subsequently optimized by DFT using the
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CAM-B3LYP functional.'® This hybrid functional includes
long-range corrections and is suitable for accurate
calculations of polarizability in long chains, as well as Rydberg
and charge-transfer excitations. The 6-311++G(d,p)”>’® basis
set was employed for all calculations. The supermolecule
approach adopted in this study employs an interactive
process that simulates the effect of medium polarization on
the molecule's electrical properties."’® This methodology
was applied to calculate the total dipole moment (u), the
average dynamic linear polarizability ((o(-w;w))), as
described by eqn (12) and (13).

1

H= (ﬂxz +ﬂy2 +'u22>2 (12)
< (_ . _1 = 13
a(-mo) =2 Y di(-wi0) (13)
i=x.y,2
The hyperpolarizability (furs) for hyper-Rayleigh

scattering was calculated from the components defined as'®”

Purs = \/52222 Jrﬁxzz2 (14)

In this context, the laboratory frame is defined by the X, Y,
and Z coordinates. The X-axis is considered the direction of
propagation of the fundamental light beam, with polarization
occurring along the Z-axis. The macroscopic averages f,,,
and fyz,” are calculated based on the components of the first
Purs using the eqn (15) and (16), in which the coefficients J,
are defined in Table 1.

1
(Brzz") = == (306 +12(63 + 03 + J5) + 6(J4 + J6) + 2(57 + Js + 011))

210
(15)
1 . . .
<ﬁXZZ2> = FO (6(51 _03 _55 + 57) + 852 + 18()4 + 456 _53 _259 + 3010)

(16)

All of the NLO numerical calculations were performed at
DFT/SMD/CAM-B3LYP/6-311++G(d,p) level using the Gaussian
09 software package.®

2.3 Machine learning

The prediction of optical properties, such as absorption and
emission wavelengths as well as the Stokes shift of the AZN1
and AZN2 molecules, was carried out based on the machine
learning approach described by Verissimo and co-workers,"®
which employs molecular fingerprints to encode structural
information and enable the prediction of optical properties
from structural patterns. In the present study, the extreme
gradient boosting (XGBoost) algorithm was adopted, as it is
widely used in chemical predictions due to its robustness
and interpretability."”® Model interpretation was performed
using shapley additive explanations (SHAP) analysis, which
allowed the identification of the molecular substructures
most influential on the predicted optical properties.'*® The

This journal is © The Royal Society of Chemistry 2025
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similarity between the studied molecules and the training
database was calculated using the Tanimoto index,'"
obtained from the comparison of molecular fingerprints.
Based on this model, the maximum absorption (laps),
maximum emission (le,) and Stokes shift values were
estimated for AZN1 and AZN2 in n-hexane, complementing
the electronic analyses obtained by DFT and providing a
comparative basis between structural parameters and optical
response.

The free radical oxidation reaction rates were predicted
using pySIRC,"' a machine learning computational
platform. The 'OH radical was chosen because it is one of
the most reactive oxidizing species and is widely involved
in the degradation processes of organic compounds. The
predictions employed the Morgan and MACCS structural
descriptors and the XGBoost algorithm to get the reaction
constants (koy) in B20 biodiesel mixtures''> in an aqueous
environment. The Tanimoto index''® assessed the
similarity of the study compounds, while the applicability
domain (AD%) measured their proximity to the database,
reinforcing the model's reliability.""" The koy parameters
were calculated for diesel (decene) and for the main
biodiesel (BD) components: methyl 9-octadecenoate (BD
M90OD, 19.98%), methyl palmitate (BD MPAL, 12.87%),
and methyl 8,11-octadecenoate (BD MS8OD, 10.22%)."™*
Furthermore, for comparative purposes, the koy indices of
five nitro-substituted azines were determined,''® selected
based on their similarities to the compounds in this study
(see SI, Fig. S11), as well as the kinetic parameters of
commercial additives such as BHT, BHA, TBHQ, PG, and
GA were also estimated.'"®

3. Results and discussion
3.1 Crystal structure and supramolecular synthons

The compound AZN1 crystallized in the triclinic system, in
the space group PI1, while AZN2 crystallized in the
orthorhombic system, in the space group Phcn. The
crystallographic data and refinement parameters for both
structures are presented in Table 2. Further crystallographic
parameters are presented in Tables S1-S10. The molecules
are structurally similar, with nitro groups (NO,) in the para
position of aromatic ring 1 in AZN1 (Fig. 1a) and on rings 1
and 2 in AZN2 (Fig. 1b). In both compounds, the imine group
is located between atoms C, and C,.

This journal is © The Royal Society of Chemistry 2025
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From a conformational standpoint, AZN2 exhibits greater
planarity compared to AZN1, with an angle of 16.22° between
rings 1 and 2, while AZN1 shows a significantly higher value
of 57.77°. This conformational distinction is even more
evident in the structural overlay (Fig. 1c), revealing
pronounced deviations in the regions of nitrogen atoms N,
(30.80°) and the methyl group attached to carbon Cg (15.88°).
The largest deviation was observed in ring 2, with an angular
variation of 38.36°, suggesting greater conformational
flexibility in AZN1, which may reflect differences in
supramolecular packing as well as structural and
physicochemical properties.

