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The electronic structure and dispersion of optical susceptibilities of 2-amino-4-fluorodo-
dec-4-encarbolic acid were calculated using all-electron full potential linear augmented
plane wave method based on density functional theory. Perdew–Burke–Ernzerhof gen-
eralized gradient approximation (PBE-GGA) and Engel Vosko generalized gradient
approximation (EV-GGA) were used to solve the exchange correlation functional. The
EV-GGA scheme was selected to obtain better band gap value (4.91 eV) as compared to
GGA-PBE (4.75 eV). The valence electron charge density plots show foremost covalent
nature of the bonds. The C–C bond is pure covalent bond while C–H, C–F, C–O, N–H and
C–N configuration show dominant covalent bond with small percentage of ionicity. The
calculated spectral peaks in ε2ðωÞ show electron transition between the occupied and
unoccupied bands. The calculated absorption coefficient IðωÞ and reflectivity spectra RðωÞ
of 2-amino-4-fluorododec-4-encarbolic acid show response to electromagnetic radiation
in extreme ultraviolet region (UV-C). The dispersion of calculated second order dielectric
tensor components ε2ðωÞ, ε1ðωÞ, IðωÞ and LðωÞshow considerable anisotropy.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Recently fluoro-organic chemistry got considerable atten-
tion because of astonishing evolution and a marked impact
in designing and synthesis of large scale of biologically active
molecules like amines, amino-acids, peptides along with
other natural products [1]. The importance of the naturally
occurring amino acids can’t be ignored because of its
essential role in living system [1].

Amino acids are the building block of proteins and pep-
tides. Its different types have fascinating characteristics. Amino
acids have a multiplicity of structural parts, which expose
unusual solubility and polarities [2]. The synthetic fluorine
n).
containing amino acids have always been an interesting topic
for scientists in order to modify the physiological processes [3–
9]. The organic molecules modified by fluorine, tune the
properties of molecules for special applications which is widely
used for development of pharmaceutical research (diagnostics
of brain tumors and nuclear medicine techniques), for bioac-
tivity in a large range of agrochemical products such as
pesticides contains fungicides, herbicides and insecticides. It
also play a vital role in soft materials chemistry for example
self assembling monolayer, photoresist polymers, positron
emission tomography and liquid crystals [4,10–21]. Liquid
crystal technology is very important and play major role in
many fields of science and engineering especially in device
technology such as liquid crystal displays, liquid crystal ther-
mometers, optical imaging and polymer dispersed liquid
crystals [22]. Liquid crystals are used for nondestructive under
stress mechanical test of materials. This method can also be
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Fig. 1. (a) Optimize molecular structure of 2-amino-4-fluorododec-4-
encarbolic acid, (b) unit cell of 2-amino-4-fluorododec-4-encarbolic acid.
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applied to visualize the radio frequency waves (RFW) in
waveguides and some medical purpose like transient pressure
transmitted [22]. The constituent molecules of the liquid
crystals are the fluid segment, which are appropriately scat-
tered to be rated as a liquid, and possessing the flow features,
preserve the actual type of liquid crystal phase, depending on
the fluctuating degrees of ordering. As is known that these
crystals (liquid) are anisotropic fluids so their flow and mole-
cular combination presents good optical, dielectric, and visco-
elastic properties [23]. Generally the liquid crystals show
anisotropy which elucidates different behaviors frommolecule
to molecules depends on the direction. Weak electric field
changes the orientation of the liquid crystals and makes it
suitable for display application [23].

Amino acids from the chiral pool looked to be perfect
precursor for ionic liquid crystals due to their good accessi-
bility and small cost [24]. Many examples, which use amino
acids as a reagent, are from task-specific organic liquid
crystals, [25] whereas amino acid can be either cation [26]
or anion [27].

The amino acids are good contestant for liquid crystal
applications because of its low cost and easily availability;
therefore; it is necessary to highlight its optoelectronic
properties. We should emphasize that the introduction of
halogen into the organic molecule has an effective way to
improve some properties such as stability, rigidity and
optical properties due to the high strengths of the C–X
bonds [28]. In this work we are interested to evaluate the
electronic structure, valence electron charge density along
with the dispersions of the optical properties of 2-amino-
4-fluorododec-4-encarbolic acid using all-electron full
potential linear augmented plane wave (FPLAPW) method
which has been confirmed to be one of the most precise
methods for calculating the electronic structure and opti-
cal properties within in DFT [29,30].

