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A B S T R A C T

The monoterpene hydrocarbons limonene, sabinene, 𝛼-phellandrene, and 𝛽-phellandrene are organic com-
pounds produced by plants during adaptation, defense, and reproduction processes, with their concentrations
varying according to physical and chemical factors. These compounds were identified as the group with the
highest percentage in the essential oil of the leaves of Croton heliotropiifolius Kunth, whose extract shows
potential as a drug candidate. To better understand these compounds’ properties, we studied the quantum-
chemical descriptors of these four molecules. In addition, thermodynamic and electronic properties of the
chemical structures of the monoterpene hydrocarbons were obtained using the Density Functional Theory (DFT)
formalism. This study provides new insights into the analyzed systems. It establishes correlations between
structure, property, and activity, allowing the investigated monoterpene compounds to be screened and selected
for the design of future drugs based on essential oils derived from these molecules. It also assists in identifying
ideal preparation and administration methods for your products suitable for outpatient, hospital, and home
use.
1. Introduction

The medicinal properties exhibited by various plant species are
associated with chemical compounds they produce for adaptation, de-
fense, and reproduction [1]. Many of these properties were empirically
observed and used in attempts to relieve pain and treat diseases,
even without a clear understanding of their mechanisms of action [2].
This empirical knowledge laid the foundation for the arsenal of drugs
available today [3].

In this context, the species Croton heliotropiifolius Kunth, an endemic
plant from northeastern Brazil commonly known as ‘‘velame’’, has
gained scientific attention. It is widely used in traditional medicine for
treating colds, pain, inflammation, fungal infections, gastrointestinal
disorders, and diabetes [4–7]. These applications have motivated the
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1 4-isoprenyl-1-methylcyclohexene
2 (1R,5R)-4-methylene-1-propan-2-ylbicyclo[3.1.0]hexane
3 2-methyl-5-propan-2-ylcyclohexa-1,3-diene
4 3-methylene-6-propan-2-ylcyclohexene

investigation of its essential oil, which predominantly contains or-
ganic compounds such as limonene,1 sabinene,2 𝛼-phellandrene,3 and
𝛽-phellandrene.4

These four compounds have been widely studied for their phar-
macological potential, exhibiting antimicrobial, anti-inflammatory, and
antioxidant properties [4,5,7]. Their presence in medicinal plants and
essential oils has been associated with potential therapeutic effects,
making them valuable candidates for drug discovery and rational
molecular design [8,9]. Understanding their quantum-chemical de-
scriptors provides key insights into their physicochemical and elec-
tronic properties, influencing their interaction with biological receptors
and their potential efficacy in pharmacological applications.

In this perspective, scientific evidence suggests the potential of
these compounds for developing novel drugs to treat various diseases,
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expanding therapeutic options, and opening pathways for the devel-
opment of model medications [8]. However, the refinement or intro-
duction of new drugs involves stringent efficacy and safety standards,
which demand significant time, resources, and cost, primarily due to
the low success rates from initial planning to market approval [9].

The challenges in identifying active compounds delay the treat-
ment of numerous diseases, limiting therapeutic options and reducing
survival rates [10]. In this regard, theoretical studies supported by
computational tools play a pivotal role in rational drug design [4,
11,12]. These approaches enable extensive and realistic analyses of
complex systems in less time and at a lower cost. They facilitate un-
derstanding chemical structures, properties, and potential mechanisms
of action, optimizing molecular interaction studies and reducing waste
generation [13].

In this work, we employed computational quantum chemistry meth-
ods to investigate the properties of limonene, sabinene, 𝛼-phellandrene,
and 𝛽-phellandrene. The combination of quantum-chemical descriptors
with pharmacokinetic and toxicological data [9] provides an essential
framework to describe the interactions of these molecules with biolog-
ical receptors and to analyze the correlations between chemical struc-
ture, biological activity, and physicochemical properties. To achieve
this, we calculated descriptors such as electric dipole moment, charge
density, electrostatic potential maps, frontier orbital energies (HOMO-
LUMO), ionization potential, electron affinity, electronegativity, hard-
ness, softness, chemical potential, and polarizability. Thermodynamic
parameters, including free energy, enthalpy, and entropy, were also
obtained, alongside the total and projected density of states for the
optimized chemical structures of these monoterpenes, using Density
Functional Theory (DFT) formalism [12–14]. This study enhances un-
derstanding of the analyzed molecules and identifies correlations be-
tween structure, property, and activity, enabling their evaluation and
selection based on desired traits. These findings contribute to the ratio-
nal design of future drugs derived from this essential oil. They inform
its products’ optimal preparation and administration methods, with
potential applications in ambulatory, hospital, and home-care settings.

2. Computational methodology

To investigate the physicochemical characteristics of the monoter-
pene hydrocarbons limonene, sabinene, 𝛼-phellandrene, and
𝛽-phellandrene, present in the leaves of Croton heliotropiifolius Kunth,
theoretical calculations were performed using DFT as implemented in
the ORCA and Quantum ESPRESSO (QE) computational packages. The
atomic coordinates of each structure were retrieved from the PubChem
database [15].