Structural analysis revealed that the supramolecular
arrangement of both structures is mainly supported by
C-H:--O, C-H--*N and C-H---n interactions. In AZN1, the

Table 2 Crystallographic data and structural refinement parameters for

AZN1 and AZN2

Crystallographic

parameters AZN1 AZN2

Empirical formula C15H13N30, C16H14N,O,4

Formula weight 267.28 326.31

Temperature (K) 120(2) 120(2)

Crystal system Triclinic Orthorhombic

Space group P1 Pbcn

a(A) 9.3240(17) 12.680(5)

b (&) 9.3840(11) 11.488(8)

c(A) 9.5750(10) 20.223(11)

a(©) 105.669(5) 90

B () 105.283(8) 90

7 (9) 116.786(4) 90

Volume (A% 643.68(16) 2946(3)

z, 7 2,1 8,1

Peate (g cm ™) 1.379 1.472

# (mm™) 0.084 0.096

F(000) 280 1360

Radiation A=0.67019 A=0.67019

26 range for data collection (°) 2.330 to 30.000 1.899 to 30.032

Index ranges -13 < h <13, -14 < h < 14,
-13 < k < 13, -15 < k < 15,
-13<1<13 -26 <1 <26

Reflections collected 32769 48 828

Independent reflections 3767 4136

Data/restraints/parameters 3767/0/191 4136/0/224

Goodness-of-fit on F> 1.099 1.064

Final R indexes [I > 20(I)] R, =0.0501, R; =0.0434,
WR, = 0.1286 WR, = 0.1248

Final R indexes [all data] R, = 0.0504, R, = 0.0446,
WR, = 0.1290 WR, = 0.1259

Largest diff. peak/hole/e A~ 0.395/-0.597 0.500/-0.346
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@ AzN1

@ AZN2

Fig. 1 ORTEP diagram with 50% probability ellipsoids and atomic numbering scheme indicated for (a) AZN1 and (b) AZN2. Hydrogen atoms are
represented as spheres with arbitrary radii. (c) Overlay of the AZN1 (red) and AZN2 (black) structures.

Co-Hy'--O, interaction (D-A = 3.294(2) A) forms a stable
dimer with an R3(22) motif. A second dimer, with an
R3(20) motif, arises when this interaction occurs together
with C;3-Hy3-0; (DA = 3.383(2) A) (Fig. 2b). On the
Hirshfeld surface, these interactions stand out as red
regions and defined contact areas (Fig. 2a), representing
18.5% of the total mapped contacts (Fig. 2c).

Similarly, AZN2 exhibits interactions that form dimers,
highlighting the C;3-H3::O; (DA = 3.311(3) A) and
Ci,-Hyp 0, (DA = 3.496(2) A) bonds, which together
compose a dimeric unit with an R3(7) motif (Fig. 2e), a
pattern also observed in the C4-Hg':*O; and Cs-Hs' O, set.
Other C-H---O interactions (Table 3), such as Cjp-Hjoc'""O1
(D--A = 3.233(3) A) favor connectivity between molecular
units, contributing to dimer formation. In the HS analysis,
only the C;3-Hj;---O, interaction exhibits red regions and
well-defined contacts (Fig. 2d), indicating closer proximity
and greater strength, even compared to Cjo-Hjoc'*Os
(Fig. 2f), whose narrower D-H---A angle (117.81(2)°) reduces
interaction effectiveness, explaining its lesser visual
prominence on the HS despite its shorter distance O---H
contacts represent 35.8% of the mapped contacts (Fig. 2g),
reinforcing their influence in sustaining the supramolecular
arrangement.

C-H-"N interactions were identified in both structures,
exhibiting a recurring pattern. In AZN1, these bonds favor
dimer formation, notably the C;,-Hj,'~'N; interaction

CrystEngComm

[D-+-A = 3.361(2) A] between aromatic ring 2 and the nitrogen
of the nitro group (NO,). The interactions Cg—Hga***N, [D---A
= 3.666(2) A] and Cg-Hgp"N3 [D-*A = 3.474(2) A] occur
between iminic nitrogens and hydrogens of methyl groups,
as shown in Fig. 3b. In AZN2, the interactions C;¢—Hyg "N,
[D--A = 3.420(2) A] and C;s-Hys'-'N; [D-*A = 3.358(3) A]
concentrate between the nitrogens of the imine portion and
hydrogens of aromatic ring 2 (Fig. 3e). Notably, in both
structures, interactions involving the nitrogens of the imine
portion exhibit the lowest observed bond angles, with
102.40(2)° and 111.94(2)° in AZN1 and 108.32(2)° and
102.44(3)° in AZN2. This similarity is reflected in the dporm
HS, where regions corresponding to these interactions show
white and bluish coloring (Fig. 3a and d). Overall, these
interactions represent 7.4% of the mapped contacts in AZN1
and 4.5% in AZN2 (Fig. 3c and f).

Interactions involving T systems follow a
complementary pattern in the structures. In AZN1, the
Cy-Hy;---Cg; interaction [D---A = 3.512(2) A] is responsible
for forming the only dimer involving ring 1 (Fig. 4b),
while C;-H;*Cg, [D--A = 3.499(2) A] is related to a
sequential molecular arrangement, with the aromatic rings
positioned adjacently (Fig. 4c). In AZN2, the interactions
Cio-Hiop'-Cgy [D-*A = 3.624(2) A] and Cg-Hgp'-*Cg, [D-+A
= 3.681(2) A] together create a staggered arrangement in
which each molecule is positioned laterally to the previous
one, advancing along the b axis and forming a continuous

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 HS with the dnom property mapped and a detailed view of the C-H:--O interactions in the supramolecular arrangement of AZN1 and AZN2.
(@) dnorm surface mapped for AZN1. (b) Representation of the Cy3-Hj3---O; and Co-Hg:--O, interactions. (c) 2D fingerprint plot of O-:-H contacts,
representing 18.5% of the total mapped contacts in AZN1. (d) dnorm surface mapped for AZN2. (e) Representation of the Cy3-Hjz---O4, C1o-Hiz--Op,
Cg—He'--O3, and Cs-Hs---O,4 interactions. (f) Representation of the Cio-Hioc*-O; interaction. (g) 2D fingerprint plot of O---H contacts, representing

35.8% of the total mapped contacts in AZN2.

stacking pattern (Fig. 4f). In the shape index HS, these
interactions are observed as red concave regions over the
aromatic rings and blue convex regions over the methyl
groups (Fig. 4a and e), corresponding to 33.1% of the
mapped interactions in AZN1 (Fig. 4d) and 15% in AZN2
(Fig. 4g).

