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Investigation of the structural, electronic and
optical properties of CoH,7;NO, phases with
promising potential for optoelectronic devices

Faisal Katib Alanazi,*® K. Bouferrache,®® Maroua |. Benamrani,® Rabah Boudissa,?
M. Fatmi®*® and M. A. Ghebouli*®

Gabapentin (CoH17NO5) is a small organic molecule known for its pharmaceutical use, but in its solid-state
crystalline forms, it exhibits promising structural and optoelectronic properties. In this work, we employed
density functional theory (DFT) to investigate the structural, electronic, and optical properties of three
anhydrous polymorphs (&, B, and y) of gabapentin. The calculated band gaps for the o, B, and vy
polymorphs of CgH;7NO, were found to be 4.73 eV, 4.55 eV, and 4.37 eV, respectively, based on GGA-
PBE. To improve the accuracy, we also used the mBJ-GGA method, which yielded band gaps of 5.5 eV,
51 eV, and 5.9 eV, respectively, and these values indicated that all the three phases absorb in the
ultraviolet (UV) region. Additionally, the static dielectric constants were calculated to be 2.64, 2.57, and
2.40, respectively, confirming their excellent insulating properties. These results highlight the potential of
gabapentin polymorphs for UV optoelectronic applications such as UV detectors, reflective coatings, and

rsc.li/rsc-advances high-frequency insulators.

1. Introduction

Frequency-dependent dielectric properties can be used to
characterize biological materials and determine the formation
of new phases from biological processes. Although generally
inaccessible via experimental methods, computer simulations
can be used to determine the dielectric properties of biological
materials. In some studies, the dielectric constant is defined as
the static dielectric constant of the material, which is not
accurate because it does not give precise results on the dielectric
properties. Electrical insulators are also known as dielectric
materials and are characterized by the absence of free charge
carriers capable of conducting electrons. Insulators or dielec-
trics are materials with a very high resistivity in the range of 10°
to 10"® Q m because they contain very few free electrons."? In
a dielectric, the atoms strongly retain their electrons. The most
abundant elements are the atoms of carbon (C), hydrogen (H),
oxygen (O) and nitrogen (N), which alone constitute 96% of
living matter. In smaller amounts, phosphorus (P) and sulfur (S)
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are also present. Gabapentin (CoH;,NO,) is a biological
compound whose crystal structure, in the solid state, exists in
three polymorphic forms (o, B, and v), as illustrated in Fig. 1.
Hayley et al® studied the a-gabapentin polymorph and
compared it with the data reported by Ibers.* Initially, gaba-
pentin was developed as an antiepileptic drug; however, its
applications were later extended to the treatment of neuro-
pathic pain.® L. Magnus® demonstrated that gabapentin is
useful in neuropathic pain syndromes, bipolar disorders,
movement disorders, migraine prophylaxis and cocaine
dependence. On the other hand, gabapentin is an insulator with
band gap close to 5 eV. We know that insulating materials find
applications in a large number of devices for the production,
transport, distribution and use of electrical energy. An insu-
lating material is a material intended to prevent electrical
conduction between conductive elements. It is a material with
very low, practically negligible electrical conductivity, used to
separate conductive parts maintained at different potentials.
The use of such materials is expanding beyond electrical engi-
neering to various other fields, including aeronautics, auto-
mobile manufacturing, construction, and even medicine. The
use of more efficient materials, such as wide-band-gap semi-
conductors (SC2G), is therefore increasingly being considered
for high-power (HP) and high-frequency (HF) applications. The
intrinsic properties of SC2G make them well-suited materials
for HP, HF, and HV electronics. The most remarkable optical
property of this family of semiconductors is their wide band
gap. Lighting technology experienced a spectacular revolution
with the manufacture of LEDs (light emitting diodes), which are
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Fig. 1 2D and 3D representations of the three polymorphs: (a) gabapentin (a and b), () gabapentin (c and d) and (y) gabapentin (e and f).

