Optical Materials 46 (2015) 216-222

=

Contents lists available at ScienceDirect =
Optical -

Optical Materials

journal homepage: www.elsevier.com/locate/optmat

Theoretical investigation of some specific features of the electronic
structure and optical properties of Benzoic Acid 2-Amino-4,
6-Dimethylpyrimidine (1:1) co-crystals

@ CrossMark

A.H. Reshak *

New Technologies — Research Centre, University of West Bohemia, Univerzitni 8, 306 14 Pilsen, Czech Republic
Center of Excellence Geopolymer and Green Technology, School of Material Engineering, University Malaysia Perlis, 01007 Kangar, Perlis, Malaysia

ARTICLE INFO ABSTRACT

Article history:

Received 7 February 2015

Received in revised form 28 March 2015
Accepted 14 April 2015

Available online 30 April 2015

Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine (1:1) co-crystal have been comprehensively investigated
by means of density functional theory. The electronic band structure show that the conduction band min-
imum (CBM) and the valence band maximum (VBM) are situated at the center of the Brillouin zone result-
ing in a direct band gap. Calculation were performed using the full potential linear augmented plane
wave plus local orbitals (FPLAPW + lo) method in a scalar relativistic version as embodied in the
WIEN2k code within the local density approximation (LDA), gradient approximation (PBE-GGA), Engel-
Vosko generalized gradient approximation (EV-GGA) and the recently modified Becke-Johnson potential
(mBJ). The calculated density of states explore that the VBM is mainly formed by N-p state while the CBM
is formed by the strongly hybridized N-p and C-p states. There exists a strong hybridizations between
C-s/p, H-s, N-s/p and O-s/p states above and below the Fermi level (Er). Which may led to covalent
bonding between the states. To visualizes the charge transfer and the chemical bonding characters, the
valence band’s electronic charge density distribution were extensively investigated. The optical proper-
ties helps to get deep insight into the electronic structure therefore, details analysis to the calculated
optical properties were performed. The optical properties confirm the existence of the band gap and
the lossless regions.
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1. Introduction

Several experimental and theoretical research work on
co-crystals is achieved due to their specific structure. It is found
that the co-crystals are promising candidates for many applica-
tions due to their novel chemical and physical properties [1].
Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine (1:1) is one of the
co-crystals, in which the hydrogen bond interactions play an
important role in composing the structure, etc. [2,3]. Therefore, it
is necessary to investigate the hydrogen-bonded networks which
are linked with mobile protons. From the hydrogen-bonded net-
works of the Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine one
can deduce very important information since the hydrogen-
bonded networks are essential elements for the supermolecules
in the biology systems and chemistry. Latajka et al. [4] theoreti-
cally investigated the hydrogen-bonded molecular complexes, they
investigated the polarizability and first hyperpolarizability values
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of the hydrogen-bonded complexes formed by nitrosubstituted
phenols with pyridine and 4-aminopyridine have been calculated
using PM3 and ab initio (STO-3G) methods. Li et al. [1] have pre-
pared the Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine and
analysis the single crystal X-ray diffraction data and the experi-
mental optical properties. In addition they perform a density func-
tional calculations using CASTEP code within generalized gradient
approximation (PBE-GGA).

Due to a lack of electronic structural information of Benzoic
Acid 2-Amino-4,6-Dimethylpyrimidine (1:1) co-crystal, further
insight into the electronic structure can be obtained from the opti-
cal properties. We would like to mention that we are not aware of
calculations or experimental data for the electronic structure and
linear optical susceptibilities of Benzoic Acid 2-Amino-4,6-
Dimethylpyrimidine (1:1) co-crystal. Therefore we thought it
worthwhile to calculate some specific features of the electronic
structure and the optical properties. Calculations are performed
using full potential method within four types of exchange
correlation potentials in order to ascertain the effect of
exchange correlation on the electronic structure and the optical
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properties. First-principles calculation is one strong and useful tool
to predict the crystal structure and its properties related to the
electron configuration of a material before its synthesis [5-8].

