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Abstract

In this work, we conducted a theoretical investigation of the esterification of lauric acid (C12) with the
natural unsaturated alcohol (-)-a-bisabolol, considering both uncatalyzed and CeOg2-catalyzed
pathways. Molecular structures were optimized using a combination of semi-empirical methods and
Density Functional Theory (DFT), enabling the calculation of key parameters such as dipole
moments, electrostatic potential maps, infrared spectra, and frontier molecular orbitals (HOMO and
LUMO). For the uncatalyzed reactions, we evaluated thermodynamic descriptors, including enthalpy
(AH®), Gibbs free energy (AG°), and entropy (AS°), to gain mechanistic insights. Reaction pathways
were further explored through a hybrid QM/MM strategy combined with Molecular Dynamics (MD)
simulations. The esterification of lauric acid with (-)-a-bisabolol proceeds via an Sn2-type
mechanism. The findings indicate that, in the absence of a catalyst, the reaction is not spontaneous;
howewver, the use of CeO2 as a heterogeneous catalyst significantly enhances the spontaneity,
favoring the formation of (-)-a-bisabolol laurate.

Keywords: Esterification; Heterogeneous catalysis; Lauric acid (C12); a-bisabolol alcohal;
Computational chemistry.

Resumo

Neste trabalho, realizamos uma investigacao tedrica da esterificagdo do acido laurico (C12) com o
alcool natural insaturado (-)-a-bisabolol, considerando tanto as Jias ndo catalisadas quanto as
catalisadas por CeO2. As estruturas moleculares foram otimizadas utilizando uma combinacdo de
métodos semiempiricos e da Teoria do Funcional da Densidade (DFT), permitindo o céalculo de
parametros-chave, como momentos dipolares, mapas de potencial eletrostatico, espectros de
infravermelho e orbitais moleculares de fronteira (HOMO e LUMO). Para as reacbes n&o
catalisadas, avaliamos descritores termodinamicos, incluindo entalpia (AH°), energia liwve de Gibbs
(AG®) e entropia (AS°), a fim de obter percepgdes sobre o mecanismo. As vias reacionais foram
ainda exploradas por meio de uma estratégia hibrida QM/MM combinada com simulagdes de
Dindmica Molecular (MD). A esterificacdo do acido laurico com (-)-a-bisabolol ocorre via um
mecanismo do tipo Sn2. Os resultados indicam que, na auséncia de catalisador, a reacdo néo é
espontanea; entretanto, o uso de CeO2 como catalisador heterogéneo aumenta significativamente a
espontaneidade, favorecendo a formacéo do laurato de (-)-a-bisabolol.
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1. Introduction

The esterification reaction has been extensively investigated due to its
fundamental role in the production of higher value-added products from vegetable
oils and animal fats [1]. In addition, it is widely applied in various chemical
processes to synthesize a broad range of industrially relevant products, including
polyethylene terephthalate (PET) [2]. Catalysts are employed to enhance both the
reaction rate and yield. Because esterification is a reversible process, an excess of
alcohol is typically used to shift the equilibrium toward product formation. Three
main categories of catalysts are commonly applied: enzymatic, homogeneous, and
heterogeneous [3]. Among them, heterogeneous catalysts offer notable economic
advantages due to their reusability, representing a clear benefit over homogeneous
systems. In addition, they simplify downstream processing by minimizing the
generation of aqueous effluents, allow the use of high-molecular-weight alcohols,
and facilitate the separation of glycerol from esters, thereby reducing product
purification time [4].

Recently, significant progress has been made in developing heterogeneous
catalysts for the production of esters from fatty acids, particularly for industrial
applications [5]. In this context, rare earth metals have attracted attention as
efficient heterogeneous catalysts. Among them, CeO:2 stands out due to its
remarkable oxygen storage capacity, high thermal stability, and notable optical,
electrical, and diffusional properties [6], which underpin its wide range of
technological applications.

Vegetable oils are regarded as a promising feedstock for the production of
diverse industrial products, owing to their renewable availability, abundance, and
environmental benefits. Esterification has been widely employed to obtain esters
from various vegetable oils, such as soybean, sunflower, babassu, castor, palm

kernel, and palm, among others [7]. In particular, the oil extracted from babassu



https://doi.org/10.61164/jzjcha21

Received: 20/10/2025 - Accepted: 16/11/2025

Vol: 20.02
DOI: 10.61164/jzjcha21

ISSN 2178-6925 Pages: 1-21

coconut (Attalea speciosa Mart. ex Spreng.) is noteworthy for its high lauric acid
(C12:0) content, and has recently been applied in esterification processes [8,9].