devices based on nitride-type semiconductors. This was made
possible by manufacturing LEDs that emit blue light. There are
materials that may possess a band gap as high as 6 eV, and it
appears that there is a particular difference in their electrical
insulation and thermal conductivity. The insulators that have
significantly wider energy band gaps include SiO, with a band
gap of 9.0 eV,* which on the other hand has a refractive index of
1.46 and presents good transparency under visible light; dia-
mond, given its high carbon-carbon covalent bond energy, with
a band gap of 5.47 eV;”* silicon nitride (Si;N,) with an index of
2.02 and a mediocre dielectric (E; ~ 5.5 eV);> and finally,
aluminum nitride (AIN), a III-V semiconductor, with a direct
gap of 6.015 eV at 300 K. Similar to electrical insulators,
aluminum nitride (AIN), although a refractory ceramic, has the
peculiarity of being both an electrical insulator and a thermal
conductor, with very high thermal conductivity reaching up to
285w m ' K~ depending on the structure of the material, such
as a single crystal,"* which is characterized by a dielectric
constant close to 8, a low coefficient of thermal expansion of 4 x
107% °C™", close to good dielectric resistivity, good insulation
and good mechanical resistance. This unusual combination of
properties makes AIN a magnificent material for many appli-
cations in optics, lighting, electronics and renewable energy.
Our compound, being an electrical insulator similar to
aluminum nitride, shows potential for applications as
a substrate for epitaxial growth in ultraviolet (UV) optoelec-
tronics and for the fabrication of microwave power transistors
in power electronics. Currently, much research is being carried
out to produce UV-emitting light-emitting diodes (LEDs) using
aluminum-gallium nitride. On the other side, materials having
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a band gap width of 0 < E; < 5 eV are called intrinsic semi-
conductors. They are characterized by a resistivity much higher
than that of a good conductor and much lower than that of
a good insulator. Based on its wide band gap, excellent dielec-
tric properties, and strong absorption in the ultraviolet region,
the CoH;;NO, compound (gabapentin polymorphs) demon-
strates promising potential for applications in optoelectronic
devices, such as UV detectors and emitters, high-power and
high-frequency electronic insulation systems, and reflective UV
coatings, and as a substrate material for epitaxial growth in
semiconductor technologies. Furthermore, recent studies have
shown increasing interest in wide band gap semiconductors for
advanced applications in spintronics and valvetrains, high-
lighting the broader impact of such materials beyond tradi-
tional electronics and optics.*>** The objective of this work is to
achieve a comprehensive understanding of the structural,
electronic, and optical properties of CoH;;NO, at the atomistic
level.

2. Computational details

All calculations were performed using the CASTEP code, which
implements density functional theory (DFT) with a plane-wave
basis set and a pseudo-potential approach. The exchange-
correlation effects were treated using GGA-PBE96."* The ionic
cores were represented by Norm conserving pseudopotentials*®
for H, C, N and O. The H 1s*, C 2s*2p®, N 2s*2p® and O 2s%2p*
orbitals were treated as valence electrons. A plane-wave basis set
cut-off of 830 eV and a Monkhorst Pack mesh'” of 4 x 4 x 4 for
the &k points were chosen after a convergence test to ensure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sufficiently accurate calculations. Within a density mixing
system, the atomic locations were optimized and relaxed using
a conjugate gradient (CG) approach for eigenvalue minimiza-
tion. In this work, hydrostatic pressure was applied during
geometry optimization using the CASTEP code. The external
pressure was set directly in the calculation input, ranging from
0 to 5 GPa, allowing the unit cell to fully relax under an isotropic
stress condition. In reality, a structural optimization employing
the Broyden-Fletcher-Goldfarb-Shenno (BFGS) minimization
technique yielded the equilibrium lattice parameter. With the
following thresholds for convergent structures, this method
offers a quick way to identify the lowest energy structure:

(i) Energy change per atom of less than 5 x 10~ ° eV,

(ii) Residual force of less than 0.01 eV A™%,

(iii) Atom displacement during geometry optimization of less
than 0.0005 A, and

(iv) Maximum stress of 0.02 GPa.

3. Results and discussions

3.1. Structural properties

The crystal structures of (o, B, v)-CoH;;NO, are monoclinic
belonging to the space groups of P2,/c (N°14), P2,/c (N°14), and
C2/c (N°15), respectively. The calculated structural parameters
a, b, and ¢ show acceptable agreement with the experimental
data,>*'® as presented in Table 1. The calculated ratios ¢/a and ¢/
b also match well with the reference values. The molecular and
crystal structures of the three polymorphs, (o, B, v)-CoH1;NO,,
in both 2D and 3D representations are illustrated in Fig. 1.
These visualizations help to highlight the symmetry differences
among the three phases. The a-phase has the most elongated
structure (¢/a = 3.78), indicating strong intermolecular
hydrogen bonding along the c-axis. The B-phase shows an
intermediate packing efficiency with 8 = 106.189°, suggesting
moderate intermolecular interactions. The y-phase exhibits the
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highest packing density (1.156 g cm™>) and the largest unit cell
volume, indicating an optimal space utilization. The calculated
formation enthalpies reveal that the y-phase is thermodynam-
ically the most stable (—22395.74 eV), followed by « (—11197.78
eV)and 8 (—11197.60 eV). This stability order correlates with the
observed packing efficiency, where tighter molecular arrange-
ments in the y-phase lead to stronger intermolecular forces and
enhanced stability.

