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Abstract

Context «-Pinene, a bicyclic monoterpene found extensively in the essential oils of conifers, has shown potential in pharma-
cological applications. This study theoretically investigates the structural and electronic properties of the (15)-(—)-a-pinene
crystal, focusing on its potential for nanoelectronic applications due to the observed wide band gap. Structural analysis
revealed that the crystal’s unit cell contains 104 atoms with orthorhombic symmetry, and its lattice parameters show excellent
agreement with experimental data. Electronic analysis indicated an indirect band gap of 3.58 eV for LDA-PZ and 4.32 eV
for GGA-PBE, suggesting that (15)-(—)-«-pinene behaves as a wide band-gap semiconductor. The electronic structure is
primarily influenced by contributions from the p, orbitals of Carbon atoms and the s orbital of Hydrogen atoms, highlighting
potential sites for chemical interaction.

Methods DFT calculations were performed using the Quantum Espresso software. They employed both the local density
approximation (LDA-PZ) and the generalized gradient approximation (GGA-PBE), parameterized by the Perdew-Burke-
Ernzerhof exchange-correlation functional. Norm-conserving pseudopotentials were applied to represent the core electrons

accurately.

Keywords Structural properties - Electronic structure - DFT calculations - Semiconductor materials - «-Pinene

Introduction

Terpenes, adiverse class of secondary metabolites, are widely
distributed in various plant species, comprising one of the
largest natural compound classes, with approximately 55,000
isolated members documented [1]. Terpene cyclase enzymes

I M. L. Pereira Jinior
marcelo.lopes @unb.br

1 PPGQ-GERATEC, State University of Piaui, 64002-150
Teresina, PI, Brazil

Biotechnology and Biodiversity Research Center, State
University of Piaui, 64260-000 Teresina, PI, Brazil

Campus Prof. Antonio Geovanne Alves de Sousa, State
University of Piaui, 64260-000 Piripiri, PI, Brazil

4 University of Brasilia, Institute of Physics, 70910-900
Brasilia, DF, Brazil

Department of Electrical Engineering, University of Brasilia,
Faculty of Technology, 70910-900 Brasilia, DF, Brazil

Department of Physics, State University of Piaui, 64002-150
Teresina, PI, Brazil

play a crucial role in converting simple, linear hydrocarbon
phosphates into a diverse array of chiral, carbocyclic chains
[2, 3]. The pharmaceutical significance of terpenes is linked
to essential oils, intricate mixtures of volatile secondary
metabolites, predominantly monoterpenes, sesquiterpenes,
phenylpropanoids, alcohols, ethers, aldehydes, and ketones
[4]. Essential oils exhibit considerable structural diversity
and possess diverse biological activities, including anti-
inflammatory, antioxidant, anti-neoplastic, and antimicrobial
properties [4-9].

This study emphasizes «-pinene (C10 Hi¢), a pivotal mem-
ber of the terpene family, present in leaf oils of various plants
such as Croton heliotropiifolius Kunth [7] and numerous
coniferous trees [9, 10]. «-Pinene, existing in enantiomeric
forms 1S,5S- or (—)-a-pinene and 1R,5R- or (4)-«-pinene,
as well as (+)-B-pinene and (—)-B-pinene [11], demonstrates
versatility by transforming into various terpenes, expanding
its range of applications [9, 12-15].

Given the considerable interest in the potential applica-
tions of «-pinene, particularly in the realm of nanotechnology
and nanoelectronic devices [16, 17], this study employs
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density functional theory (DFT) to investigate the structural
and electronic properties of the (15)-(—)-«-pinene crystal
[18-20]. Our goal is to contribute to the understanding of its
electronic behavior, aligning with similar studies on organic
crystals, such as amino acids and DNA bases, which have
exhibited semiconductor characteristics [21-26].

In the following sections, we detail our computational
approach in the “Methodology” section, outlining the imple-
mentation of the DFT methodology. The “Results” section
presents our calculations and discussions, shedding light on
our investigative efforts. Finally, the “Conclusions” section
encapsulates our conclusions, underscoring the relevance of
understanding the electronic properties of organic crystals
like a-pinene for the development of sustainable and bio-
compatible nanoelectronic systems [22, 27, 28].