For molecular properties, we employed the B3LYP hybrid exchange–
correlation functional, which provides a reliable balance between accu-
racy and computational cost for organic molecules. The def2-TZVPP ba-
sis set was chosen to describe electron correlation effects with high pre-
cision. To improve computational efficiency, the resolution-of-identity
(RI) approximation was applied using the def2/J auxiliary basis set.

The self-consistent field (SCF) equations were iteratively solved for
each monoterpene, with an energy convergence threshold of 6.8 ×
10−8 eV. Based on the optimized geometries, molecular properties were
obtained, including charges (Mulliken, NPA, NBO, Chelpg), resultant
dipole moment, frontier orbital energies, electrostatic potential maps,
thermodynamic parameters, and polarizability.

Thermodynamic parameters, including free energy, enthalpy, and
entropy, were obtained using the harmonic approximation within the
DFT formalism. These values correspond to the isolated gas-phase
molecules at 298.15 K and 1 atm, considering equilibrium geometries
optimized at the B3LYP/def2-TZVPP level of theory.

For total and projected density of states (DOS/PDOS) calculations,
the QE package was used with the Perdew–Burke–Ernzerhof (PBE)
exchange–correlation functional within the generalized gradient ap-
proximation (GGA), which is widely applied in electronic structure
2

Fig. 1. Schematic representation of the optimized molecules of limonene (a), sabinene
(b), 𝛼-phellandrene (c), and 𝛽-phellandrene (d), highlighting atomic nomenclature and
related angles.

calculations. The plane-wave basis cutoff was set to 25 eV, and the
Brillouin zone was sampled using a 𝛤 -point Monkhorst–Pack grid.
A self-consistent field energy convergence criterion of 10−6 eV was
adopted.

All calculations were performed in the gas phase, and solvent effects
were not considered. While this approach allows for a fundamental
understanding of monoterpene properties, future studies incorporating
explicit solvent models or condensed-phase simulations may provide
further insights into their behavior in biological environments.

3. Results and discussion

This section presents the results of quantum chemical simulations,
focusing on monoterpene hydrocarbons’ thermodynamic and electronic
properties based on the methodology discussed in the previous section.

3.1. Structural details

The molecular structure of the monoterpene hydrocarbons limonene,
sabinene, 𝛼-phellandrene, and 𝛽-phellandrene consists of 26 atoms,
with the chemical formula C10H16. Fig. 1 shows the optimized confor-
mations of each investigated molecule, configuring them as nonlinear
structures with predominantly covalent bonds of 𝜎 and 𝜋 types, de-
scribed as 𝜎 (C – sp3 and H – 1s), 𝜎 (C – sp3 and C – sp3), 𝜎 (C – sp2

and C – sp2), and 𝜋 (C – 2p and C – 2p), resulting from the frontal com-
binations of sp3 and sp2 hybrid orbitals and the parallel combinations
of pure 𝑝 orbitals, respectively. The figure also highlights the angles
between the orbitals, which range from 105.2◦ to 124.6◦ (limonene),
58.9◦ to 125.2◦ (sabinene), 106.6◦ to 123.5◦ (𝛼-phellandrene), and
106.2◦ to 124.2◦ (𝛽-phellandrene), indicating the presence of sp3 and
sp2 hybridizations. Table S1 (supplementary material) shows each
molecule’s calculated bond angles.

Regarding the structural organization of the monoterpenes found in
the leaves of Croton heliotropiifolius Kunth, the average bond lengths
are approximately 1.33 Å for the C––C double bonds and 1.54 Å
for the C–C single bonds, which is in agreement with experimental
values reported for these bond types. Additionally, the average C–H
bond lengths observed were around 1.10 Å. Table S2 (supplementary
material) presents all the bond lengths for limonene, sabinene, 𝛼-
phellandrene, and 𝛽-phellandrene. Small rotations were also observed
in the bonds C1 –C7, C1 –C2, C1 –C3, C4 –C2 in limonene; C7 –C4,
C4 –C1, C1 –C5 in sabinene; C4 –C3, C1 –C3, C1 –C2 in 𝛽-phellandrene;
and C2 –C1, C3 –C1 in 𝛼-phellandrene, with their structural character-
istics maintained in terms of bond length.
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Table 1
Coordinates of the electric dipole moment vectors calculated using the Mulliken method

Monoterpene Limonene Sabinene 𝛼-phellandrene 𝛽-phellandrene

x (Å) −0.101 0.336 0.071 0.301
y (Å) −0.195 0.015 0.038 −0.124
z (Å) −0.167 −0.112 −0.004 −0.049

Magnitude 0.702 0.901 0.205 0.838

Fig. 2. Resulting electric dipole moment vector (origin coinciding with the center
of mass) and partial atomic charges, obtained using the Mulliken method, of the
optimized chemical structures of limonene (a), sabinene (b), 𝛼-phellandrene (c), and
𝛽-phellandrene (d). Atomic charges are indicated by color shades, with negative charges
in red and positive charges in blue.