2. Details of calculations

Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine (1:1) co-crystal
(C13H15N30;) have been synthesized by Li et al. [ 1] from benzoic acid
and 4,6-Dimethylpyrimidine in 1:1 molar ratio (see Fig. 1a).
Cy3H5N30; crystallizes in a monoclinic structure, space group,

P2;/c with lattice constants a=6.7019(9)A, b=7.647(])/?l\ and

c=25285(3)A, f=91.36(2)°, V=12954(3)A%, Z=4 [1]. The
2-Amino-4,6-Dimethylpyrimidine molecule linked to benzoic acid

molecule by two hydrogen bonds [01 — H1---N1,H---N=1.819 A

N3 —H3A---02,H---0=2.157 A] to form the asymmetric unit as
shown in Fig. 1(a). Fig. 1(b) shows the discreet dimers are connected
togetherin 1D-zigzag pattern. The calculation were performed using
the density functional theory (DFT) within the full potential linear
augmented plane wave plus local orbitals (FPLAPW + lo) method in
a scalar relativistic version as embodied in the WIEN2k code [9].
The exchange-correlation (XC) potential was solved using four dif-
ferent possible approximations. The XC were described by the local
density approximation (LDA) [10] and gradient approximation
(PBE-GGA)|[11], whichis based on exchange-correlation energy opti-
mization to calculate the total energy. In addition, we have used
Engel-Vosko generalized gradient approximation (EV-GGA) [12]
and the recently modified Becke-Johnson potential (mBJ)[13] which
optimizes the corresponding potential for electronic band structure
calculations. The atomic positions were optimized by minimization
of the forces acting on each atom. The optimization were achieved
within PBE-GGA. The structure is fully relaxed until the forces on
the atoms reach values less than (1 mRy/a.u.). The optimized atomic
positions along with those obtained from XRD are listed in Table S1
(supplementary materials), good agreement was found. Once the

forces are minimized in this construction one can then find the
self-consistent density at these positions by turning off the relax-
ations and driving the system to self-consistency. From the obtained
relaxed geometry the electronic structure and the chemical bonding
have been determined and various spectroscopic features can be
simulated and compared with experimental data. The Kohn-Sham
equations are solved using a basis of linear APW's. The potential
and charge density in the muffin-tin (MT) spheres are expanded in
spherical harmonics with [,.x = 8 and nonspherical components
up to lmax = 6. In the interstitial region the potential and the charge
density are represented by Fourier series. Self-consistency is

obtained using 300 k points in the irreducible Brillouin zone (IBZ).
We have calculated the electronic band structure, density of states,
electronic charge density distribution and linear optical properties

using 500 k points in the IBZ. The self-consistent calculations are
converged since the total energy of the system is stable within
0.00001 Ry.

3. Results and discussion
3.1. Electronic band structure and density of states

The electronic band structure of Benzoic Acid 2-Amino-4,
6-Dimethylpyrimidine is plotted along the high symmetry points
I''Y,H,X,A Z, I' X in the first Brillouin zone (Fig. 2). To investigate
the influence of the exchange-correlation potential on the elec-
tronic band desperation, four types of exchange-correlation poten-
tials are used to calculate the electronic band structure. In all cases
the Fermi level is sited to be at 0.0 eV. It is clear that moving from
LDA to PBE-GGA to EV-GGA cause to shift the conduction band min-
imum (CBM) toward the higher energies by around 0.1 eV.
Whereas using mB] cause to shift the CBM toward higher energies
by around 1.0 eV with respect to the location of CBM obtained by
LDA. Calculation show that the valence band maximum (VBM)
and CBM are situated at center of the BZ. Therefore, the Benzoic

The 2-Amino-4,6-Dimethylpyrimidine molecule linked to benzoic acid molecule by two
hydrogen bonds [O1 - H1...N1, H..N=1.815 A; N3—-H3A..02, H..0=2.149 A] to form the

asymmetric unit.

(a) Asymmetric unit

Fig. 1. (a) the asymmetric unit, it shows the 2-Amino-4,6-Dimethylpyrimidine molecule linked to benzoic acid molecule by two hydrogen bonds
[01 —H1.--N1,H---N=1.815A; N3 —H3A---02,H---0=2.149A] to form the asymmetric unit. (b) Fragment of the crystal structure of Benzoic Acid 2-Amino-4,6-

Dimethylpyrimidine.
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Fig. 2. The calculated electronic band structure of Benzoic Acid 2-Amino-4,6-
Dimethylpyrimidine using four exchange correlation potentials LDA, GGA, EVGGA
and mBjJ.

Acid 2-Amino-4,6-Dimethylpyrimidine is a direct band gap semi-
conductor in good agreement with the previously calculated elec-
tronic band structure using CASTEP code within PBE-GGA [1]. The
calculated band gap is about 2.888 eV (LDA), 2.965 eV (PBE-GGA),
3.090 eV (EV-GGA) and 3.838 eV (mBJ). We would like to mention
that Li et al. [1] have calculated the energy band gap of Benzoic
Acid 2-Amino-4,6-Dimethylpyrimidine to be 3.0271eV using
CASTEP code within PBE-GGA. It is well known that PBE-GGA
underestimate the energy band gap by around 10-30% [14,15].
To overcome this drawback we proposed mB]J. The mBJ, a modified
Becke-Johnson potential, allows the calculation of band gaps with
accuracy similar to the very expensive GW calculations [13]. It is a
local approximation to an atomic “exact-exchange” potential and a
screening term. Since the exact value of the experimental band gap
is not reported in the literature, therefore based on our previous
calculation [6,7,16] of the band gap using mBJ for several systems
whose energy band gap are known experimentally, in those previ-
ous calculations we found very good agreement with the experi-
mental data. Thus, we believe that our calculations reported in
this paper would produce very accurate and reliable value of the
energy band gap.