Methodology

The Quantum Espresso (QE) software, an open-source code
developed by Giannozzi et al., was utilized for conducting
our Density Functional Theory (DFT) calculations [29-32].
In this study, we employed the Local Density Approxima-
tion - Perdew-Zunger (LDA-PZ) and Generalized Gradi-
ent Approximation - Perdew-Burke-Ernzerhof (GGA-PBE)
exchange-correlation functionals to account for exchange-
correlation interactions [33, 34]. The LDA-PZ calculations
incorporated the use of norm-conserving pseudopotentials
[35-37].

For the GGA-PBE approach, the size of the analyzed
structure necessitated the adoption of the ultra-soft pseu-
dopotential (USPP) type. This choice facilitated calculations
with the lowest possible cutoff energy for the plane-wave
basis set. Crystal geometry optimization was executed using
the variable unit cell relaxation calculation (vc-relax) imple-
mented in the QE code. This involved determining lattice
parameters, angles, and atomic positions by searching for a
total energy minimum. A self-consistent field (SCF) con-
vergence threshold of 1078 served as the criterion for
convergence in these optimizations. The kinetic-energy cut-
off for LDA-PZ and GGA-PBE calculations was set at SORy
(~ 680.3¢V) and 40Ry (~ 544.2¢V), respectively, with a
Monkhorst-Pack grid of 4 x 4 x 4 for both cases.

Additionally, we employed the ORCA (version 5.0) com-
putational program package, a quantum chemistry tool
featuring various electronic structure methods such as DFT,
many-body perturbation, coupled cluster theories, and mul-
tireference and semiempirical methods [38]. Specifically,
ORCA was utilized to optimize the gas phase of (—)-
a-pinene, aiming to obtain the frontier molecular orbital,
electrical charge per atom through Mulliken’s and Hirshfeld’s
electronic population analysis, and the electrostatic poten-
tial. Single-point calculations were performed using LDA
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(defaults to VWNS5), GGA-PBE functionals, and basis sets
def2-TZVP and def2/]J [39, 40].

Results
Structural properties

The unit cell of the (15)-(—)-«-pinene crystal is depicted
in Fig.1, illustrating the first Brillouin zone. Comprising
four molecules of (H19C1¢), the crystal possesses a total
of 104 atoms in its unit cell. The lattice parameters are
a =7.1944(6)A, b = 7.5920(3)A, ¢ = 15.9190(15)A, with
anglesoe = B =y =90° and a volume V = 869.49(11)A3.
This crystal exhibits orthorhombic symmetry within the
space group P21 P21 P2((Z = 4) [41-44].

LDA-PZ and GGA-PBE calculations provided lattice
parameters (a, b, c) and volume (V), presented in Tablel.
Our theoretical calculations reveal a decrease, denoted as
A, in the order of Aa = —0.7726A, Ab = —0.7763A,
Ac = —1.8489A, and AV = —253.65A3 for the LDA-PZ
approach. Conversely, GGA-PBE calculations resulted in an
increase of Aa = 0.4430A, Ab = 0.2456A, Ac = 0.6819A,
and AV = 147.01A3 compared to experimental data. No sig-
nificant deviations in the angles «, 8, and y were observed.

Examining atomic positions, LDA-PZ calculations high-
light the largest deviations in the x-coordinate of H19,
y-coordinate of H55, and z-coordinate of H86, with Ax =
—1.0399A, Ay = —1.1411A, and Az = —2.1296A, respec-
tively. For the GGA-PBE approach, the x-coordinate of
C60, y-coordinate of H70, and z-coordinate of H6 exhibit
the largest deviations, albeit not exceeding 0.70A. Overall,

Fig. 1 a Three-dimensional structure of the (—)-a-pinene molecule.
Brown spheres represent carbon atoms, and white spheres repre-
sent hydrogen atoms. b (15)-(—)-«a-pinene crystal, consisting of four
molecules (H9Cje) in its unit cell, with lattice parameters a =
7.1944(6)A, b = 7.5920(3)A, ¢ = 15.9190(15)A, & = B = y = 90°,
and volume V = 869.49(11)A3 [41]
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Table 1 (1S5)-(—)-a-pinene lattice parameters