The babassu coconut is an ellipsoid-shaped fruit that grows on palm trees
widely distributed across the North and Northeast regions of Brazil. Its primary
product is the oil extracted from the kernels, which is highly valued in the chemical,
cosmetic, biofuel, and food industries [10]. Babassu oil is composed predominantly
of saturated fatty acids, with lauric acid as the major component, followed by
myristic, palmitic, stearic, oleic, linoleic, capric, and caprylic acids [9]. One strategy
for increasing the value of babassu coconut components is to transform them into
high-value commercial products. Babassu oil can be transesterified with various
alcohols, including a-bisabolol, a chain-long alcohol gaining attention in the
transformation industry [11].

The a-bisabolol is a natural monocyclic sesquiterpenoid that has been
formally identified as (-)-a-bisabolol and is also known as levomenol. Its official
IUPAC name is (2S)-6-methyl-2-[(1S)-4-methylcyclohex-3-en-1-yl)]hept-5-en-2-ol.
a-bisabolol has a molecular weight of 222.37 g/mol, low density (0.922—-0.931)
g/cm3, XLogP3-AA (3.8) and logP (5.070). This alcohol exhibits anti-inflammatory,
antiseptic, bactericidal, antimycotic, and healing properties. Although a-bisabolol is
widely used in the industry, little is known about the molecular-level esterification
reactions [12].

Understanding the esterification reaction mechanism can be useful for
optimizing process parameters, enhancing yield, and ensuring product consistency,
especially in the context of biodiesel production and other industrial applications.
Computational studies, particularly employing Density Functional Theory (DFT),
have significantly contributed to this understanding. For example, direct oxidative
esterification employing Ni/Au-based catalysts for the synthesis of methyl
methacrylate (MMA) from methacrolein and methanol was investigated with the
support of DFT calculations and experimental data [13]. In another study,
heterogeneous catalysts containing Cu were applied in the synthesis of chiral allylic
esters, achieving a 90% vyield and an enantiomeric excess of 77%. In this case, the

4
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formation mechanism of the esters was elucidated through density functional theory
(DFT) calculations [14]. These findings emphasize the role of computational
analysis in optimizing esterification processes.

In this study, we employed a comprehensive computational approach to
investigate the esterification of lauric acid with a-bisabolol, both in the presence and
absence of the heterogeneous catalyst CeO2, with an emphasis on the effects of
steric hindrance. The aim was to optimize the reaction conditions involving lauric
acid (C12) and a-bisabolol, addressing the gap in the theoretical analysis of the
esterification of vegetable oils with long-chain alcohols in heterogeneous catalytic
systems. The results provide new insights into the mechanisms underlying this type
of reaction and contribute to the development of more efficient and environmentally

sustainable industrial processes.

2. Computational Methodology
2.1 System preparation

Initially, geometry optimizations were performed using Gaussian 09 and PM6
(Parametric Method 6) level [15]. The calculation procedure consists of optimizing
the structures of the molecules to obtain energy parameters such as: dipole moment
vectors, electrostatic potential surface map (MEP), infrared spectroscopy (IR), the
energy of HOMO and LUMO molecular orbitals.

The structure of the CeO:2 catalyst had its geometry fully optimized as energy
minima using the HF-3c method (the structures of the reactants and products were
optimized in the uncatalysed reactions) [16].

Following the optimization of the catalyst, the reactant-catalyst system was
assembled (for the esterification reactions) to obtain the free energy of the reactions
using the DFT method (M062X/6-31+G (d,p)) [17].