The calculated total density of states (TDOS) as illustrated in
Fig. 3(a) confirms there is significant influence on the band/state dis-
persion when one move from LDA — PBE-GGA — EV-GGA — mB].
The TDOS support the previous finding from the electronic band
structure that the CBM shift toward higher energies resulting in
increasing the band gap’s value, and mBJ cause to increase the band
gap’s value by around 1.0 eV over the value obtained from LDA.
Therefore, we choose mBJ to calculate the partial density of states
(PDOS). The C-s/p, H-s, N-s/p and O-s/p partial density of states are
represented in Fig. 3(b) and (c). From the PDOS we can identify the
angular momentum characters of various structures. There exists a

strong hybridizations between C-s/p, H-s, N-s/p and O-s/p states
above and below the Fermi level (Er). Which may led to covalent
bonding between the states. It is clear that the C-s/p, H-s, N-s/p
and O-s/p states contribute along the whole energy range. The
VBM is mainly formed by N-p state while the CBM is formed by the
strongly hybridized N-p and C-p states.

The partial density of states below Er (VB-PDOS) in the energy
range between -9.0 and 0.0 eV, show that the O-p state is the dom-
inant (1.5 electron/eV) among the other states. The next is C-p state
with contribution of about (0.6 electron/eV) and N-p (0.55
electron/eV). Whereas N-s contribute by around (0.125
electron/eV), O-s and C-s by around (0.08 electron/eV), and finally
H-s exhibit the lowest contribution in this region (0.05
electron/eV). This different contribution indicating that there are
some electrons from O-s/p, C-s/p, N-s/p and H-s states are trans-
ferred into valence bands and contribute in covalence interactions
which is due to the strong hybridization between these states.

To provide a deep insight into the electronic structure we have
taken a deep careful look at valence band’s electronic charge density
distribution to visualizes the charge transfer and the chemical bond-
ing characters. The total valence charge density is calculated in two
crystallographic planes namely (001) and (101) as illustrated in
Fig. 4(a) and (b). The crystallographic plane (001) exhibit only N, C
and H atoms. Due to electro-negativity difference between N
(3.04) and C (2.55) one can see the charge transfer toward N atoms
as indicated by the blue color (according to the thermoscale the blue
color exhibit the maximum charge) also one can see the existence of
the covalent bond between N and C atoms. In addition we have plot-
ted the (101) crystallographic plane, in which all atoms are con-
tribute. This plane show the covalent bonds between C-C, C-N and
C-0 atoms, the charge transfer toward O and N atoms and the max-
imum charge accumulated around them. Also it shows that the 2-
Amino-4,6-Dimethylpyrimidine molecule linked to benzoic acid

molecule by two hydrogen bonds [01 — H1---N1,H---N =1.815 A

N3 -H3A---02,H---0=2.149 A] to form the asymmetric unit.
The calculated bond distance show good agreement with previously

measured one (1.819 Aand 2.157 A) [1]. The molecules of the asym-
metric unit are connected in dimers by N-H---Oand O—-H---N
hydrogen bonds. The calculated bond distances, angles and torsion
angles along with the experimental data [1] are listed in Tables S2,
S3 and S4 (supplementary materials), good agreement was found.

3.2. Linear optical properties

The optical properties helps to get deep insight into the elec-
tronic structure, therefore we have calculated the optical proper-
ties of Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine within the
recently modified Becke-Johnson potential (mBJ). Since mBJ is
expected to bring the calculated energy band gap close to the
experimental one, therefore we expected the electric-dipole transi-
tions occurs between the exact valence and the conduction bands
to allow the valid optical transition. It is well known that the exact
form of exchange-correlation functional is unknown. Therefore the
accuracy of our results will be sensitive to selection of the
exchange-correlation functional and it can play a major role for
the accuracy of the results and this is one of the main drawback
in DFT. Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine possess five
non-zero components of the second-order optical dielectric tensor
corresponding to the electric field E being directed along a, b, and
c-crystallographic axes. These are £%*(w), &¥(w), e¥(w), &*(w) and
&#(w), here we will concentrate only on the dominate components
correspond to the transitions that have large optical matrix ele-
ments i.e. &% (w), &¥(w) and &#(w)corresponding to [100], [010]
and [001] polarization directions. Therefore, the imaginary part
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Fig. 3. (a) Calculated total density of states (states/eV/unit cell) using LDA, GGA, EVGGA and mBjJ; (b) calculated partial density of states (states/eV/unit cell) using mB].