C. Level a [A] Aa [A] b[A] Ab [A] c [A] Ac [A] V [A3) AV [A3)
Exp. [41] 7.1944(6) - 7.5920(3) - 7.5920(3) - 869.49(11) -
LDA-PZ 6.4218 —0.7726 6.8157 —0.7763 6.8157 —0.7763 615.84 —253.65
GGA-PBE 7.6374 0.4430 8.0176 0.4256 8.0176 0.4256 1016.54 147.01

our results indicate good agreement between the theoretical
approach and the experimentally reported structural param-
eters [41-44], supporting the subsequent analysis of the
electronic properties of the (15)-(—)-«-pinene crystal.

Electronic properties

Kohn-Sham’s electronic band structure describes the elec-
tronic eigenenergies E, (12) based on a set of quantum num-
bers that compose the components of a wave vector k at the
first Brillouin zone [22]. Here, the integer n signifies the num-
ber of bands. Usually, the eigenenergies are obtained along
a path that contains a set of high-symmetry points. In this
study, we considered I"(0, 0, 0), X(0.5, 0, 0), S(0.5, 0.5, 0),
Y(0,0.5,0), Z(0,0,0.5), U(0.5,0,0.5), R(0.5,0.5,0.5),
and T(0, 0.5, 0.5) as the high-symmetry points employed for
our calculations. The schematic path in the Brillouin zone
used for the band structure calculations of the (15)-(—)-a-
pinene crystal is shown in Fig.2. The arrows linking each
high-symmetry point indicate the high-symmetry paths, as
follows: I'-X-S-Y-T"-Z-U-R-T-Z.

Figure 3a and ¢ show the optimized electronic band struc-
tures of the (1S5)-(—)-a-pinene. LDA-PZ and GGA-PBE
calculations close to the main energy band-gap depict the
most relevant electronic transitions between the top valence
band (VB) and the conduction band (CB). In both cal-
culations, the maximum of the VB is located at the I'

Fig. 2 First Brillouin Zone of the orthorhombic structure of
the (15)-(—)-a-pinene crystal. High-symmetry paths employed to
obtain the electronic band structure are pointed out. I'(0,0,0),
X(0.5,0,0), S(0.5,0.5,0), Y(0,0.5,0), Z(0,0,0.5), U(0.5,0,0.5),
R(0.5,0.5,0.5),and T(0, 0.5, 0.5) are the high-symmetry points, obey-
ing the ['-X-S-Y-I"-Z-U-R-T-Z steps

high-symmetry point, while the minimum of the CB is at
the Y high-symmetry point. For LDA-PZ calculations, we
observe an indirect transition with an energy band-gap of
about 3.58¢V along the intermediate point next to I' to Y
high-symmetry point, followed by secondary indirect gaps
of 3.59¢V and 3.60¢V along the I' — T and Z — Y paths,
respectively. Regarding GGA-PBE, we observe an indirect
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Fig. 3 (Color online) Electronic band structure calculations for the
(18)-(—)-a-pinene crystal. a provides LDA-PZ calculations showing
the main indirect transition with an energy band-gap of about 3.58¢V,
followed by secondary indirect gaps of 3.59¢V and 3.60eV . b shows
DOS calculations, indicating that the spin presents a symmetric behav-
ior. ¢ shows GGA-PBE calculations, indicating a main indirect band-gap
at about 4.32¢V from I' to Y high-symmetry point. A secondary direct
gap of about 4.33¢V (I' — TI') is observed, followed by another sec-
ondary indirect gap around 4.34eV (Z — I"). The dashed black line is
the Fermi level deviated to zero
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Fig.4 (Color online) Projected density of state (PDOS) of the (—)-a-
pinene molecule. Both calculations were evaluated and optimized for
the LDA-PZ and GGA-PBE functionals. Here, it is possible to observe
the partial contribution of the s and p (px, py, and p;) orbitals of the
Carbon atom and the s orbital of the Hydrogen atom. The dashed black
line is the Fermi level deviated to zero

transition with an energy band-gap of about 4.32¢V along
the I' — Y path, followed by a secondary direct gap of
about 4.33¢V (I' — I') and another secondary indirect gap
around 4.34eV (Z — T'). Additionally, Fig.3b and d show
the electronic density of state (DOS) for both LDA-PZ and
GGA-PBE. The black and red lines (spin up and down) follow
the energy band structure and present symmetric behavior
along the broad energy spectrum.