Furthermore, it was observed that the structures exhibit optical
isomerism due to the presence of the asymmetric carbon C1, result-
ing in the dextrorotatory and levorotatory species [16]. Although
these species have the same molecular formula, they differ in the
spatial arrangement of ligands around the chiral carbon and are non-
superimposable mirror images. However, they present identical physic-
ochemical properties but exhibit distinct chemical behaviors in chiral
environments.

This behavior is particularly relevant in biological interactions, as
most molecular drug targets, such as membrane proteins and enzymes,
are chiral compounds, influencing the efficacy or toxicity of the drug.
Therefore, when a racemic mixture is used as a medication, conducting
chemical and toxicological tests for each enantiomer is crucial, as
comparing them to the racemic mixture [17].

3.2. Polarity

In drug design, it is crucial to consider polarity, as this property
determines solubility and directly influences pharmacokinetic charac-
teristics. To this end, the polarity of the molecules investigated here
was determined based on the calculation of the resulting electric dipole
moment vectors, with origins coinciding with the following centers
of mass: limonene (0.009, 0.031, 0.015), sabinene (0.086, −0.062,
−0.011), 𝛼-phellandrene (0.085, 0.020, −0.055), and 𝛽-phellandrene
(0.108, −0.041, 0.023). The 𝑥, 𝑦, and 𝑧 coordinates and the magnitudes
of the resulting electric dipole moment vectors are presented in Table 1.
The position of these vectors relative to the molecules is shown in
Fig. 2.

Analyzing the obtained values, it can be concluded that all
omolecules exhibit slight polarity, as the sum of the electric dipole
moment vectors of the polar covalent bonds is non-zero. This indicates
that these molecules, such as water, are weakly soluble in polar solvents
(lipophilic). Dipole formation in these molecules arises from charge
3

displacement due to differences in electronegativity between the atoms
involved in these bonds.

Moreover, the slight polarity of these molecules suggests that they
are soluble in nonpolar or low-polarity solvents. The solubilization
process is effective if the energy from establishing new interactions is
sufficient to overcome the initial interactions.

Finally, examining the direction of the resulting dipole vectors
in sabinene, 𝛼-phellandrene, and 𝛽-phellandrene reveals that the left
regions of the molecules are more positive, which aligns with the elec-
trostatic potential map (see Fig. 3), making these regions susceptible
to reactions or interactions with nucleophiles. On the other hand, the
cyclic regions concentrate higher electron density and are therefore
more negative. For limonene, the resulting vector indicates the right
area as the most positive [18].

3.3. Charge density

Ligand–receptor interactions are strongly influenced by electrostatic
effects. The chemical behavior of a molecule and its reactive sites
for electrophilic and nucleophilic interactions can be characterized by
charge distribution obtained through various computational methods.
In this study, we employed Mulliken Charges from Electrostatic Poten-
tials using a Grid-based (CHELPG), Natural Population Analysis (NPA),
and Natural Bond Orbital (NBO) methods [12,19] to estimate the
atomic charge densities of monoterpene hydrocarbons, using the B3LYP
functional and the def2-TZVPP basis set. Each compound’s total atomic
charge summation was consistent with the overall molecular charge.
For limonene and sabinene, most carbon atoms followed the charge
trend NBO < NPA < Mulliken < CHELPG, while for 𝛼-phellandrene
and 𝛽-phellandrene, the trend was NBO = NPA < Mulliken < CHELPG
(see Table 2).

The NBO-derived charges were generally lower than those from
other methods, indicating a more accurate representation of bonding
interactions. This trend is expected as NBO incorporates delocaliza-
tion effects more effectively. In contrast, Mulliken and NPA methods,
which partition the molecular wavefunction into atom-centered basis
functions, can introduce charge deviations due to their neglect of
electronegativity effects [18].

The analysis of regions with higher electronic density reveals that,
for atoms involved in the bonds C5 ––C6 and C7 ––C10 in limonene and
C10 ––C6 in sabinene, only the charge signs of C7 (limonene) and C6
(sabinene) obtained by the Mulliken method differ from the other
methods. For 𝛼-phellandrene and 𝛽-phellandrene, the regions of higher
electronic density are associated with the bonds C8 ––C7 and C9 ––C4,
and C9 ––C5 and C10 ––C8, respectively. In these regions, a charge sign
inversion occurs only for atom C8 according to the NPA method, a
result also confirmed by NBO, reinforcing the reliability of this obser-
vation. The atomic charges estimated by the four methods adequately
reproduce the electrostatic potential map of the analyzed molecules,
with significant divergences only for C5 in limonene and C2 in sabinene.