2.2 The potential energy surface (PES)
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We examined the catalysed and uncatalysed esterification reactions of C12
lauric acid with (-)-a-bisabolol alcohol using various potential energy surfaces
(PES), employing the pDynamo library for molecular modeling and ORCA for
guantum mechanical (QM) calculations [18, 19]. Despite its limitations in evaluating
free energy surfaces in enzymatic reactions due the limited sampling, PES allows
the inclusion QM/MM potential in the simulations due its low computational cost. In
the QM/MM approach a small part of the system involved in the mechanism is
described by quantum mechanics, while MM force fields represent the contour
region. The 2D potential energy surfaces (PESs) for esterification reactions were
obtained for both catalysed and uncatalysed mechanisms. The QM region was
described using the M06-2X/6-31+G(d,p) potential, and the atomic coordinates of
reacting atoms were restrained by a harmonic umbrella potential of 50 kcal-mol-t A2,
Additionally, we constructed 2D PESs using PM6, HF-3c, and B3LYP methods to
compare with M06-2X/6-31+G(d,p) results, with transition states identified as saddle
points. For the hybrid QM/MM calculations, the atoms of the lauric acid and alcohol
(-)-a-bisabolol moieties were selected to be treated by QM, using a semi-empirical
PM6 [15] and M06-2X/6-31+G(d,p) potential [17].

(-)-a-bisabolol
alcohol

Link Atom

QM Atoms: 12 atoms

Figure 1. Quantum Region for the non-catalysed reaction.
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The other atoms of the system were described using the CHARMM36 [20]
force field. The number of QM atoms resulted then to be 79 while the final system
contains 12 atoms, respectively. To investigate the mechanism, a 2D-PES was
initially created wusing the R1-R2 combination that corresponds to the
addition/elimination stages of lauric acid and (-)-a-bisabolol alcohol, as well as the
R2-R3 distance, which corresponds to the proton transfer to the water molecule
(Figure 1).

3. Results and Discussion

3.1 Dipole moments, electrostatic surface potential, homo and lumo and

spectrainfrared

The dipole moment magnitudes were calculated for the optimized molecular
structures. Expressed in Debye (D), the dipole moment represents the product of
the partial charges and the distance separating the most electronegative regions of
the molecule. The dipole moments of the studied molecules were obtained using the
PM6 method [15] (Table 1).

Table 1. Molecular dipole moment for the structures.

Chemical compounds Dipole moment (Debyes)
Lauric acid 1.15
(-)-a-bisabolol 1.34
(-)-a-bisabolol laurate 1.72

Table 1 shows that, among the reactants, lauric acid exhibited a dipole
moment of 1.15 D, while (-)-a-bisabolol presented 1.34 D. The reaction product, (—
)-a-bisabolol laurate, showed a value of 1.72 D, indicating higher molecular polarity.
It is well established that the affinity of a molecule for polar environments increases
with its dipole moment, which consequently tends to raise its melting and boiling

points.
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() A‘
Figure 2. Optimized structures and representation of the vectorial resultant of the electronegative
dipole moment of (I) lauric acid (C12), (Il) (-)-a-bisabolol and (lll) (-)-a-bisabolol laurate.
Figure 2 illustrates that the dipole moment vector () originates in regions of
lower electronic density and points toward regions of higher electronic density,
indicating both an increase in polarity and in vector magnitude along this direction.

()
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Figure 3. Molecular electrostatic potential (MEP) for: (I) lauric acid (C12), (ll) (-)-a-bisabolol and (lIf)

(-)-a-bisabolol laurate using the DFT method.

The Molecular Electrostatic Potential (MEP) map, first introduced by Reed
et al. in 1985 [21], offers a visual approach to assessing the relative polarity of
molecules. By identifying nucleophilic and electrophilic sites, and when combined
with dipole moment data, MEP maps enable predictions of the types of
intermolecular interactions likely to occur [22]. Figure 3 presents the ESP maps of
the reactants and products involved in the non-catalyzed esterification reactions.
Two distinct regions are observed: (i) nucleophilic domains, mainly localized around
oxygen atoms, and (ii) electrophilic domains, primarily associated with hydrogen
and carbon atoms.

The active site of the uncatalyzed esterification reaction was identified at the
carbonyl group of lauric acid and the hydroxyl group of the alcohol (-)-a-bisabolol.
Specifically, in the uncatalyzed pathway, the carbonyl region of the C12 lauric acid
consistent with the dipole moment results and the hydroxyl region of (-)-a-bisabolol

act as the reactive centers.
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Figure 4. Proposed nucleophilic attack of the HOMO orbital of (-)-a-bisabolol on the LUMO orbital of

lauric acid.
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Figure 4 presents the HOMO and LUMO molecular orbitals, obtained using
the PM6 method, for both the reactants and products of the non-catalyzed
esterification reactions. In chemical reactions, effective interaction occurs through
the overlap of the HOMO of the negative species (the nucleophile) with the LUMO
of the positive species (the substrate or electrophile) [23]. In this case, the HOMO of

(-)-a-bisabolol functions as the nucleophile, attacking the LUMO of lauric acid.