(), & (w) and &&(w) of the optical function’s dispersion are
completely defines the linear optical properties. These are origi-
nates from inter-band transitions between valence and conduction
bands. Broadening is taken to be 0.1 eV which is typical of the
experimental accuracy.

The expression for calculating the imaginary part are given else-
where [17]. Fig. 5(a) exhibits the imaginary part of the optical func-
tion’s dispersion, it is clear that the first transition occurs at
3.838 eV. The first spectral transition occurs between C-s and N-s
states in the valence band to N-p, C-p and O-p states of the conduc-
tion band. The main spectral structure is situated at 5.5 eV which is
dominated by the optical component corresponding to [001]
polarization directions. The main spectral structure is due to the
optical transitions between H-s, O-s/p, C-s/p and N-s/p states of
the VBs to O-p, N-p and C-p states of the CBs. It is clear that both
of &*(w) and &%(w) exhibit pronounced structure in comparison
to &(w) and they show considerable anisotropy with &%(w).
Thus, the Benzoic Acid 2-Amino-4,6-Dimethylpyrimidine is uniax-
ial crystal. The spectral structure exhibit that there exists four loss-
less regions situated at 5.0, 6.7, 7.9 and 8.9 eV.

We can derive the real parts &*(w), &7 (®) andeZ(w)of the optical
function’s dispersion from the imaginary parts using the Kramers-
Kronig transformation [18]. These are represented in Fig. 5 (b).
Again it shows there exists a considerable anisotropy between both
of &*(w) and &%#(w) with & (w) confirming that the investigated

crystal is a wuniaxial crystal. The uniaxial anisotropy
oe = [(e) — &) /ef) is found to be 0.2, indicating the existence of
the considerable anisotropy. The calculated values of &*(0), & (0)
and &%(0) obtained by LDA, GGA and EVGGA and mBJ are listed in
Table 1. These values could explain the influence of the exchange
correlation potential on the energy gap’s value and hence on the
optical properties. We noticed that mBJ gives the lowest values.
Thus, the larger ¢;(0) value is corresponding to the small energy
gap. This could be explained on the basis of the Penn model [19].
Penn proposed a relation between ¢&(0) and E; ¢&(0)~ 1+

(hawp /Eg)z. E; is some kind of averaged energy gap which could be
related to the real energy gap. It is clear that £(0) is inversely propor-
tional with E;. Hence a larger E, yields a smaller ¢(0). This finding
support our previous observation from the calculated electronic
band structure and the density of states which shows that LDA,
PBE-GGA and EV-GGA are underestimated the energy band gap,
while mBJ success by large amount to bring the calculated energy
band gap closer to the experimental one.

We can derive the reflectivity spectra R(w), absorption coeffi-
cient I(w), the electron loss function L(w) and the optical conduc-
tivity o(w) from the imaginary and real parts of the optical
function’s dispersion.

The optical reflectivity as a function of photon energy is illus-
trated in Fig. 5(c). At low energy region the investigated crystal
exhibit low reflectivity of about 0.035 for R*(w), 0.01 for R”(w)
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Fig. 4. The electron charge density distribution were calculated for; (a) (001) crystallographic plane and (b) (101) crystallographic plane.

and 0.04 for R¥(w), then a rapid increases in the spectra to form
the first reflectivity maxima (25%) at around 4.5 eV. The main
reflectivity maxima (65%) occurs at around 6.38 eV (~194 nm)
which is longer from the optical absorption wavelength but better
than that obtained by Li et al. (6.59 eV, ~188 nm) [1]. The main
reflectivity maxima is followed by the first reflectivity minima
(6.7 eV). The second and third reflectivity minimum occurs at
around 7.9 and 8.9 eV. The reflectivity minimum confirm the
occurrence of a collective plasmon resonance. The depth of the
plasmon minimum is determined by the imaginary part of the

frequency dependent optical dielectric function at the plasma res-
onance and is representative of the degree of overlap between the
inter-band absorption regions.