Mulliken population analysis further indicates that the hydrogen
atoms in 𝛽-phellandrene (Table S3, see Supplementary Material) ex-
hibit, on average, more positive charges compared to other molecules,
indicating higher acidity. In contrast, limonene presents the lowest
charge values for these atoms. In the C5 ––C6 and C7 ––C10 bonds of
limonene, carbons C5 and C7 each hold approximately six electrons,
suggesting a higher propensity for nucleophilic attacks. Their adjacent
atoms, C6 (6.17𝑒) and C10 (6.24𝑒), display similar electronic popu-
lations, considering a total of 76 electrons in the molecule. For 𝛼-
phellandrene and 𝛽-phellandrene, atoms C7 (6.16𝑒) and C10 (6.37𝑒)
show higher electronic density in the analyzed regions compared to
adjacent atoms C8, corroborating the electrostatic potential map infor-
mation. In sabinene, the analysis identifies C10 as the site of the highest
electronic density in the C –C bond.
10 – 6
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Table 2
Atomic charges for carbon atoms calculated using Mulliken, CHELPG, NPA, and NBO methods for limonene, sabinene, 𝛼-phellandrene, and 𝛽-phellandrene, employing the B3LYP
functional and def2-TZVPP basis set.

Atoms Limonene Sabinene 𝛼-Phellandrene 𝛽-Phellandrene

Mull NPA CHELPG NBO Mull NPA CHELPG NBO Mull NPA CHELPG NBO Mull NPA CHELPG NBO

C1 0.138 −0.239 0.078 −0.240 0.146 −0.013 0.092 −0.016 0.138 −0.242 0.179 −0.244 0.075 −0.249 0.343 −0.251
C2 −0.160 −0.366 0.018 −0.366 −0.022 −0.258 −0.080 −0.259 0.048 −0.189 0.365 −0.191 0.003 −0.188 0.330 −0.190
C3 −0.101 −0.414 0.273 −0.415 −0.206 −0.402 −0.330 −0.402 −0.090 −0.418 0.310 −0.417 −0.205 −0.371 0.011 −0.371
C4 −0.132 −0.420 0.025 −0.420 −0.197 −0.384 −0.012 −0.384 −0.211 −0.146 −0.253 −0.145 −0.127 −0.414 0.099 −0.412
C5 0.001 0.012 0.111 0.007 0.060 −0.194 0.277 −0.195 −0.301 −0.590 −0.227 −0.590 −0.193 −0.147 0.333 −0.146
C6 −0.175 −0.188 −0.405 −0.188 −0.069 0.032 0.163 0.028 −0.293 −0.587 −0.215 −0.587 −0.358 −0.591 −0.256 −0.590
C7 −0.041 0.045 0.108 0.041 −0.104 −0.430 −0.027 −0.431 −0.201 −0.162 −0.445 −0.161 −0.349 −0.588 −0.278 −0.587
C8 −0.262 −0.611 −0.209 −0.610 −0.303 −0.589 −0.243 −0.589 0.046 −0.043 0.260 −0.047 0.092 −0.025 0.177 −0.027
C9 −0.278 −0.622 −0.124 −0.622 −0.306 −0.587 −0.217 −0.586 −0.172 −0.224 −0.176 −0.224 −0.167 −0.223 −0.146 −0.223
C10 −0.242 −0.411 −0.480 −0.409 −0.263 −0.414 −0.506 −0.413 −0.261 −0.607 −0.242 −0.606 −0.294 −0.376 −0.495 −0.374
Fig. 3. EPMs of the optimized chemical structures of the hydrocarbon monoterpenes
limonene (a), sabinene (b), 𝛼-phellandrene (c), and 𝛽-phellandrene (d).

3.4. Electrostatic potential maps

Electrostatic potential maps (EPMs) are essential for predicting pos-
sible interaction sites between molecules and ligands. In this study, the
EMPs of each investigated molecule were analyzed. Fig. 3 displays these
EMPs, where the blue and red regions indicate positive and negative
charge density, respectively [20].

Negatively charged areas are the regions of interest for reactivity, as
these are the most likely sites for effective chemical interactions with
cationic ligands. In this context, the most favorable areas are those
with minimal steric hindrance and high negative charge density. Dou-
ble bonds are particularly significant, as they exhibit higher electron
density than single bonds, owing to the sharing of four electrons versus
two in single bonds.

Additionally, the 𝜋-electrons in double bonds are more accessible
to approaching molecules since they are located above and below
the plane of the double bond, unlike single bonds where electrons
are shielded between nuclei. Consequently, in potential reactions, an
electrophile would initially add to one of the alkene’s sp2 carbons,
followed by adding a nucleophile to the other sp2 carbon.

For limonene, the sp2 carbons are located in the C5 ––C6 and C7 ––C10
bonds. The electron cloud is more concentrated in these regions, result-
ing in partial negative charges. Among these carbons, C5 and C7 are the
most favorable for nucleophilic attacks, as the reaction’s intermediate
would involve the formation of tertiary carbocations, which are more
stable and require less energy to form. The tertiary carbocation would
react with a nucleophile from the ligand in the second reaction step.
Conversely, C6 and C10 are more susceptible to electrophilic attacks.