Additionally, in AZN2, n-n stacking, typical of energetic
crystals,"'® is observed between aromatic rings 1 (Cg;) and 2
(Cg,) (Fig. 5b) of neighboring molecules (Cg;---Cg; = 3.561 A,
Cg,'Cg, = 3.539 A). In the Hirshfeld surface, these
interactions appear as two complementary triangular spots,
red and blue, over the ring region, forming a characteristic

This journal is © The Royal Society of Chemistry 2025

“bow-tie” pattern (Fig. 5a). These contacts account for 7.3%
of the total mapped interactions (Fig. 5c).

3.2 Electronic properties and reactivity descriptors

The analysis of frontier molecular orbitals is fundamental to
understanding the electronic properties of the compounds.
In general, the HOMO is associated with a bonding orbital,
and the higher its energy, the more prone the molecule is to
donate electrons in interactions, indicating a greater
tendency toward oxidation. A similar argument applies to the
LUMO, which is antibonding in nature; its energy reflects the
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Table 3 Hydrogen bond geometry obtained from structural analysis for AZN1 and AZN2

Interaction D-H (A) H-A (A) D---A (A) D-H---A (°) Symmetry code
AZN1
Cy3-Hyz -0y 0.930 2.575(2) 3.383(2) 145.56(1) 2+x,1+y,2
Co-Hy--0, 0.930 2.451(1) 3.294(2) 150.73(3) 1-x,2-y,-2
Cio-Hyp Ny 0.930 2.958(1) 3.666(2) 134.09(2) 1-x2-y,1-2
Cg—Hga "N, 0.960 3.021(2) 3.361(2) 102.40(2) 1-x2-y,1-2
Cg—Hgp N3 0.960 3.000(2) 3.474(2) 111.94(2) 1-x,2-y,1-2
C3-Hj Cg, 0.930 2.803(8) 3.499(2) 132.42(4) 1+x,9,2
Cy1-HypCgh 0.930 2.846(5) 3.512(2) 129.52(5) 1-x2-y,1-2
AZN2
Cy3-Hyz -0y 0.930 2.498(2) 3.311(3) 146.16(2) x,1-y,1/2+z
Cy5-Hyp 0, 0.930 2.660(2) 3.496(2) 149.85(2) x,1-y,-1/2+z2
Cyo-Hyoc 01 0.960 2.672(2) 3.233(3) 117.81(2) -x,1-Y,-2
Ce—He--O3 0.930 2.664(4) 3.390(3) 135.40(4) x,2-y,1/2+z
Cs-Hs -0y 0.930 2.805(1) 3.574(4) 140.69(2) X,2-y,12+z
Cie-Hie "N, 0.959 2.995(2) 3.420(2) 108.32(2) 1/2 -x,-1/2+y,2
Cy5-Hys N3 0.930 3.032(3) 3.358(3) 102.44(3) 12 -x,-1/2+y,z
Ci0-Hiop *Cg1 0.960 2.979(4) 3.624(2) 125.69(4) 12 -x,-1/2+y,z
Cg—Hgp'--Cg> 0.960 3.098(5) 3.681(2) 120.62(4) 1/2-x,1/2+y,2
AZN1
(a) (b) (c)
2.4 de
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Fig. 3 HS with the d,,o,m property mapped and a detailed view of the C-H---N interactions in the supramolecular arrangement of AZN1 and AZN2.
(@) dnorm surface mapped for AZN1. (b) Representation of the Cj,-Hjo:--Nj, Cg-Hga -*Np, and Cg-Hgp N3 interactions. (c) 2D fingerprint plot of
N---H contacts, representing 7.4% of the total mapped contacts in AZN1. (d) d,orm Surface mapped for AZN2. (e) Representation of the Cig-Hie--N>
and Cy5-His--N3 interactions. (f) 2D fingerprint plot of N---H contacts, representing 4.5% of the total mapped contacts in AZN2.

molecule's ability to accept electrons, indicating a tendency
toward reduction. The energy difference between the HOMO
and LUMO, defined as the gap (AE;_y = Erumo — Enxomo), 1S
an important indicator of chemical stability and reactivity.
Higher gap values indicate that more energy is required for
electronic excitation, which is associated with lower reactivity
and greater kinetic stability.*""” In this context, the energy

CrystEngComm

difference discussed here corresponds to the molecular
HOMO-LUMO separation obtained from DFT calculations.
Although often referred to simply as gap, it reflects intrinsic
electronic excitation behavior within isolated molecules,
distinct from the band structure of extended materials.