3.2. Electronic properties

The electronic band dispersions of monoclinic (o, B, )
CoH;,NO, are plotted in Fig. 2, along with the high symmetry
lines inside the irreducible Brillouin zone (IBZ). Crystal struc-
ture optimization shows semiconductor properties with an
indirect band gap for (o, B, v)-CoH;;NO, and a fundamental
band gap of 4.731 eV for alpha, 4.555 €V for beta, and 4.371 eV
for gamma phases. Similar to a-CoH;,NO,, monoclinic B-
CoH;,NO, and y-CoH;;NO, also exhibit an indirect band gap
semiconductor behavior with a larger fundamental band gap of
4.371 eV. The valence band maximum (VBM) and conduction
band minimum (CBM) occur at the B-D and I symmetry points
in a-CoH;,NO,, while they appear at Y-A and T" in B-CoH;,NO,
and at A and T" in y-CoH;,NO, symmetry points of the irre-
ducible Brillouin zone (IBZ). The band gaps of the (a, B, v)-
CoH;,NO, compounds are found to be 4.88 eV, 4.83 eV and
5.39 eV respectively. To improve the accuracy of the band gap
predictions beyond the standard GGA-PBE, additional calcula-
tions are carried out using the modified Becke-Johnson
potential (mBJ-GGA)." This semi-local approximation is known
for providing more accurate estimates of band gaps in wide
band gap materials. The obtained values are 5.5 eV for o-
CoH{7NO,, 5.1 eV for B-CoH;;NO,, and 5.9 eV for y-CoH;7NO,.
These results confirm the classification of the studied poly-
morphs as wide band gap materials with strong absorption in
the ultraviolet region, reinforcing their potential for

Table 1 Experimentally observed cell parameters of (a, B, v)-CoH17NO, (in parentheses) and the corresponding calculated values

Common name a-Gabapentin 4

B-Gabapentin 3 v-Gabapentin 18

Chemical formula C36HgsN,4Og

a (A) 5.9826 (5.8759)
b (A) 7.0155 (6.9198)
c(A) 22.6090 (22.2620)
Aala% 1.8

Ab/b% 1.4

Ac/c% 1.5

cla 3.7791 (3.788)
c/b 3.2227 (3.217)
a 90° (90°)

8 90181 (90.080°)
AB/B% 0.11

v 90° (90°)

Cell volume (A 948 681 (905.173)

Density(g em ) 1.18160
Number of distinct elements 4 (4)
Space group number 14

Space group (monoclinic) P2,/c

H (eV) —-11197.78

© 2025 The Author(s). Published by the Royal Society of Chemistry

C36HesN4Og
14.7719 (14.5376)
6.7488 (6.6329) A
10.0169 (9.8343) A

C36HesN4Og
30.6099 (30.5452)
6.0906 (5.9268)
11.1265 (10.8841)

1.6 0.21
1.4 2.7
1.8 2.2

0.6781 (0.665)
1.4842 (1.482)

0.3635 (0.356)
1.8268 (1.836)

90° (90°) 90° (90°)

106.189° (105.922°) 108.1880 (108.316)
0.25 0.11

90° (90°) 90° (90°)

959.02 (911.91) 1970.74 (1870.58)
1.17596 1.15585

4 (4) 8(8)

14 15

P2,/c C2/c

—11197.60 —22395.74
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Fig. 2 Band structure and PDOS of the three polymorphs: () gabapentin (a), (B) gabapentin (b) and (y) gabapentin (c).

optoelectronic and UV device applications. The decreasing
band gap trend (« > 8 > ) correlates inversely with the struc-
tural stability. This phenomenon occurs because intermolec-
ular m-m interactions in the more stable y-phase create
additional electronic states that slightly narrow the band gap,
and molecular orbital overlap increases with packing density,