2. Crystal structure and computational details

The chemical formula of 2-amino-4-fluorododec-4-
encarbolic acid is C12H22FNO2. It is stable in monoclinic
phase having space group P21/c with four formula units per
unit cell. The lattice parameters are a¼28.081 Å, b¼4.874 Å,
c¼9.694 Å with β¼93:211. The crystallographic data for 2-
amino-4-fluorododec-4-encarbolic acid have been taken
from Cambridge Crystallographic data Center (CCDC) having
deposition number 252332. The molecular structure and
unit cell of 2-amino-4-fluorododec-4-encarbolic acid are
shown in Fig. 1a and b.

In this work we have calculated the electronic band
structure, density of states (DOS), electronic charge density
and optical susceptibilities of 2-amino-4-fluorododec-4-encar-
bolic acid. The calculations were performed using all-electron
full potential linear augmented plane wave (FPLAPW) method
within WIEN2k code [31–33]. The exchange correlation
potential (Vxc) was solved by Perdew–Burke–Ernzerhof gen-
eralized gradient approximation ðPBE� GGAÞ [34] and Engel
Vosko generalized gradient approximation ðEV� GGAÞ [35].
In order to converge the energy eigenvalues, the wave
function in the interstitial regions were expended in plane
waves with cutoff RMTKmax ¼ 7:0. The RMT stand for the
muffin-tin (MT) sphere radius and Kmax shows the magnitude
of largest K vector in expansion of plane wave. The selected
RMT are 1.03, 1.06, 0.53, 0.98 and 1.16 a.u. for C, O, H, N and F
atom, respectively. The wave function inside the sphere was
expended up to lmax ¼ 10 whereas the Fourier expansion of
the charge density was up to Gmax ¼ 26 ða:u:Þ�1: We have
optimized the structure by minimizing of forces acting on
the atoms. The convergence of the self-consistent calculation
was done when the difference in total energy of the crystal
did not exceed 10�2 mRyd in successive steps. The self-
consistencies were obtained by 126k points in irreducible
Brillouin zones (IBZ).

3. Result and discussions

3.1. Band structure and density of states

The calculating band structure provides the information
about the electronic structure and optical response of the
material and its basis are directly connected to density of
states [36,37]. We have calculated electronic band structure of
2-amino-4-fluorododec-4-encarbolic acid along high symme-
try lines of the Brillouin zone (Z–D–Γ–Y–Z) using PBE-GGA
and EV-GGA as shown in Fig. 2. Usually PBE-GGA leads to
underestimate the band gap value. The PBE-GGA has simple
formwhich is not adequately flexible to accurate calculation of
exchange-correlation energy and its charge derivative. Gen-
erally EV-GGA acquired by optimizing the exchange-
correlation potential Vxc as an alternative of the correspond-
ing energy Exc. This approach exhibit better band splitting and
structural properties that depend on the precision of the
exchange–correlation potential [38–40]. The electronic band
structure of 2-amino-4-fluorododec-4-encarbolic acid calcu-
lated by PBE-GGA is shown in Fig. 2a. The dispersion of the
electronic band structure visualize that the valence band
maximum (VBM) and the conduction minimum (CBM) are
located at Z point of the BZ results the a direct band gap
semiconductor of about 4.75 eV. As one move from PBE-GGA
to EV-GGA the conduction band minimum shift towards
higher energies resulting in increase the band gap value to
be 4.91 eV as shown in Fig. 2b. As EV-GGA scheme show
better band splitting and as a consequence better band gap



Fig. 2. Calculated band structure of 2-amino-4-fluorododec-4-encarbolic acid.
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therefore this scheme was selected for further explanation of
density of states, charge density and optical properties. The
calculated bands are less dispersed (much flatter) which
results in small mobility of the charge carrier (holes and
electrons).