In Fig. 6, the isosurfaces of the frontier orbitals show the
distribution of electron density in the regions corresponding

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 HS with the shape index property mapped, highlighting the red concave and blue convex regions where C-H---n interactions occur,
along with details of these interactions in the supramolecular arrangement of AZN1 and AZN2. (a) Shape index surface mapped for AZN1. (b)
Representation of the Cj;-Hjs---Cgy interaction in AZN1. (c) Representation of the Cs-Hs---Cg, interaction in AZN1. (d) 2D fingerprint plot of
C---H contacts, representing 33.1% of the total mapped contacts in AZN1. (e) Shape index surface mapped for AZN2. (f) Representation of the
Ci0-Hios-*Cg; and Cg-Hgp --Cg, interactions in AZN2. (g) 2D fingerprint plot of C---H contacts, representing 15% of the total mapped contacts

in AZN2.

to the HOMO and LUMO. Each compound was evaluated in
both solid and gas phases, allowing the identification of
electronic variations between them. Despite minor changes
in orbital energies after optimization, the electronic profile of
AZN1 (Fig. 6a) remained stable, with no significant alteration
in the energy gap. In contrast, AZN2 exhibited notable
changes in these parameters (Fig. 6b). The data indicate that,
compared to AZN1 in the gas phase, the additional presence
of a nitro and a methyl group in AZN2 reduces molecular
reactivity by approximately 5.38%, while this property
remains unchanged in the solid state.

When compared to commercial additives (Table 4), the
molecules in this study exhibit distinct electronic
characteristics. High ionization energy values indicate a lower

This journal is © The Royal Society of Chemistry 2025

tendency to donate electrons in molecular interactions.
Furthermore, low HOMO and LUMO values result in a
smaller energy gap compared to other additives, making
them more reactive, as also indicated by more negative u
values and lower # values. According to the analyzed
parameters, AZN1 and AZN2 show greater polarizability and
electronic reactivity, while their more negative Eyomo values
indicate a reduced oxidation capacity compared to the other
additives, since the removal of an electron becomes
energetically less favorable.

The observed differences between the energy values of the
frontier orbitals of azines and commercial antioxidants stem
from the fact that these compounds belong to distinct
chemical classes. While conventional antioxidants are
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Fig. 5 HS with the shape index property mapped, highlighting the
complementary spots (red and blue) where 7--x interactions occur in
AZN2. (a) Shape index surface mapped for AZN2. (b) Representation of
the Cg;--*Cg; and Cg,---Cg, interactions in AZN2. (c) 2D fingerprint
plot of C:--C contacts, representing 7.3% of the mapped contacts in
AZN2.

predominantly phenolic and act through hydrogen atom
transfer (HAT) mechanisms, azines exert their antioxidant
activity through SET processes and radical stabilization via
electronic delocalization in the n-conjugated system. Despite
these structural differences, both classes share the same
purpose: to increase the oxidative stability of biodiesel,
reinforcing the potential of azines as non-phenolic
alternatives to traditional antioxidant additives and
expanding the perspectives for formulating new stabilizers
based on electronic parameters.

The high electrophilicity index (w) and electronic affinity
(A) values for AZN1 and AZN2 reflect their greater ability to
accept electrons, indicating instability toward nucleophiles.
This behavior is consistent with the presence of nitro groups
and the extended m-conjugated system of azines, which
increase electron-withdrawing character and charge
delocalization. Compared to phenolic antioxidants, which
exhibit lower @ and A values due to the hydroxyl group donor

CrystEngComm
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effect, azines show a greater tendency to stabilize radicals
through SET mechanisms rather than HAT mechanisms. The
electrostatic potential surfaces of the compounds are shown
in Fig. 7, with colors indicating nucleophilic (red) and
electrophilic (blue) sites. Both molecules share similarities in
the locations of reactive sites, and the addition of the nitro
group in AZN2 caused a 1.25% increase in electron density at
O; and a 7.61% decrease at O,. The most significant change
occurred in the bond region between Co, and the methyl
group added in AZN2, corresponding to a 47.37% reduction
in electron density.

Table 5 presents the main topological parameters
obtained for AZN1 and AZN2. As shown in Fig. 8, both
structures display BCPs along their bond paths, with
densities within the expected range (0.002 to 0.035 au). In
AZN1, the Co-Hy'--O, interaction shows the highest electron
density at the BCP (0.0115 au); the V? (0.0416 au) and H
(0.0015) values indicate a weak interaction with electrostatic
character."'®'"*? Nevertheless, its mutual penetration (0.8105)
indicates better overlap of the electron densities,””*® with a
bond energy (BE = -1.8231 kJ mol™) stronger than the
others.

Among the interactions mapped in AZN2, Cip-Hjoc'*O;
shows the lowest values of p(r) (0.0070 au), penetration (MP =
0.3753), and interaction energy (-0.8193 kJ mol™). The V?p
(0.0253 au), H (0.0009), and 5 (0.1514) values indicate low
covalent tendency.''®'" Furthermore, its ellipticity (0.2045)
suggests pronounced anisotropy, possibly with n-orbital
contribution.®® On the other hand, the C;3-H;3°--0; and Cio-
H,, -0, interactions present low ellipticity values (0.0294
and 0.0274, respectively), indicating ¢ character, with more
regular geometry and symmetrical electron density.'’® The
AZN1 and AZN2 structures exhibit all C-H:--O interactions
with |V(r)|/G(r) around 0.8, consistent with hydrogen bonds.
Similarly, the BD values observed for these interactions are
close to 0.1, reinforcing this characteristic.'*

The study of molecular electric properties, like dipole
moment () and mean linear polarizability ((«)), can be
useful for predicting the behavior of molecules with potential
applications in optical properties and antioxidant activity.
The compound AZN1 shows a large total dipole moment ()
of 6.94 D, with the vector oriented mostly in the XY plane of
the molecule. This high value is consistent with the
structural asymmetry of the compound, where the single
nitro-substituent acts as a strong electron acceptor, making
the charge separation bigger along the molecular structure.
In contrast, AZN2 has a much smaller dipole moment, 2.64
D, with a different orientation, almost completely aligned
with the Z axis, see Table 6.