33134 | RSC Adv, 2025, 15, 33131-33138

leading to band dispersion. The partial density of states (PDOS)
provided more information about the band structure of the (a,
B, v)-CoH;7,NO, compounds. The partial DOS confirms that the
top of the valence bands of the compounds primarily originates
from the O-2p orbitals, and the bottom of the conduction band
comes mainly from the C-2p orbitals, with weak contributions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from the H-1s orbitals. The valence band of the (a, B, v)-
CoH;,NO, compounds is divided into three distinct regions: the
energy region from —22.0 eV to ~—18.0 eV, dominated by the
2s/2s orbitals of the N and O atoms, with small contributions
from the H-1s orbital; the energy region from —18.0 eV to
~—10.0 eV, dominated by the 2p/1s orbitals of the C and H
atoms, with small contributions from the N-2p orbitals; and the
energy region from —10.0 eV to ~0.0 eV, dominated by the 2p/1s
orbitals of the C, O and H atoms, with small contributions from
the N-2p orbitals. The 1s/2p orbitals of the H/O atoms of the (e,
B, Y)-CoH,7NO, compounds present strong interactions with
each other from —10.0 €V to ~0.0 eV. However, the 2s/1s orbitals
of the C/H atoms (from —18.0 eV to ~—10.0 eV) in (o, B, v)-
CoH;,NO, interact only partially.

3.3. Optical properties

The study of the optical properties of a compound is necessary
to obtain a clear idea of its electronic structure. To do that, let us
consider different photon energies to calculate some optical
properties of the monoclinic (a, B, v)-CoH;;NO,crystals. For an
incident light polarized in the [100] direction, the dielectric
function ¢(w) is initially calculated, which is the fundamental
optical parameter that describes the optical properties of
a material. ¢(w) describes the relationship between the real part
and the imaginary part of the dielectric function as ¢(w) = &;(w)
+ ig5(w), where ¢4(w) is the real part (absorption) and e,(w) is the
imaginary part (polarization) of the dielectric function. Semi-
conductors play a key role in the production of information and
communication technologies and constitute the basic compo-
nents of these technologies. A dielectric is defined as a material
medium in which the conduction and valence bands are sepa-
rated by an energy gap greater than 5 eV. By linear response
formalism, the calculated real part of the dielectric function ¢,
which describes the electronic polarizability, is extracted from
the imaginary part of the dielectric function using the Kramers—
Kronig expression. The ¢; shows maxima at (5.55 eV, 7.65 eV),

eq(0)

Energy (eV)

View Article Online
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(5.54 eV, 8.17 eV) for (@, B)-CoH;,NO,) and 8.64 eV for (y)-
CoH;;NO,). The real part of the dielectric function, &;(w), is
positive up to 15.44 eV, 14.54 eV, and 13.88 eV for the respective
phases, but turns negative at higher energies. For a-, B-, and -
CoH;,NO,, the plasma frequencies are observed at (15.44, 22.09
eV), (14.54, 21.63 eV), and (13.88, 21.15 eV), respectively. The
static values of the real part of the dielectric function, ¢,(0), are
2.64, 2.57, and 2.40 for the a, B, and y phases, respectively
(Fig. 3). The imaginary part ¢,(w) of the dielectric function &(w)
can be obtained from the momentum matrix between the
occupied and unoccupied electronic states:*

20w
o Vé‘o

Sl O PO(ES — B —hw) (1)

ke

&(w)

where u is the vector that provides the polarization of the
electric field of the incident electromagnetic radiation, V is the
volume of the unit cell, and ¥, ° represents the wave function of
the valence (conduction) band at the wave vector k, according to
the Kramers-Kronig relations.?**

er(w) =1 +EPJOO %dw’ ®)
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Fig. 3 Real and imaginary parts of the dielectric function of the three polymorphs: (a) gabapentin (a), (B) gabapentin (b) and (y) gabapentin (c).
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Fig. 4 Optical conductivity function of the three polymorphs: (a)
gabapentin (a), (B) gabapentin (b) and (y) gabapentin (c).

In the (@, B, Y)-CoH;;NO, phases, the threshold energies are
4.40 eV, 4.15 eV, and 4.58 eV, respectively. The absorption peaks
are located at 6.21 eV and 12.04 eV for a-CoH{;NO,, at 6.28 eV
and 11.51 eV for B-CoH,;NO,, and at 12.17 eV for y-CoH{7NO,.
The observed difference in the absorption peaks is attributed to
their different crystal structures. On the basis of the dielectric
function, the ¢(w) component of the optical conductivity is
calculated for the compounds (Fig. 4). For (o, B, v)-CoH;;NO,,
the maximum values of o(w) are situated around 6.29 eV (0.88
fs'),12.46 eV (4.82 fs 1), 6.43 eV (0.82 fs ), 13.42 eV (4.87 fs )
and 12.41 eV (5.66 fs ). The theoretical spectra of the energy
loss function L(w) for the (o, B, v)-CoH;7;NO, compounds are
shown in Fig. 5. These features are responsible for the plasmon
resonance in L(w), with the first peak appearing similarly along
both crystal directions. The theoretical spectrum L(w) shows
similar features at 22.43 eV, 22.01 eV and 21.55 €V for the (o, B,
v)-CoH;,NO, compounds, respectively; in this regard no exper-
imental results are available for comparison. The region of the
electromagnetic spectrum in which the material absorbs energy
is indicated by its absorption coefficient, which also provides
vital information on the conversion of solar energy. Fig. 6 shows