For the other molecules, potential interaction sites include C10 ––C6
(sabinene), C8 ––C7 and C9 ––C4 (𝛼-phellandrene), and C9 ––C5 and
C –C (𝛽-phellandrene). Among these, the carbon most vulnerable
4
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to nucleophilic attack due to forming a tertiary carbocation is C8
in both 𝛼- and 𝛽-phellandrene. For C9 and C4 in 𝛼-phellandrene, as
well as C9 and C5 in 𝛽-phellan–drene, no significant difference exists
regarding which carbon the electrophile or nucleophile will bind to,
given their identical substituents. In sabinene, the carbon C6 is prone
to electrophilic attack, as the electron cloud is more concentrated at this
site, resulting in a partial negative charge. This occurs because the alkyl
substituents attached to C6 reduce the positive charge concentration on
this carbon.

3.5. Frontier molecular orbitals

The highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) are critical for understanding
the mechanism of chemical reactions, as they are the orbitals that
interact to form and break bonds. When two reactant species approach,
electrons flow from the HOMO of one species to the LUMO of the other.

Identifying electrophilic and nucleophilic regions is essential for
predicting molecular interactions and reactivity. While global descrip-
tors such as ionization potential, electron affinity, and electronega-
tivity provide valuable insights, local conceptual DFT descriptors can
offer a more spatially resolved approach to characterizing reactive
sites [21]. In this study, we focused on frontier orbital analysis and
electrostatic potential maps to assess these properties, ensuring a broad
characterization of electronic reactivity.

Fig. 4 shows the spatial distribution of the frontier orbitals for
limonene, sabinene, 𝛼-phellandrene, and 𝛽-phellandrene. The red and
blue colors represent the negative and positive phases of the molecular
orbital wavefunction, respectively, corresponding to the regions where
electrons are likely to be found. It is noteworthy that the orbitals of
atoms C10, C7, C1, C3, C6, C5, C4, C8, H5, H4, H7, H6, H9, and H11
in limonene, C10, C6, C7, C2, C1, C4, C3, C5, C9, H13, H2, H3, H1, H8,
H7, H4, and H5 in sabinene, C10, C8, C7, C9, C3, C4, C1, C2, H16, H15,
H3, H4, and H1 in 𝛼-phellandrene, and C10, C8, C9, C4, C5, C3, C1,
C2, H6, and H1 in 𝛽-phellandrene contribute to the formation of the
HOMO. Asymmetrical distributions of positive and negative phases are
observed at atoms C3 and C4 in limonene, C7, C4, C1, C3, C5, and C9
in sabinene, C3 and C1 in 𝛼-phellandrene, and C4, C3, C1, and C2 in
𝛽-phellandrene.

Regarding the formation of the LUMO, the atoms C10, C7, C9, C1,
C3, C2, C6, C4, C5, H13, H12, H5, H4, H7, H6, H9, and H11 in limonene,
C10, C6, C7, C2, C1, C4, C3, C9, H8, H7, H1, and H3 in sabinene, C10, C8,
C7, C9, C3, C4, C1, C2, H16, H15, H13, H3, H4, and H1 in 𝛼-phellandrene,
and C10, C8, C9, C5, C3, C1, C2, C6, H6, and H1 in 𝛽-phellandrene
contributed to the constitution of the LUMO, with noticeable asym-
metry in the positive and negative phases, especially at atoms C2
(limonene), C3, C1, and C4 (sabinene), C3 and C1 (𝛼-phellandrene), and
C3 (𝛽-phellandrene).

Through the spatial distribution, it was also possible to observe that
both the HOMO and LUMO orbitals have bonding and antibonding
regions. However, in the HOMO, bonding orbitals dominate, while
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Fig. 4. Molecular orbital series of HOMO-LUMO for the chemical structures of limonene (a), sabinene (b), 𝛼-phellandrene (c), and 𝛽-phellandrene (d).
antibonding orbitals predominate in the LUMO. In this context, it is
considered that electrons occupying bonding orbitals (around 99%)
are more likely to be found in the internuclear region, making these
portions more susceptible to electrophilic attacks. On the other hand,
electrons occupying antibonding orbitals (around 1%) are located in ex-
ternal areas to the nuclei of the atoms involved in bonding, suggesting
that electron population in the regions between the nuclei of bonding
atoms is lower, thus making them more vulnerable to nucleophilic
attacks.

In general, the formation of molecular orbitals is influenced by
the extent of interaction between atomic orbitals, with stronger bonds
arising from more significant overlap. Therefore, factors such as bond
distance, electronegativity of the atoms involved, orbital interaction
geometry, and orbital energy levels will affect the bond strength.
Another critical factor is that atomic orbitals combine more effectively
when their energies are similar [22,23].