The presence of two nitro groups in positions that are
relatively symmetric causes a partial compensation of the
charge distributions, which results in a smaller total dipole
moment. This molecular structure symmetry is not perfect
because of conformational torsions, and this explains the
non-zero value. This makes AZN1 a strongly polar molecule,
while AZN2 is a moderately polar molecule. The analysis of

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Frontier molecular orbitals HOMO (above) and LUMO (below) for the solid state (left) and gas phase (right) of (a) AZN1 and (b) AZN2,

Table 4 Chemical reactivity descriptors of AZN1 and AZN2 in solid (s) and gas (g) phases compared to commercial additives in kJ mol™

Paper

Descriptor AZN1, AZN1, AZN2, AZN2, BHT BHA TBHQ PG GA
Enomo -770.19 -812.33 ~766.75 -819.97 ~689.04 -673.76 -685.41 ~758.98 ~763.44
Erumo -202.35 -245.53 -200.22 -222.98 -17.59 -16.51 -22.63 ~47.60 -62.25
Gap (AE;p) 567.84 566.80 566.53 596.99 671.45 657.25 662.78 711.38 701.19
Ionization energy (1) 770.19 812.33 766.75 819.97 689.04 673.76 685.41 758.98 763.44
Electronic affinity (A) 202.35 245.53 200.22 222.98 17.59 16.51 22.63 47.60 62.25
Electronegativity () 486.27 528.93 483.49 521.48 353.32 345.14 354.02 403.29 412.85
Chemical hardness () 283.92 283.40 283.27 298.50 335.73 328.63 331.39 355.69 350.60
Chemical potential () -486.27 -528.93 -483.49 -521.48 -353.32 -345.14 ~354.02 -403.29 -412.85
Electrophilicity index (w) 416.42 493.59 412.61 455.51 185.91 181.24 189.10 228.63 243.07
the dynamic mean linear polarizability, (o(-w;»)), shows an ~ from 400 to 1900 nm. The compound AZN2 was more
expected dispersive behavior for both compounds, with the  polarizable than AZN1 in the entire spectral range we
values decreasing as the incident wavelength (1) increases  evaluated, see Fig. 9.

This journal is © The Royal Society of Chemistry 2025 CrystEngComm


https://doi.org/10.1039/D5CE00915D

Published on 02 December 2025. Downloaded by University of Notre Dame on 12/10/2025 8:12:17 PM.

Paper
AZN1

76.44
- X
125 <9 2
}J‘U )
-113. 9
e

View Article Online

CrystEngComm
AZN2

5.97 ~
<

-1
-1138
-1

MEP color scale

-133.87

kJ/mol

+133.87

Fig. 7 Molecular electrostatic potential surfaces at p(r) = 4.0 x 107 electrons per bohr® contour of the total electronic density for AZN1 and AZN2.

Table 5 QTAIM topological parameters for AZN1 and AZN2 obtained at the M06-2x/6-311++G(d,p) level of theory

Interaction p(r) & MP BE & G(r) V(r) H(r) n(r) BD [V(r)|/G(r)
AZN1

Ci3-Hy3°04 0.0093 0.0314 0.6127 -1.3323 0.0690 0.0067 —-0.0057 0.0010 0.1883 0.1075 0.8507
Co—Hog Oy 0.0115 0.0416 0.8105 -1.8231 0.1132 0.0088 —0.0072 0.0015 0.1844 0.1304 0.8182
Cg—Hgp N3 0.0052 0.0183 0.4512 -0.4177 0.8461 0.0038 —-0.0031 0.0007 0.1091 0.1346 0.8158
AZN2

Ce—Hg O3 0.0074 0.0259 0.4558 -0.9085 0.1250 0.0055 —0.0045 0.0010 0.1823 0.1351 0.8182
C10-Hioc "0 0.0070 0.0253 0.3753 -0.8193 0.2045 0.0054 —-0.0044 0.0009 0.1514 0.1286 0.8148
Cq3-Hy3°0q 0.0103 0.0367 0.6813 -1.5554 0.0294 0.0078 —0.0064 0.0014 0.1826 0.1359 0.8205
C12-Hyp 0, 0.0079 0.0258 0.6233 -1.0200 0.0274 0.0056 —-0.0047 0.0009 0.1843 0.1139 0.8393
Cs—Hs5 04 0.0059 0.0196 0.4291 -0.5739 0.0600 0.0042 —0.0035 0.0007 0.1767 0.1186 0.8333

For example, at 532 nm, the (@) of AZN2 (~342.8 x 10™**
esu) is about 7% higher than AZN1 (~319.8 x 10 >* esu). This
polarizability is connected to its diffuse electron cloud,
influenced by having two nitro groups and one extra methyl
substituent. The results for the linear properties show a
dichotomy between the static and dynamic electric properties
of the two compounds. AZN1, because of its clear asymmetry,
maximizes the permanent charge separation, resulting in a
dipole moment (x) almost three times larger than AZN2. On
the other hand, AZN2 has a more reactive electron cloud for
oscillating fields, which reflects in a higher mean linear
polarizability ((e)). The high dipole of AZN1 is a fundamental
prerequisite for a good first fyrg response. At the same time,
the higher polarizability of AZN2 suggests a bigger
susceptibility to oscillating electric fields. This can favor both
the linear response (refractive index) and the third-order
response ().

The evaluation of the first dynamic hyperpolarizability,
Prrs(—20;0,0), shows a superiority of AZN1 over AZN2 in the
analyzed spectral range. The ratio fyrs(AZN1/AZN2) is ~2.7
at 400 nm, reaches ~7.3 at 450 nm, is ~4.7 at 532 nm, and
grows sharply in the near-infrared (NIR). From 700 nm on,
AZN1 stays ~33-41 times higher than AZN2, see Fig. 10.