The calculated total density of states (TDOS) and partial
density of states (PDOS) of 2-amino-4-fluorododec-4-encar-
bolic acid are shown in Fig. 3a and b. The TDOS assign the
electronic band structure of the material and show density of
states in unit cell at different energy level. Further, PDOS
show the contribution of orbital in bands formations. From
�9.0 eV to �2.0 eV, the bands are formed by C-s/p, F-s/p,
O-s/p, H-s and N-s/p states. The F-s state is dominant in this
range with maximum density of 0:7 states=eV. The next
foremost states are C-p and O-p which show the value of
0:3states=eVand 0:25 states=eV while C-s and F-p states
play intermediate role (0:16 states=eV and 0:15 states=eV).
Other states such as N-s/p and H-s shows small contribution
in this range. From �2.0 eV to Fermi level the O-p state show
dominancy with density value of 0:25 states=eV which play
main role in valence band formation. The contribution of F-s
state reduced to 0:1 states=eV, while H-s and C-s/p states
show negligible contribution in this range. The conduc-
tion band around 4.8 eV is primarily fashioned by C-p
(0:8 states=eV) and O-p states (0:3 states=eV). The other
states (N-s/p, O-s, F-s/p, and H-s) show small contribution. In
the energy range between 6.0 eV and 20.5 eV, the bands are
formed by combination of C-s/p, N-s/p, O-s/p, H-s, and F-s/p
states. F-s state is predominant (0:2 states=eV) in this region.

There exists a strong hybridization among s and p states
of C, N, H, F and O atoms resulting in a covalent nature of the
bond, which can be observed from the electronic charge
density contour.

3.2. Electronic charge density

The precise bonding nature of the compound can be
estimated from the valence electron charge density plot
[41,42]. We have calculated the electronic charge density
distribution for 2-amino-4-fluorododec-4-encarbolic acid
to visualize the bonding nature. Fig. 4a–c represents the
electronic charge density contours in different crystallo-
graphic planes. The blue region in the contour plot shows
maximum charge density region and the red color region
exhibits zero charge according to the thermoscale attached
to Fig. 4a–c.

Fig. 4a exhibits that there exists a strong covalent bond
between C–C, C–H, C–F and C–O atoms and the electronic
charge is concentrated around these atoms as indicated by
blue color; whereas Fig. 4b shows a covalent bond
between C–H and C–C atoms while F and N atoms exhibit
strong ionic bonds and very weak covalent bonds with C
atom. Fig. 4c shows a strong covalent bond between C–O,
C–C, C–N, N–H atoms. In the present work we also
calculated the ioniciy of the compound in term of electro-
negativity difference between C–H (0.4), C–C (0.0), C–O
(1.0), C–F (1.5), C–N (0.5) and N–H (0.9). Using Pauling
empirical formula [43] and its selection rules, we calcu-
lated the bonding nature and percentage ionicity as shown
in Table 1.

If the electronegativity difference is o1.7, it results
small percentage of ionicity and strong covalent nature
between the atoms. As the electronegativity difference
decreases the covalent bond is going to be more dominant.
It is clear from Table 1 and Fig. 4a–c that the overall
bonding behavior of 2-amino-4-fluorododec-4-encarbolic
acid is covalent with small part of ionicity. The blue region
in Fig. 4a–c exists due to delocalize electrons.

3.3. Optical properties

The energy band structure of solid is directly linked with
the complex dielectric function εðωÞ which establishes the
overall band behavior. In the complex dielectric function
εðωÞ ¼ ε1ðωÞþ iε2ðωÞ the real part is correlated to electric
polarizability of the material while the imaginary part show
the absorption of energy and transition of electron to
excited states [44–46]. The dispersions of dielectric function



Fig. 3. Calculated total and partial density of states (states/eV unit cell) of 2-amino-4-fluorododec-4-encarbolic acid.
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include intra-band transition along with inter-band transi-
tions. The intra-band transitions are significant only in case
of metals and can be ignored for semiconducting materials.
The correct energy eigenvalues in addition to electron wave
functions are required for complete description of dielec-
tric function εðωÞ which is a natural output of calculated
electronic band structure. The crystal structure symmetry of
2-amino-4-fluorododec-4-encarbolic acid allows several
nonzero second order dielectric tensor components. For
simplicity we take only the three principal diagonals of
dielectric tensor components. These are εxxðωÞ, εyyðωÞ and
εzzðωÞ along a, b and c crystallographic axes. The dielectric
tensor components of ε2ðωÞ are obligatory for full detail of
linear optical susceptibilities of the investigated compound.
The required dielectric tensor components can be calcu-
lated using the expression given in Ref. [47].