1200 1835 Lauric acid
-C=0 JJ ” )

1000 - o s b
= 29 . o 2 * o
> - - - -

L 800
Q
o 2548
S 600 -cHy -OH
o 2682
E 2789
Q 400+ cn,
Ne! ]
<
200 L
o J
T T T T T
3000 2500 2000 1500 1000 500 0

Wavenumber (cm™)

Figure 5. The infrared spectrum for lauric acid obtained through the PM6 computational method.
The infrared spectra of the molecules were calculated using the PM6
method. In lauric acid (Figure 5), the vibrational modes correspond to CH3 and CH2
stretching. A key spectral feature is a strong band attributed to the C=0O bond at
1835 cm™, along with a medium-intensity band corresponding to OH stretching at
2548 cm™t. Angular deformations of CHs and CHz appear at 1299 cm™ and 775
cm™, respectively. Some of the calculated frequencies deviate from experimental
values; for example, the C=0 vibration is typically observed around 1700 cm™ [24].
Figure 6 shows the infrared spectrum of (-)-a-bisabolol, with absorption
bands in the 2792-2775 cm™ region corresponding to CH3 and CH2 stretching. As a
tertiary and chiral alcohol, a strong band at 2699 cm™ is assigned to the C-chiral
CHzs stretch. The spectrum presents two characteristic regions: a medium-intensity
band attributed to OH stretching at 2543 cm™ and a C=C deformation band at 1812

cm™, indicating the presence of two unsaturations in the molecule. The angular
10
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deformation of the chiral center appears at 1361 cm™2, while additional deformations
are observed for CHs at 1257 cm™ and =CH at 807 cm™, the latter corresponding to
a low-intensity band [25].

1000 ~ 2699 (-)-a-bisabolol
-C chiral “CH3

— 800 -
3
L
v 600-.cH, | 2543
Q
c {2775 -OH
© D79
e 400 —|-cH,
o
wv
¥l
< 200

0 -

T T T T T
3000 2500 2000 1500 1000 500 o]

Wavenumber (cm?)

Figure 6. Infrared spectrum obtained by the PM6 computational method for the alcohol (-)-a-
bisabolol.

The Figure 7 shows the spectrum of the (-)-a-bisabolol laurate molecule.
The region between 2789 and 2692 cm corresponds to CHs and CHz2 stretching.
The spectrum shows two overlapping peaks with intensities of 1803 and 1813 cm-1,
corresponding to C=0 and C=C, respectively. The (-)-bisabolol laurate molecule
consists of a chiral carbon, which has been attributed to the angular deformation of
C-chiral at 843 cm and a band of low intensity attributed to C-O at 687 cm-™L.

In view of its attack on the lauric acid C12 to form laurate (-)-a-bisabolol, the
region at 2548 cm! related to the OH stretching of the alcohol (-)-a-bisabolol is in

fact the most important for understanding the uncatalysed esterification reaction.

11
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Figure 7. Infrared spectrum obtained by the PM6 computational method for (-)-a-bisabolol laurate.

3.2 Uncatalysed Esterification Reaction of Lauric Acid with (-)-a-Bisabolol

The uncatalyzed and catalyzed esterification reactions were evaluated
using the PM6 method and DFT calculations at the B3LYP/6-31+G level to assess
their spontaneity. To elucidate the mechanism of the uncatalyzed esterification of
lauric acid with (-)-a-bisabolol, potential energy surface and frequency calculations
were carried out with the HF-3c and PM6 methods.

From these analyses, thermodynamic and kinetic parameters were
obtained, including AH, AS, AG, AGt, and the rate constant. All calculations were
performed under STP conditions, as described in the Methods section. According to
the computational results (Table 2 and Figure 8), the uncatalyzed esterification of
lauric acid with (-)-a-bisabolol is exothermic (AH° = —0.29 kcal-mol™1). However, the
Gibbs free energy (AG®° = 24.7 kcal'mol™) reveals that the process is not

thermodynamically favorable, indicating that the reaction is non-spontaneous.