Next, Fig.4a and b show the projected electronic den-
sity of state (PDOS) for the (—)-«-pinene molecule. Here,
we observe the partial contribution of the s and p (px, py,
and p;) orbitals of the Carbon atom and the s orbital of the
Hydrogen atom. In both cases (LDA-PZ and GGA-PBE),
near the VB and CB, the significant contribution in the elec-
tronic transition is the p, of the Carbon orbital, followed

Homo-4 Homo-3 Homo-2 Homo-1

Homo Lumo

by the s orbital of the Hydrogen atom. Each orbital behaves
symmetrically along the broad energy spectrum, as indicated
by the contribution of spins up and down.

Figure 5 shows the frontier molecular orbital of the (—)-
a-pinene molecule, displaying the overall behavior of the
molecular orbitals from Homo-4 to Lumo+4 for both LDA
and GGA-PBE functionals (Fig.5a and b, respectively).
Table 2 presents the energy values corresponding to each
Homo and Lumo specified. The LDA calculations furnished
the Homo-Lumo energy gap at about 4.78¢V, while GGA-
PBE furnished 4.83¢V. A small gap between Lumo and
Lumo+1 is observed at about 0.76¢V (0.78¢V) for LDA
(GGA-PBE), respectively, facilitating a possible electronic
transition. Despite the implications of this Homo-Lumo
gap, the results align with the previous finding that the
(18)-(—)-a-pinene crystal behaves like a wide band-gap
semiconductor material. The molecular boundary orbitals
HOMO and LUMO can be crucial for biological interactions
between ligands and proteins [45-49].

Table 3 presents the electrical charge per atom calculated
from Mulliken’s and Hirshfeld’s electronic population analy-
sis, expressed in elementary charge unit e. LDA(GGA-PBE)
analysis reveals that the electronic charge distributions are
mostly related to the carbon atoms, where LDA furnishes,
for the Mulliken’s (Hirshfield’s) charge, a resultant value
of about —2.300e (—0.526¢). In comparison, GGA-PBE
calculations furnish, for Mulliken’s (Hirshfield’s) charge, a
resultant value of about —1.902¢ (—0.435¢). The differences
among the positive and negative Mulliken’s (Hirshfield’s)
charges indicate 0.003¢ (0.000¢) and 0.001e (0.003¢) for
LDA and GGA-PBE, respectively. These findings suggest a
dipolar behavior of the zwitterionic state inside the (1.5)-(—)-
a-pinene crystal [23, 24, 50, 51]. Additionally, Fig. 6 displays
the electronic density along the (—)-a-pinene molecule. Both
LDA and GGA-PBE calculations indicate a similar distri-
bution of electronic charges, aligning with the results from
Mulliken’s and Hirshfield’s charge population analysis. The
region with higher electronic density, represented by a higher
concentration of negative charge (red), is observed for the

Lumo+1 Lumo+2 Lumo+3 Lumo+4

g2 2 2 A BT Lt 2

WIS R LR HE

Fig.5 (Color online) Overall behavior of the frontier molecular orbital of the (—)-«-pinene molecule. Both calculations were performed employing

a LDA and b GGA-PBE functionals
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Table 2 Homo and Lumo energies (e V) of the frontier molecular orbital of the (—)-a-pinene molecule, varying from Homo-4 through Lumo-+4

C. Level Homo-4 Homo-3 Homo-2 Homo-1 Homo Lumo Lumo+1 Lumo+2 Lumo+3 Lumo+4
LDA —7.89 -17.10 —17.08 —6.63 —5.44 —0.66 0.10 0.81 0.98 1.09
GGA-PBE —17.75 —-6.99 —6.98 —6.53 —5.31 —0.48 0.30 0.94 1.13 1.25

electronic density of the carbon atoms along the ring that
constitutes the molecule, indicating sites with a higher prob-
ability of chemical interactions, as described in molecular
docking studies [45, 47].