εij2 ¼
4π2e2

Vm2ω2 �∑nn0σ knσ pi
�� kn0σ〉 kn0σ pj

�� knσ〉
��D���

D

�f kn 1� f kn0
� �

δ Ekn0 �Ekn�ℏωð Þ ð1Þ
where m stands for mass and e for the charge of electron and
ω represents the electromagnetic radiation (EM) striking the
crystal of unit cell volume (V). In bracket notation p corre-
sponds to the momentum operator, knσ

�� �
shows the crystal

wave function with crystal momentum k and σ spin which
correspond to the eigenvalue Ekn. The Fermi distribution
function is represented by f kn which makes sure the counting
of transition between the occupied and unoccupied states and
δ Ekn0 �Ekn�ℏωð Þ shows the condition for conservation of total
energy.

The 2-amino-4-fluorododec-4-encarbolic acid is a direct
band gap (Z-Z) semiconductor which shows high transpa-
rency up to 4.91 eV. When the energy of the electromag-
netic radiation becomes greater than 4.91 eV it allows the
absorption to begin as shown in Fig. 5a. The peaks in the
spectral structure of optical spectra elucidate electron transi-
tion between occupied and unoccupied bands. The first peak
shows transition of electron from predominant F-s and O-p
states around the Z point of BZ to C-p and O-p. The rest peaks
show electron transitions from semi-core occupied bands to
high energy unoccupied bands. The real part of dielectric
function is calculated from imaginary part using Kramer–
Kronig relation [48].

ε1ðωÞ ¼ 1þ2
π
P
Z 1

0

ω0ε2ðω0Þ
ω02�ω2dω

0 ð2Þ

where P represents the principal value of integral. Fig. 5b
represents the calculated dispersion of real part of dielectric
function ε1ðωÞ. The three principal components εxx1 ωð Þ, εyy1 ωð Þ
and ε1

zzðωÞ show isotropic behavior from 0.0 eV to 4.0 eV.
There is a considerable anisotropy among these components
from 4.0 eV to 12.0 eV. For higher energy range, the three
components are isotropic as shown in Fig. 5b.

We have evaluated the other optical properties such as
refractive indices nðωÞ, absorption coefficient IðωÞ, reflectivity
RðωÞ, and energy loss function LðωÞ by using the calculated
spectra of ε1ðωÞ and ε2ðωÞ as shown in Fig. 5(c–f). The
calculated static values of nonzero tensor components of
the real part of dielectric tensor components and the
refractive indices are shown in Table 2. It is obvious that
ε1ð0Þ is directly related to n(0) by the relation nð0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffi
ε1ð0Þ

p
.

When the energy of incident radiations is gradually
increased the spectral components of refractive indices of
nxxðωÞ and nzzðωÞ reaches to its maximum value of 1.93 and
1.74 around 5.0 eV. The spectral peak of nyyðωÞ shows its
maximum value (1.88) around 7.8 eV. The refractive indices
of the investigated compound are represented in Fig. 4c. It is
clear that nxxðωÞ, nyyðωÞ and nzzðωÞ show isotropy from 0.0 eV
to 4.0 eV and from 12.5 eV to 13.5 eV. There exists a
considerable anisotropy between 4.0 eV and 12.5 eV.



Fig. 4. Electronic charge dencity contour of 2-amino-4-fluorododec-4-encarbolic acid.
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Table 1
Calculated ionicity (%) between bonds of 2-amino-4-fluorododec-4-
encarbolic acid.