However, the HOMO or LUMO orbitals may not be suitable for a
given reaction due to their spatial extent, symmetry, or nodal proper-
ties [22]. In such cases, the following orbital or any orbital with energy
close to the HOMO or LUMO may be used. A portion of the HOMO-
LUMO series for the analyzed structures is shown in Fig. 4. Thus,
the responsibility for molecular reactivity rests with the HOMO-LUMO
orbitals and those adjacent to them. Therefore, the HOMO-LUMO se-
ries should be considered within the context of reactivity arguments.
Table 4 presents the energy values for the HOMO and LUMO molecular
orbitals, as well as for their respective neighbors: HOMO-2, HOMO-1,
LUMO+1, and LUMO+2. Additionally, as highlighted in Table 4, the
energy gap between the HOMO-LUMO for each molecule is as follows:
6.67 eV for limonene, 6.58 eV for sabinene, 5.04 eV for 𝛼-phellandrene,
and 5.36 eV for 𝛽-phellandrene.

These values are in reasonable agreement with previously reported
theoretical studies. Oses et al. [24] calculated the HOMO-LUMO gap
as 5.46 eV for 𝛼-phellandrene and 5.77 eV for 𝛽-phellandrene, which
are slightly higher than our computed values of 5.04 eV and 5.36 eV,
respectively. Similarly, Zeinali et al. [25] reported band gaps of 6.37
5

eV for limonene and 6.25 eV for sabinene, compared to our values of
6.67 eV and 6.58 eV. The discrepancies between our results and the
literature may arise from differences in computational methodologies,
basis sets, or functional choices, which are known to influence band
gap predictions. Despite these variations, the overall trends remain
consistent, reinforcing the reliability of our computational approach.

According to Table 3, the stability (in the sense of low reactivity)
of the molecules can also be inferred, considering that the stability
of a molecule is directly proportional to the value of the gap. Thus,
the HOMO and LUMO energies for the most stable (less reactive)
compound, limonene, were −6.32 and 0.35 eV, while for the least stable
(more reactive) compound, 𝛼-phellandrene, the values were −5.72 eV
and −0.68 eV. By subtracting the gaps of the more stable molecule from
those of the less stable molecule, we obtained a variation of 1.63 eV,
corresponding to 24.5% greater stability (lower reactivity) of limonene
compared to 𝛼-phellandrene.

Furthermore, among the molecules, the gaps decrease in the follow-
ing trend: limonene > sabinene > 𝛽-phellandrene > 𝛼-phellandrene.
This trend suggests that 𝛼-phellandrene and 𝛽-phellandrene are the
most reactive and polarizable molecules, as a smaller gap corresponds
to higher reactivity and polarizability. When the electron cloud is easily
polarized, the species is considered soft; when there is difficulty in
polarization, the species is considered hard. Thus, if the species with
which these structures will react are soft, the interaction is likely to be
more favorable, i.e., ‘‘soft acid’’ with ‘‘soft base’’ and ‘‘hard acid’’ with
‘‘hard base’’ [26,27].

It was observed that the 𝛼-phellandrene exhibits a higher HOMO
energy, thus showing a greater electron-donating character compared
to the other molecules. On the other hand, 𝛽-phellandrene has the
lowest LUMO energy, meaning it is the most prone to accepting elec-
trons. The HOMO and LUMO energies were also used to calculate the
ionization potential, electron affinity, electronegativity, chemical hard-
ness, chemical softness, and chemical potential, as shown in Table 4,
thus characterizing the susceptibility of the molecules to attack by
electrophiles and nucleophiles [13].
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Table 3
HOMO and LUMO energies (in eV) for limonene, sabinene, 𝛼-phellandrene, and 𝛽-phellandrene.

Monoterpene HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2

Limonene −8.220 −6.724 −6.322 0.353 0.564 0.975
Sabinene −8.173 −7.476 −6.235 0.345 0.894 1.389
𝛼-phellandrene −8.213 −7.923 −5.717 −0.676 1.024 1.415
𝛽-phellandrene −8.233 −7.940 −6.050 −0.692 0.855 1.343
g
s
s
i
L
s
t

Table 4
Ionization potential (IP), electron affinity (EA), electronegativity (𝜒), chemical potential
(𝜇), hardness (𝜂), softness (S), and polarizability (𝛼), obtained for the optimized chem-
ical structures of the hydrocarbon monoterpenes limonene, sabinene, 𝛼-phellandrene,
nd 𝛽-phellandrene using the theoretical model B3LYP/def2-TZVPP.
Molecule IP EA 𝜒 𝜇 𝜂 S 𝛼

Limonene 6.32 −0.353 2.98 −2.98 3.33 0.29 118.15
Sabinene 6.23 −0.345 2.94 −2.94 3.29 0.30 115.84
𝛼-phellandrene 5.71 0.676 3.19 −3.19 2.52 0.39 119.09
𝛽-phellandrene 6.05 0.692 3.37 −3.37 2.67 0.37 123.45

The HOMO-LUMO gap values indicate that monoterpenes with
arger gaps, such as limonene, are more stable and less reactive,
hereas smaller gaps in 𝛼-phellandrene and 𝛽-phellandrene suggest
igher polarizability and reactivity. This trend is further supported
y ionization potential and electron affinity values, where more sta-
le molecules exhibit higher ionization potentials, making electron
emoval less favorable. At the same time, more reactive species have
igher electron affinities, indicating a greater propensity to accept
lectrons.