This stability is maintained across the near-infrared (NIR),
a region relevant for many technologies. The high ratio
persists at the widely used 1064 nm laser wavelength and
also within the standard optical telecom windows (1300-1550
nm). Both show a peak at 450 nm (resonant enhancement).
Away from resonance, AZN1 decays gradually but remains

CrystEngComm

significant (23.04 x 107°° esu at 1900 nm), while AZN2
reduces almost to a residual value (0.694 x 107° esu at 1900
nm). The reason for the difference is linked to symmetry and
charge distribution; f is sensitive to non-centrosymmetry and
to dipole differences between states. The greater electronic
asymmetry of AZN1 (consistent with its high x) reduces
tensorial cancellations and favors a large f. AZN2, even with
a higher (@ (linear response), behaves almost
centrosymmetrically from a 2nd order point of view, which
suppresses f, especially away from resonance. To better
interpret our results, we compared them with the reference
material p-nitroaniline (pNA). According to the literature,
PNA exhibits a g value for pNA of 23 x 107° esu in
chloroform,""' which is also an apolar solvent.

At the resonance peak (450 nm), the S of AZN1 is
approximately 875 x 107*° esu. This value is almost 40 times
larger than the pNA reference value, which demonstrates a
very strong resonant effect. More importantly, the non-
resonant value for AZN1 in the NIR region (23.04 x 107°° esu
at 1900 nm) is almost identical to the pNA reference value.
For AZN2, the response is much smaller than the pNA
reference, an expected result due to its molecular symmetry.
Therefore, this comparison indicates that AZN1 is a high-
performance NLO material, not only at resonance but also in
the non-resonant NIR spectral region. AZN1 is a good
candidate for 2nd order effects in solution (measured by
HRS, i.e., incoherent SHG), including in the NIR. AZN2, with
a suppressed P, is likely more interesting for linear response
and possibly 3rd order processes (x'). Significantly, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 BCPs identified for the interactions of AZN1 and AZN2 through QTAIM.

same intramolecular charge-transfer character that drives the
high hyperpolarizability of AZN1 also reduces its adiabatic
ionization potential (IP,q). Thus, NLO properties and
antioxidant activity not only coexist but stem from the same
fundamental electronic feature: the asymmetry and
delocalization of electron density along the n-system.

The molecules AZN1 and AZN2 exhibit similar
luminescent behavior, with variations arising from their
structural and symmetry differences. According to the results
predicted by machine learning, the maximum absorptions
occur at 390.770 nm (AZN1) and 380.231 nm (AZN2), while
the emissions are observed at 472.422 and 474.218 nm,
resulting in Stokes shifts of 81.651 and 93.987 nm,
respectively. The larger Stokes shift of AZN2 indicates a more
pronounced electronic reorganization between the ground

Table 6 Dipole moment components and total value (g, in Debye) for
AZN1 and AZN2

Dipole moment AZN1 AZN2
i -6.68 0.01
Hy 1.88 -0.18
e -0.00 -2.63
7 6.94 2.64

This journal is © The Royal Society of Chemistry 2025

and excited states, attributed to the presence of the second
nitro group, which enhances the electron-withdrawing
character and promotes a more significant structural
reorganization upon excitation. AZN1, on the other hand,
with a more asymmetric structure and higher dipole
moment, exhibits slightly more energetic transitions. The
similarities of 46.71% (AZN1) and 47.86% (AZN2) with
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Fig. 9 Average linear polarizability (a(-w;w)), as a function of
wavelength (1). The red circles represent AZN1 and the blue square
represent AZN2.
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Fig. 10 First Burs as a function of wavelength (1). The red circles
represent AZN1 and the blue squares represent AZN2.

respect to the training database demonstrate consistency
with the reference set, supporting the validity of the
predictions obtained. These well-defined absorption and
emission values indicate that AZN1 and AZN2 could be
detected in fuels such as biodiesel or diesel/biodiesel blends
by fluorescence or absorbance spectroscopic techniques,
using A,ps and Aen, as specific optical signatures for
monitoring oxidative stability and identifying antioxidant
additives during fuel use and storage.

3.3 Antioxidant performance

The Fukui indices mapped the regions most susceptible to
nucleophilic, electrophilic, and radical attacks. In Fig. 11a, it
is observed that the C=N bonds and the para and ortho
positions of ring 2 in AZN1 present high electron density,
favoring electrophilic attacks; in AZN2, the addition of the
nitro group reduces the density in ring 2, favoring attacks on
the iminic nitrogens (Fig. 11d). Despite the difference in
centricity, AZN1 and AZN2 exhibit similar regions susceptible
to nucleophilic attacks, located between the nitro group and
ring 1, in the C,-C, bond, and in the O; and O, oxygens
(Fig. 11b). These reactive patterns are repeated in the
equivalent regions of AZN2, as show in Fig. 11e. The regions

Electrophilic attack

AZN2

Nucleophilic attack
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susceptible to radical attacks are concentrated between the
nitro group and ring 1, as well as in the C=N bonds in AZN1
(Fig. 11c). In AZN2, they are located in the iminic nitrogens,
as shown in Fig. 11f. In light of this, the presence of nitro
groups in the centric azine restricts the reactive sites for
radical attacks to the N-N region, which may compromises
the molecule's antioxidant activity, since radicals may be
related to this process.

The reaction rate constant is a key kinetic parameter for
evaluating the efficiency of the oxidative process mediated by
hydroxyl radicals, where higher koy values indicate a greater
degradation rate. In Table 7, the koy values for AZN1 and
AZN2 are presented and compared with diesel, three
biodiesel components (BD M90OD, BD MPAL and BD M8OD),
and commercial additives. The results indicate AD% values
above 76% for all molecules with the MACCS fingerprint,
demonstrating greater accuracy of this descriptor compared
with the Morgan descriptor in the training set.