Bond XA–XB Bond nature Polarity % Iconicity

C–C 0.00 Covalent Non polar 0.00
C–N 0.50 ″ ″ 08.87
N–H 0.90 ″ ″ 17.23
C–H 0.40 ″ ″ 06.96
C–O 1.00 ″ Polar 19.50
C–F 1.50 ″ ″ 31.87

Fig. 5. (a) Calculated εxx2 ðωÞ, εyy2 ðωÞ and εzz2 ðωÞ, (b) calculated εxx1 ðωÞ, εyy1 ðωÞ and εzz1 ðωÞ, (c) calculated nxxðωÞ, nyyðωÞ and nzzðωÞ, (d) calculated IxxðωÞ, IyyðωÞ and
IzzðωÞ, (e) calculated RxxðωÞ, RyyðωÞ and RzzðωÞ, (f) calculated LxxðωÞ, LyyðωÞ and LzzðωÞ.

Table 2
Calculated static optical constants of 2-amino-4-fluoro-
dodec-4-encarbolic acid.

Static constant

εxx1 ð0Þ 1.887
εyy1 ð0Þ 1.928

εzz1 ð0Þ 1.926
nxxð0Þ 1.374
nyyð0Þ 1.388
nzzð0Þ 1.387

A.H. Reshak, S.A. Khan / Materials Science in Semiconductor Processing 31 (2015) 302–309 307
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The interaction of photons with electrons is probably
related to bonding nature of the elements in 2-amino-
4-fluorododec-4-encarbolic acid. Covalent nature of C–C,
C–N, C–H, C–O, C–F, C–N and N–H shows greater photon–
electron interaction, results increase in nðωÞ.

The three nonzero components of RðωÞ are represented in
Fig. 4d. At around 5.0 eV, RxxðωÞ show 13% reflection while
RyyðωÞ and RzzðωÞshow small value of reflectivity (2.5% and
5.0%). At around 7.8 eV, RyyðωÞ increased to 10.0%. Around
13.5 eV, the three spectral components of reflectivity reached
the maximum value where the reflection is about 55.0% in
the overall spectrum.

The absorption coefficient IðωÞ of 2-amino-4-fluorododec-
4-encarbolic acid, related to the band gap and shows short
cut-off response in UV region, has increased from 4.91 eV.
IxxðωÞ represents the first peak of about 38:0� 104 cm�1

around 5.1 eV (Fig. 4e), whereas both IyyðωÞ and IzzðωÞ exhibit
the first peak of about 20:0� 104 cm�1 and 30:0�
104 cm�1 at 6.4 eV. The three components IxxðωÞ, IyyðωÞ
and IzzðωÞ reach its minimum value at around 13.0 eV. As
one moves toward higher energy, there is a steep increase in
the spectral components of the absorption coefficient which
shows maximum value of 215:0� 104 cm�1 at around
13.6 eV. The three spectral components show considerable
anisotropy in energy range (5.0–10.5) eV and (11.75–13.0) eV
while the rest of range show isotropy. The energy loss
function (Fig. 4f) LðωÞ expresses the energy loss of fast
electron that moving in the crystal. The sharp peaks in LðωÞ
at 5.6 eV and 6.4 eV are because of plasma oscillation [49].
The three spectral components show isotropy in lower (up to
5.0 eV) and higher energy range (around 13.5 eV). There is
considerable anisotropy among LxxðωÞ, LyyðωÞ and LzzðωÞ from
5.0 eV to 13.0 eV.
4. Conclusion

In present work the electronic band structure, valence
electron charge density and optical properties of 2-amino-
4-fluorododec-4-encarbolic acid were calculated. The all-
electron full potential linear augmented planewave (FPLAPW)
method as implemented in WIEN2k code within the frame-
work of DFT was used. The PBE-GGA and EV-GGA schemes
were used to solve the exchange correlation potential. The
electronic band structure calculations make favor of EV-GGA
scheme for better band splitting which clarified that 2-amino-
4-fluorododec-4-encarbolic acid possess a wide band gap
(4.91 eV). This scheme was preferred for further justification
of total and partial density of states, valence electron charge
density and optical properties of 2-amino-4-fluorododec-4-
encarbolic acid. The calculated valence electron charge den-
sity contour plots show dominant covalent and weak ionic
nature of bonds. The percentage ionicity between C–O, C–H,
C–F, N–H and C–N bonds was calculated using Pauling
selection rules. The complex dielectric function, absorption
coefficient, refractive index, reflectivity and energy loss func-
tion were calculated and discussed with full details. The three
principal tensor components of complex dielectric function,
and its derivatives show considerable anisotropy.
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