The ionization potential for limonene is observed to be higher; thus,
t exhibits greater hardness and lower softness among the molecules.
onsequently, a larger amount of energy is required for the transition
f an electron from the HOMO to the LUMO (larger gap), meaning that
imonene is less likely to form cations quickly and is more susceptible
o electrophilic attack. On the other hand, 𝛼-phellandrene presented
he lowest ionization potential, indicating that this compound might
resent charge transfer mechanisms in a ligand–receptor interaction,
nd its ionic form may also exhibit biological activity [13].

Regarding electron affinity, the highest value was obtained for 𝛽-
hellandrene, making it more prone to nucleophilic attack, and the
nion formed will have lower energy than the neutral form, leading
o the release of energy and increased stability. From the electroneg-
tivity values obtained, it is estimated that during an interaction,
-phellandrene will have a higher capacity to attract electrons and a
ower tendency to lose them, as it presents a lower chemical potential.
t is considered that the systems involved should reach a standard
hemical potential at equilibrium. Furthermore, the chemical potential
an be viewed as a potential for the flow of matter (similar to osmosis),
hase changes, and chemical reactions [14].

The electronic properties of the investigated monoterpenes pro-
ide insights into their potential pharmacological applications. Com-
ounds with lower HOMO-LUMO gaps, such as 𝛼-phellandrene and
-phellandrene, exhibit greater polarizability and reactivity, suggesting
 stronger propensity for molecular interactions, which could enhance
heir biological activity. Moreover, higher electron affinity values in-
icate a greater tendency to participate in redox processes, a key
actor in pharmacodynamics. These characteristics align with previous
tudies linking electronic properties to the bioactivity of essential oil
omponents, reinforcing the potential of these monoterpenes as drug
andidates.

3.6. Total density of states and projected density of states

Detailed analysis of the electronic structure of the C10H16 com-
pounds was conducted using DOS and PDOS diagrams. The primary
goal of this analysis is to understand the electronic structure of these
6

Fig. 5. DOS and PDOS of the hydrocarbon monoterpenes 𝛼-phellandrene (a), 𝛽-
phellandrene (b), limonene (c), and sabinene (d) using the GGA-PBE functional. Partial
contributions for 𝑠 orbitals (green), 2𝑝 orbitals (red), and the total density of states
(black line) are represented.

compounds, identifying active sites and orbitals with the most signif-
icant influence on interaction processes. Additionally, the DOS study
helps track variations in the electronic gap [28].

Fig. 5 presents the DOS and PDOS curves within the −6.8 eV range
to 6.0 eV. The DOS highlights the electronic contributions with a
ap consistent with the HOMO-LUMO energy values obtained for the
tudied molecules. In this context, it is noteworthy that limonene and
abinene exhibit the highest state contributions in the LUMO region,
ndicating a higher probability of accepting electrons and behaving as
ewis acids. Conversely, 𝛼-phellandrene and 𝛽-phellandrene molecules
how greater state density in the HOMO region, revealing a stronger
endency to donate electrons and thus acting as Lewis bases.

Regarding the PDOS, the contributions from 𝑠 and 𝑝 orbitals are
analyzed in detail. The red lines in Fig. 5 indicate the predominance
of 2𝑝 orbitals in the energy levels below the Fermi level, as well as
in the HOMO-LUMO gap region, suggesting that the main electronic
contributions originate from carbon atoms. Furthermore, the observed
gap is consistent with previous DOS and HOMO-LUMO results. This
consistency reinforces the wide-bandgap semiconductor nature of the
analyzed structures, indicating potential applications in developing
bioelectronic devices [19,29,30].

The electronic properties of monoterpenes investigated in this study
provide valuable insights into their reactivity and potential applica-
tions. While our analysis focuses on isolated molecules in the gas phase,
monoterpenes can also form crystalline structures under specific condi-
tions. Their optical and electronic responses could be further explored
in such arrangements, including properties such as refractive index,
transmittance, and reflectivity. Previous studies have demonstrated the
importance of quantum-chemical descriptors in predicting the optical
behavior of organic and hybrid materials, particularly in the context
of crystal engineering and optoelectronic applications [31–34]. Future
investigations into monoterpene-based molecular crystals could offer
new perspectives for their potential use in photonic and electronic
devices.
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3.7. Thermodynamic properties

Another crucial factor is the variation in enthalpy (𝛥𝐻) associated
ith the process, which should be negative, zero, or slightly positive

to ensure that the entropy variation (𝛥𝑆) is sufficient to yield a free
energy variation (𝛥𝐺) less than zero, thereby achieving a spontaneous
dissolution process [35].