5
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5 ° '
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Fig. 5 Energy loss function of the three polymorphs: (&) gabapentin
(a), (B) gabapentin (b) and (y) gabapentin (c).
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Fig. 6 Absorption spectra of the three polymorphs: («) gabapentin (a),
(B) gabapentin (b) and (y) gabapentin (c).

the optical absorption spectra of the alpha-, beta- and gamma-
crystal polymorphs of gabapentin along the [100] polarization
direction. Therefore, the obtained results indicate that the
gabapentin crystals in these three phases absorb in the ultra
violet (UV) region with absorption maxima at 17.25 eV, 15.00 eV
and 14.29 eV (28.53 x 10% 26.83 x 10* and 27.07 x 10%),

Reflectivity
90900000
© = N W O - N

0.3 F

10 20 30 40
Energy (eV)

e o9
o = N

o

Fig. 7 Reflectivity spectra of the three polymorphs: (o) gabapentin (a),
(B) gabapentin (b) and (y) gabapentin (c).

Reractive index

Energy (eV)

Fig. 8 Refractive index of the three polymorphs: (o) gabapentin (a), (B)
gabapentin (b) and (y) gabapentin (c).
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Fig. 9 B(K) as a function of pressure for the three polymorphs (a, B, v)-CoH17NO5.

respectively, for (o, B, v)-CoH;;NO, compounds. The reflectivity
spectra as a function of photon energy are shown in Fig. 7. It
starts with a value of ~0 eV for all the compounds. From there, it
increases up to a maximum intensity of 19.37 eV, 20.00 eV and
20.21 eV for (a, B, v)-CoH;;NO,, respectively, indicating that
they are good candidates as coating materials in these energy
ranges. It goes to zero at E = 25 eV. The behavior of light in
a medium is described by the refractive index (n), which is
a dimensionless quantity; it depends on the measurement
wavelength (Fig. 8). The crystals absorb photon energy in the
range of 0-10 eV. In the visible region, their absorption coeffi-
cient is low.

3.4. Beta angle as a function of pressure

In organic chemistry, planarity is an important concept because
it can affect the reactivity and physical properties and can
influence the stability and characteristics of a molecule. The
molecules of the (a, B, Y)-CoH;,NO, compounds are different
from each other by symmetry. The beta angle plays a very
important role in the stability and characteristics of the mole-
cule. We studied the influence of pressure on beta angle, which
in turn influences the physical properties of the molecule
(Fig. 9). The beta angle decreases in the alpha and beta phases
and increases in the gamma phase in the pressure range of 0-
1 GPa, and the beta angle curve in the alpha phase is parabolic
in the pressure range of 0-5 GPa and decreases gradually from
1 GPa in the beta and gamma phases.

4. Conclusion

Using density functional theory with pseudopotential plane
waves within the generalized gradient approximation, this study
provides a comprehensive analysis of the structural, electronic,
and optical properties of the (a, B, v)-CoH;;NO, compounds.
Ground-state properties, such as lattice parameters (calculated
here for the first time) and electronic and optical properties, are
determined. Unfortunately, there are only a few works available
for comparing the properties calculated in this study. A

© 2025 The Author(s). Published by the Royal Society of Chemistry

qualitative assessment of the transition enthalpy (E) among the
(e, B, Y)-CoH;7;NO, compounds indicates that the y phase is
more stable than the other two phases at 0 K. It is observed that
all compounds maintained their semiconductor nature at the
Fermi level, with band gaps of 4.73 eV, 4.55 eV and 4.37 eV,
respectively. The absorption spectra reveal that the (o, B, v)-
CyH;,NO, compounds are sensitive to the ultraviolet region.
The beta angle decreases in the alpha and beta phases and
increases in the gamma phase in the pressure range of 0-1 GPa,
and the beta angle curve in alpha phase is parabolic in the
pressure range of 0-5 GPa and decreases gradually from 1 GPa
in the beta and gamma phases. Thus, this study can be used to
explain why some patients show improvement following gaba-
pentin intake and others do not show improvements or show
partial improvements.
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