The koy values obtained for the azines are 3.25 x 10° for
AZN1 and 1.13 x 10° for AZN2, both within the same order of
magnitude as the main biodiesel components: BD M90OD
(5.94 x 10°), BD MAPL (4.98 x 10°) and BD M8OD (5.94 x
10%), as well as commercial additives: BHT (4.34 x 10”), BHA
(4.31 x 10%), TBHQ (7.63 x 10°), and GA (1.48 x 10°). The
equivalence between BD M90OD and BD MS8OD is due to the
limitation of the MACCS fingerprint, which uses a predefined
set of fragments, making it difficult to differentiate similar
structures. In contrast, the Morgan descriptor, which
considers more details of the atomic neighborhood, better
distinguished the structures, with koy values of 6.39 x 10°
(AZN1) and 4.70 x 10° (AZN2), close to those of diesel (6.05
x 10°) and biodiesel (5.90 x 10° for BD M90OD and BD
M8OD, 5.70 x 10° for MPAL) and higher than the additives
BHT (4.16 x 10°) and GA (4.09 x 10°).

When the comparison is extended to the other azines, the
same trend observed for AZN1 and AZN2 is maintained.
Azines with a lower number of nitro groups exhibit better
performance in neutralizing ‘'OH radicals, as evidenced by
the higher koy value observed for AZN3 (9.42 x 10°). This
relationship reinforces that nitro groups, by acting as

Radical attack
(f°)

L8l
o

Fig. 11 Isosurfaces of the Fukui functions indicating the sites of electrophilic (left a and d), nucleophilic (center b and e), and radical (right c and f)
attacks for AZN1 (top) and AZN2 (bottom), obtained at the M06-2X/6-311++G(d,p) level of theory.
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Table 7 Reaction rate (koy in M™ s™) for compounds AZN1 and AZN2 (this work), major diesel and biodiesel (BD) components, and other commercial
additives obtained using the XGBoost algorithm model, separated into two types of fingerprints: Morgan and MACCS. AD is the percentage of similarity

within the applicability domain

Molecule Molecular formula Morgan AD (%) MACCS AD (%) References
Diesel'*® Ci0Hyo 6.05 x 10° 50.00 1.14 x 10*° 76.92 Duarte et al.'"*
BD M9OD (19.98%)"*? C1oH350, 5.90 x 10° 48.21 5.94 x 10° 85.00 Duarte et al.'*?
BD MPAL (12.87%)""? C;7H340, 5.70 x 10° 58.70 4.98 x 10° 89.47 Duarte et al.""?
BD M8OD (10.22%)"*? C1H3,0, 5.90 x 10° 40.32 5.94 x 10° 85.00 Duarte et al.'*?
AZN1 Cy5H13N50, 6.39 x 10° 37.74 3.25 x 10° 82.76 This work
AZN2 C6H14N,0, 4.70 x 10° 55.56 1.13 x 10° 79.41 This work
AZN3 (ref. 57) C,7H;5N;0, 9.42 x 10° 33.33 1.38 x 10° 77.42 This work
AZN4 (ref. 114) C4H;oN,O, 5.70 x 10° 36.96 1.02 x 10° 84.38 This work
AZNS5 (ref. 114) C14H10N,0, 2.89 x 10° 30.91 6.88 x 10° 85.71 This work
AZNG (ref. 114) C14H1oN,O,4 5.31 x 10° 44.74 1.02 x 10° 84.38 This work
AZN7 (ref. 114) Cy4H,oN,0, 5.70 x 10° 40.00 1.02 x 10° 84.38 This work
CA BHT'"® Cy5H,0 4.16 x 10° 100.00 4.34 x 10° 100.00 Duarte et al.''?
CA BHA'"™® C,H3,0, 7.27 x 10° 66.67 4.31 x 10° 77.78 Duarte et al.'**
CA TBHQ'"® C10H140, 7.57 x 10° 100.00 7.63 x 10° 100.00 Duarte et al.''?
CA PG'"® CeHgO3 1.11 x 10*° 100.00 1.22 x 10*° 100.00 Duarte et al.''?
CA GA'™® C,HeO5 4.09 x 10° 40.62 1.48 x 10° 100.00 Duarte et al.**?

electron-withdrawing centers, reduce the ability of azines to
donate electrons or hydrogens, which compromises their
antioxidant efficiency. Furthermore, the position of the nitro
groups on the aromatic ring significantly influences the
efficiency of the azines. Molecules with substituents in the
para position (such as AZN4 and AZN7) showed greater
potential compared to those with groups in the meta position
(such as AZNG6), as indicated by the results of the Morgan
fingerprint descriptor, with values of 5.31 x 10° for AZN6 and
5.70 x 10° for AZN4 and AZN7. When comparing the meta
and ortho positions, the reduction in antioxidant potential
becomes even more evident: relative to AZN6, AZN5, which
has the nitro group on the second ring in the ortho position,
showed a 45.6% decrease in the koy value, according to the
Morgan model. In the MACCS model, however, the identical
values observed among AZN4, AZN6, and AZN7 result from
the lower sensitivity of this descriptor to subtle structural
differences, since it uses a limited set of information and
therefore does not adequately distinguish variations in the
position of substituents. Complementarily, the structural
similarity analysis revealed a high degree of correlation
between the studied azines and the molecules from the
reference database. Among the analyzed azines, AZN1 and
AZN2 showed the highest similarity to each other (97%), as
well as a strong correspondence with AZN7 (74% and 72%,
respectively) and AZN4 (61% and 60%), indicating that small
variations in the position and number of substituents may be
decisive for the antioxidant behavior (see SI, Fig. S12).