Fig. 5(d) represents the absorption coefficient I(w) of the inves-
tigated crystal, it show there are four absorption bands separated
by lossless regions. The first one is low absorption region while
the second one is the highest absorption region in which the crys-
tal exhibit high transparency. This strong absorption peak appear
at around 5.5 eV (~226 nm) which is comparable with the experi-
mental value 229 nm [1]| and much better than that obtained by
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Fig. 5. (a). Calculated &§*(w) (dark solid curve-black color online), & (w) (light dashed curve-red color online) and &%(w) (light dotted curve-blue color online) spectra.
(b). Calculated &f*(w) (dark solid curve-black color online), &7 (w) (light dashed curve-red color online) and &%(w) (light dotted curve-blue color online) spectra.
(c). Calculated R*(w) (dark solid curve-black color online), R*(w) (light dashed curve-red color online) and R*(w) (light dotted curve-blue color online) spectra. (d)
Calculated I™(w) (dark solid curve-black color online), ¥ (w) (light dashed curve-red color online) and I*(w) (light dotted curve-blue color online) spectra. The absorption
coefficient in 10% s~". (e) Calculated [**(w) (dark solid curve-black color online), [¥¥ () (light dashed curve-red color online) and L*(w) (light dotted curve-curve-blue color
online) spectra. (f) Calculated Imo*(w) (dark solid curve-black color online), Ima¥’(w) (light dashed curve-red color online) and Ima#(w) (light dotted curve-blue
color online) spectra. (g) Calculated Rec™(w) (dark solid curve-black color online), Red?’(w) (light dashed curve-red color online) and Rec?(w) (light dotted curve-blue
color online) spectra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

CASTEP code with PBE-GGA (5.68 eV, ~218 nm) [1]. The strong L(w) as shown in Fig. 5(e) which confirm the existence of the loss-
absorption peak is corresponding to 7 — 7* transitions [1,20-23]. less regions at 5.0, 6.7, 7.9 and 8.9 eV in coincidence with our
To clearly show the lossless regions we plot the loss function observation in Fig. 5(a-d). The loss function’s peaks represent the
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Table 1
Calculated &(0), &7 (0) and &%(0).
LDA GGA EV-GGA mBJ
£7(0) 3.06 2.94 2.76 2.16
8’1'y(0) 2.16 2.04 1.84 147
&7(0) 3.22 3.05 2.87 2.28

plasma frequencies (wp). We should emphasize that above wp the
material behaves as dielectric where ¢; (w) is positive, while below
wp where & (w) is negative the material exhibit metallic nature.
The loss function L(w) is represented in Fig. 5(d).

In Fig. 5(f) and (g) we have represented the calculated imagi-
nary and real parts of the optical conductivity dispersion Imo(w)
and Re g (w). Again it shows the existence of the considerable ani-
sotropy among ¢*(w) and ¢%#(w), and the real part confirm the
existence of the lossless region at 5.0, 6.7, 7.9 and 8.9 eV in coinci-
dence with our previous observation. The optical conductivity is
related to the frequency-dependent dielectric function &(w) as

_ i . . ..
gw)=1+ %@) The peaks in the optical conductivity spectra are

determined by the electric-dipole transitions between the occu-
pied states and the unoccupied states.

4. Conclusions

We have used the X-ray diffraction data of Benzoic Acid
2-Amino-4,6-Dimethylpyrimidine (1:1) co-crystal for comprehen-
sive theoretical calculation using the density function theory
within different kinds of exchange and correlation potentials. The
atomic positions were optimized by minimization of the forces act-
ing on each atom. From the relaxed geometry we have calculated
the electronic band structure, total and partial density of states,
electronic charge density distribution and the optical properties.
The calculated partial density of states helps to identify the angular
momentum character of the various structures and the hybridiza-
tions between the states to identify the bonding nature. The
electronic band structure exhibit that the Benzoic Acid 2-Amino-4,
6-Dimethylpyrimidine is a direct band gap semiconductor. The cal-
culated band gap is about 2.888 eV (LDA), 2.965 eV (PBE-GGA),
3.090 eV (EV-GGA) and 3.838 eV (mBJ) in comparison with the pre-
viously calculated band gap 3.0271 eV using CASTEP code within
PBE-GGA. From the partial density of states we found that the
valence band maximum is originated from N-p state while the con-
duction band minimum is formed by the strongly hybridized N-p
and C-p states. There exists a strong hybridizations between C-s/
p, H-s, N-s/p and O-s/p states above and below the Fermi level
(Er). Which may led to covalent bonding between the states. To
visualizes the charge transfer and the chemical bonding characters,
the valence band’s electronic charge density distribution were
extensively investigated. The optical properties helps to get deep
insight into the electronic structure therefore, details analysis to
the calculated optical properties were performed. The optical prop-
erties confirm the existence of the band gap and the lossless
regions.
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