12
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Reactants

/ Lauric Acid

Addition/Elimination

a-Bisabolol

45 1 05 0 05 1 15

Proton Transfer

Figure 8. SEP2D. Each line corresponds to 5 kcal.

Table 2. Thermodynamic and kinetic parameters for the uncatalysed esterification reaction.

Lauric acid + (-)-a-Bisabolol — (-)-a-Bisabolol laurate + H20

AH’= -0.29 kcal.mol*
AS°= -0.08 kcal.K.mol!
AG’® = 24.70 kcal.mol?
AG* = 42.80 kcal.mol!
k = 4.856x106 51

AH° - Enthalpy of reaction; AS° - Entropy of reaction; AG° - Gibbs free energy.
AG? - Activation energy; k - Reaction rate constant.

The optimized structures of lauric acid and (-)-a-bisabolol, illustrating the
esterification reaction pathway, are shown in Figure 8. During the formation of (-)-a-
bisabolol laurate, a water molecule is released through the interaction between the
hydroxyl group of the alcohol and the carbonyl group of lauric acid. The reaction
was modeled using the DFT method (B3LYP) with the 6-31+G basis set. The
transition state (TS) was confirmed by the presence of a single imaginary frequency
at —1242.46 cm™, corresponding to a first-order saddle point (Figure 9).

13
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Figure 9. Transition geometries of the uncatalysed esterification reaction.

3.4 Esterification Reaction of Lauric Acid with (-)-a-Bisabolol Catalysed by
CeO2

After demonstrating that the uncatalyzed esterification reactions are non-
spontaneous, we performed theoretical QM/MM MD calculations with a
heterogeneous CeO:2 catalyst to assess the spontaneity of the reaction between
lauric acid and (-)-a-bisabolol. The initial calculations followed the same DFT
methodology (B3LYP) used for the uncatalyzed reactions. However, due to the high
computational cost, the HF-3c method was employed to obtain the initial optimized
structures of the catalyst—reactant complexes.

Figure 10 presents the structures of the catalyst and reactants obtained
from QM/MM MD calculations. To achieve more accurate energies, the DFT method
(M06-2X/6-31+G(d,p)) was employed, although no significant differences in energy
magnitudes were observed compared to the B3LYP method. The calculations of the
esterification reaction with the CeO2 catalyst indicate minimal energy differences
between the transition state (TS) and the product state (PS), suggesting that the
reactant state (RS) converges directly to the PS, in contrast to the TS identified in
vacuum conditions.

Mucelini et al. [26] investigated the adsorption of zirconium atoms on cerium

oxide surfaces: Zn/CeO2 (111). The study examined the nature and magnitude of

14
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the interactions between Zr and CeO2 (111) atoms in terms of the electronic,
geometric, and energetic properties of the materials. The surface of CeO2 (111)
exhibited layers of a single type of atom in the ratio of one Ce layer to two O layers,
which could be stacked as repeats of O-Ce-O or O-O-Ce, with each atom
representing a layer. Only the O-Ce-O termination was studied because it is more

stable than the O-O-Ce termination.

Figure 10. Optimized geometries of the interaction between lauric acid molecules and (-)-a-bisabolol
alcohol catalysed with CeO2 obtained by the DFT computational method (M062X 6-31+G(d,p)).

Esterification calculations of lauric acid and the alcohol (-)-a-bisabolol with
the CeO2 catalyst showed that the energy obtained was AG= -25.62 Kcal for the
conversion of (-)-a-bisabolol to the product laurate, indicating that this reaction

occurs spontaneously.

15
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4. Conclusions

In both catalyzed and uncatalyzed reactions, factors such as steric
hindrance between the nucleophile and the electrophile have a significant impact on
the progress of the esterification reaction. Computational studies revealed that a
concerted Sn2-type mechanism directly converting reactants into products during
the transition state governs the interaction between the reactants in both reaction
types. Lauric acid (C12) does not react spontaneously with (-)-a-bisabolol, as
demonstrated by DFT (B3LYP) simulations. In the CeOg2-catalyzed process, DFT
calculations (M06-2X/6-31+G(d,p)) showed that the reaction of lauric acid with (-)-a-
bisabolol becomes thermodynamically favorable. Considering the limited theoretical
studies on the heterogeneous catalytic esterification of vegetable oils with long-
chain alcohols, this work provides important contributions to the scientific

community and opens new avenues for future research.
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