Conclusions

In conclusion, this study presents a comprehensive theoret-
ical investigation of «-pinene, an organic compound within
the terpene family, utilizing first-principles calculations. Our

Table 3 Mulliken and Hirshfeld electronic population analysis (e) of
the (15)-(—)-a-pinene molecule evaluated and optimized for the LDA
and GGA-PBE functionals

LDA GGA-PBE
Atoms Mulliken Rirshfeld Mulliken Rirshfeld
1C —0.110 +0.013 +0.015 +0.022
2C —0.080 —0.023 +0.087 —0.015
3C —0.050 —0.027 +0.192 —0.019
4C —0.197 —0.062 —0.269 —0.053
5C —0.239 —0.057 —0.163 —0.045
6C +0.016 —0.004 —0.080 +0.002
7C —0.427 —0.095 —0.373 —0.081
8C —0.439 —0.102 —0.381 —0.088
9C —0.250 —0.063 —-0.210 —0.056
10C —0.508 —0.093 —0.426 —0.078
11H +0.106 +0.028 +0.062 +0.022
12H +0.116 +0.029 +0.072 +0.023
13H +0.118 +0.028 +0.080 +0.021
14H +0.143 +0.030 +0.093 +0.024
15H +0.156 +0.035 +0.097 +0.028
16H +0.145 +0.036 +0.093 +0.028
17H +0.151 +0.031 +0.109 +0.025
18H +0.152 +0.031 +0.109 +0.025
19H +0.142 +0.031 +0.108 +0.026
20H +0.145 +0.031 +0.102 +0.025
21H +0.150 +0.031 +0.105 +0.025
22H +0.177 +0.025 +0.138 +0.021
23H +0.114 +0.032 +0.080 +0.026
24H +0.163 +0.038 +0.122 +0.031
25H +0.161 +0.039 +0.121 +0.032
26H +0.148 +0.038 +0.118 +0.032

focus extended to exploring the structural and electronic
properties of the (1S)-(—)-a-pinene crystal and its con-
stituent molecule. Notably, our calculated structural param-
eters align closely with experimental observations.

The outcomes of our investigation reveal distinctive elec-
tronic band structures for the (1.5)-(—)-c«-pinene crystal, pro-
viding insights into its behavior. LDA-PZ calculations unveil
anindirect transition featuring an energy band-gap of approx-
imately 3.58¢ V. This transition occurs along an intermediate
path from I" to Y high-symmetry points, with subsequent sec-
ondary indirect gaps measuring 3.59¢V and 3.60eV along
the ' — T and Z — Y trajectories, respectively.

On the other hand, GGA-PBE calculations showcase an
indirect transition with an energy band-gap of about 4.32¢V
along the I' — Y path. This is succeeded by a secondary
direct gap of approximately 4.33¢V (I' — TI') and another
secondary indirect gap of around 4.34¢V (Z — I'). Notably,
the density of states (DOS) analysis illustrates symmetric
behavior between spin up and down along the broad energy
spectrum, indicating an absence of magnetization properties
in the (15)-(—)-a-pinene crystal.

A parallel observation is made for the projected density
of states (PDOS) obtained from the (—)-a-pinene molecule.
The analysis highlights the distinct contributions of the s
and p orbitals of the Carbon atom, including py, py, and
p., along with the s orbital of the Hydrogen atom. More-
over, the Homo-Lumo gap derived from the (—)-a-pinene
molecule aligns with the wide band-gap semiconductor
behavior observed in the (15)-(—)-a-pinene crystal. These
findings underscore the potential relevance of (15)-(—)-a-
pinene in nanoelectronic applications.

a)

Fig. 6 (Color online) Electrostatic potential for the (—)-a-pinene
molecule. a LDA and b GGA-PBE functionals show a similar dis-
tribution of the electronic charge. Red indicates negative charge, and
blue indicates positive charge. LDA(GGA-PBE) analysis reveals that
the electronic charge distributions are mostly related to the carbon atoms
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