These results indicate that azines with fewer nitro
substituents are better candidates for additives, as the nitro
groups on the aromatic rings act as localized, non-conjugated
electron-withdrawing centers.’*” In the case of AZN2, the
additional nitro group intensifies this effect, resulting in a
lower kom value. To complement the machine learning
predictions, a more direct assessment of the electron-
donating capacity of the azines was performed. This analysis
focuses on the SET mechanism, a key antioxidant pathway

This journal is © The Royal Society of Chemistry 2025

for molecules that, like AZN1 and AZN2, lack the traditional
O-H or N-H groups required for HAT. The viability of the
SET pathway can be effectively evaluated by calculating the
IP,q, where a lower value indicates a greater propensity for
the molecule to donate an electron and neutralize radical
species.

The SET trend can be checked by IP,4, which we get from
the difference between the Gibbs energies at 298 K of the
radical cation and the neutral molecule, using the same
solvent and theory level,

IP,q = G(A") - G(A) (17)

The calculations were done with CAM-B3LYP/6-311++G(d,p)
and SMD (n-hexane). We did geometry optimization and
vibrational analysis (freq) for the neutral and radical cation
(duplet) forms. This gives us good thermochemical
corrections at 298 K.

Following this protocol, we got IP,q for AZN1 (7.183 eV/
693.0 k] mol™") and AZN2 (7.250 eV/699.5 kJ mol"). This
means AZN1 has a bit lower IP,4 than AZN2, which in SET-
based mechanisms, a lower IP,q means it is easier to oxidize.
From these results, AZN1 should have a small advantage over
AZN2 as an electron donor in n-hexane. The difference (0.067
€V/6.46 k] mol™) is small, which suggests both compounds
are in the same range of redox reactivity. So, other things can
affect the practical result in biodiesel, like: (i) the
stabilization and delocalization of the radical cation that is
formed (we can describe this with spin/charge density
analysis), and (ii) phase affinity (how it partitions into the
lipid matrix).

In addition, it is important to note that the reactivity of
these molecules depends not only on the ionization
potentials but also on specific structural features. The azine
bridge is known to act as a “conjugation stopper”, which
limits the full electronic delocalization, a property discussed
in many works by the Glaser group and reviewed by Safari
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and co-workers.>” The introduction of nitro groups creates a
push-pull effect, changing the charge density distribution.
This is relevant because it influences the electron availability
for SET processes and the capacity for proton exchange, as
observed in studies on azine-hydrazone tautomerism.'** This
electronic versatility of azines is well documented in several
applications, ranging from organocatalysis, where they act in
substrate activation,'**'* to recent applications in
chemosensors that rely on electron and proton transfer
mechanisms.””*"””  Looking only at the 1P,y in SMD
(n-hexane), AZN1 is a slightly favorable for the SET
mechanism than AZN2. However, the values are very close,
indicating that azines may serve as additive candidates if
nitro groups are absent, primarily due to their electron-
withdrawing character observed for the nitro-azines in this
work, which reduces the compound's antioxidant potential in
a non-polar medium.

4. Conclusion

The growing use of biodiesel as a renewable fuel highlights
the urgent need for additives that can enhance oxidative
stability and performance. In this study, two nitro-
substituted azine derivatives were structurally and
computationally characterized to probe the relationship
between molecular design, supramolecular organization,
and functional properties. Both compounds are stabilized
by C-H:--O, C-H--'N, and C-H--'m interactions, forming
dimers with R3(22) and Rj(20) motifs in AZN1 and R3(7) in
AZN2. The additional nitro group (NO,) in AZN2 did not
cause a significant difference in the HOMO-LUMO gap
compared to AZN1 in the solid state. However, in the gas
phase, AZN2 shows a larger gap than AZN1, indicating a
5.38% increase in stability.

While the additional nitro group in AZN2 did not
significantly alter solid-state HOMO-LUMO gaps, it reduced
reactivity in the gas phase and shifted frontier orbital
distributions. The Fukui functions revealed that the
additional nitro and methyl groups in AZN2 cause a change
in the reactive sites, relocating the electrophilic and radical
attack sites solely to the imine nitrogens and extending the
nucleophilic attack to regions corresponding to an inversion
center. The topological analysis showed that the interactions
in both compounds are predominantly closed-shell type, with
the Cip—Hjoc'-+O; interaction in AZN2 exhibiting greater w
character, and C;3-H;;'--O; and Cy,-H;,":*O, showing greater
c character.

Also, an analysis of the SET mechanism showed that AZN1
has a slightly lower ionization potential than AZN2. The study
of the electric properties found a clear difference: AZN1 is
strongly polar with a high dipole moment, but AZN2 has a
higher linear polarizability. Most important, the asymmetric
AZN1 showed a much bigger second-order NLO response
(Purs), more than 30 times higher than the symmetric AZN2
in the NIR region. This makes AZN1 a high-performance NLO
material, comparable to the p-nitroaniline reference.

CrystEngComm
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The results obtained from the oxidation rate predictions
against ‘'OH radicals revealed a slightly superior antioxidant
performance for the azine with a lower number of nitro
groups. This is attributed to the reducing capacity provided
by the nitro group, which influences the reactivity of azines
toward free radicals. Consequently, AZN1 demonstrated a
slightly better antioxidant potential than AZN2, with reaction
rates comparable to those of diesel and the main
components of biodiesel, in addition to surpassing some
commercial additives. These findings illustrate how detailed
structural insights can guide the rational design of
antioxidant additives for biodiesel stabilization and reinforce
the potential of AZN1 as an additive of renewable fuels,
particularly biodiesel.
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