For the isolated molecules, under constant pressure and temper-
ature, we obtained total 𝛥𝐻 and 𝛥𝑆 values (in this order). For all
the monoterpenes investigated, 𝛥𝐻 is approximately −2.45 × 10−5
kcal/mol. Additionally, both limonene and 𝛼-phellandrene exhibit 𝛥𝑆 =
29.42 kcal/mol, whereas sabinene has 𝛥𝑆 = 28.72 kcal/mol, and 𝛽-
phellandrene has 𝛥𝑆 = 28.93 kcal/mol. Thus, these compounds’ total
𝑆 is sufficient to produce a total 𝛥𝐺 value less than zero. For all
olecules, 𝛥𝐺 is approximately −2.45 × 10−5 kcal/mol.

Considering that the 𝛥𝐺 values reflect the maximum chemical work
hese molecules can perform (such as muscular activity, bonding pro-
esses, and nerve signal transmission, among other biological reac-
ions), lower 𝛥𝐺 values indicate a greater tendency for associations and
eactions involving these molecules [35].

Another interesting feature is that these molecules are thermody-
namically stable regarding the compounds from which they are formed.

he 𝛥𝐻 values of formation indicate that the formation process of
hese molecules is spontaneous, releasing energy (𝛥𝐻◦ equal −148.5
cal/mol, −137.23 kcal/mol, −149.42 kcal/mol, and −145.37 kcal/mol,

limonene, sabinene, 𝛼- and 𝛽-phellandrene, respectively).

4. Conclusions

In this work, the quantum descriptors obtained provided a deeper
nderstanding of the electronic effects and the physicochemical na-
ure of the molecules limonene, sabinene, 𝛼-phellandrene, and 𝛽-
hellandrene, which are hydrocarbon monoterpenes found in Croton
heliotropiifolius Kunth. These findings enhance the information avail-
able to guide molecular recognition simulations and the search for
compounds with diverse activities and applications. Structural analysis
revealed the presence of optical isomerism, covalent bonds, and non-
linear conformations. The sum of atomic charges was consistent with
the total charge values and generally aligned with electronegativities,
with minor deviations attributed to the calculation method. Addition-
ally, Mulliken’s analysis indicated a higher charge value for hydrogen
atoms in 𝛽-phellandrene, suggesting a greater acidic character.

The resultant dipole moment confirmed the low polarity of these
olecules, demonstrating solubility in non-polar or low-polarity sol-

ents and highlighting potential electrophilic and nucleophilic sites.
his alignment diverged from the electrostatic potential map only in the
ase of limonene. Thermodynamic data indicate that these molecules
re reactive, as their total entropy is sufficient to yield a negative total
ree energy. Frontier orbital analysis showed that 99% of the electrons
n these molecules occupy bonding orbitals, with only 1% in anti-
onding orbitals. The HOMO is predominantly bonding, rendering this
egion more susceptible to electrophilic attack, while the LUMO has
nti-bonding characteristics, making it more vulnerable to nucleophilic
ttack.

Furthermore, limonene and sabinene exhibited the highest DOS in
the LUMO region, indicating a higher probability of electron accep-
tance and behavior as Lewis acids. In contrast, 𝛼-phellandrene and
𝛽-phellandrene showed greater DOS in the HOMO region, suggesting
a stronger tendency to donate electrons and act as Lewis bases. PDOS
analysis indicated a predominance of 2𝑝 orbitals in the HOMO and
LUMO regions, highlighting carbon atoms as the primary contributors
to these orbitals.

The calculated gap values revealed that 𝛼-phellandrene and 𝛽-
phellandrene are the most reactive and polarizable molecules, with
 greater electron-donating character. Limonene exhibited the high-
st ionization potential, indicating greater hardness and lower soft-
ess, making it more susceptible to electrophilic attack. Conversely,
7

𝛼-phellandrene had the lowest ionization potential, suggesting potential
charge transfer mechanisms in ligand–receptor interactions and the
ossibility of biological activity in its ionic form. Regarding electron

affinity, 𝛽-phellandrene demonstrated the highest value, making it
more prone to nucleophilic attack and more stable in its anionic form
than in its neutral state.

Finally, in electronegativity, 𝛽-phellandrene is predicted to have
 higher electron-attracting capacity and lower electron-repelling ten-
ency during interactions, as it exhibits the lowest chemical potential.

These findings provide a foundation for screening and selecting
monoterpene compounds for pharmaceutical applications. This study’s
electronic and thermodynamic properties can guide the rational de-
sign of new drug candidates derived from essential oils, optimiz-
ing their structural characteristics for enhanced bioactivity, stabil-
ity, and bioavailability. Future investigations integrating molecular
docking simulations will be essential further to explore these com-
pounds’ interaction with biological targets and refine their therapeutic
potential.
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