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ARTICLE INFO ABSTRACT

The electronic structure and electronic charge density of the monoclinic phase Di-2-
pyrymidonium dichloride-di-iodide compound is studied by using the local density
approximation (LDA) and Engel Vosko generalized gradient approximation (EVGGA).
Using LDA for exchange correlation potential, we have optimized the atomic positions
taken from the X-ray crystallographic data by minimization of the forces acting on the
atoms. From the relaxed geometry the electronic structure, electronic charge density and
the optical properties were determined. Band structures disclose that this compound has
indirect energy band gap. The obtained energy band gap value using EVGGA (2.010 eV) is
larger than that obtained within LDA (1.781 eV). To envision the chemical bonding nature
between the composition of the investigated compound, the distribution of charge
density was discussed in the (—10 1) crystallographic plane. The contour plot shows
partial ionic and strong covalent bonding between C-0, N-C and C-H atoms. The optical
properties of Di-2-pyrymidonium dichloride-di-iodide are obtained by the calculation of
the dielectric function.
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1. Introduction

The organic iodine materials are very promising for the
photoinduced nonlinear optics [1] which may stimulate addi-
tional interest to such kind of semi-conducting materials.
Recently the importance of iodine chemistry is being proved
by the discovery of semi- and superconducting polyiodides
and low temperature, quickly leading to the deliberate doping
of conjugated polymers along with the elemental iodine [2].
The iodine has the potential to catenate the configuration of
polyiodides possessing various structures, as studied recently
by Deplano et al., Svensson et al. and Boyle et al. [2-5].
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The reaction of diiodine with heterocycles (ketones, thiones
or selones) results in different natures of iodine compounds,
like charge transfer complexes, with “extended spoke struc-
tures” (D-I,-Iy), “spoke structures” (D-I,; D=donor), iodo-
nium salts, monocationic disulfides and dicationic disulfides or
diselenides [6]. Contingent on the conductivity measurements,
Parigoridi et al. [6] studied that the equilibrium is established
between “spoke” and an iodonium structure in solution in the
reaction of thioamides and I,. In 2004, Barluenga et al. [7]
investigated the catalytic activity on alcohol oxidation by the
iodonium salt of formula [I(Py),][BF4] (Py=pyridine), also
other substituted organic iodine (iodine(V), [8] iodine(Ill) [9]
or iodine(I) [10,11]) compounds were tried.

In 2008, Parigoridi et al. [6] studied the interaction of
thioamides with diiodine, synthesized and crystallographi-
cally characterized the ionic ([C4HsN,0]"), [IZCIZ}Z’ com-
plex holding the [IZCIZ}Z_ anion, which were observed for
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the first time and the [(tzdtH)I,], - I, (2a) (tzdtH=thiazoli-
dine-2-thione), which achieved a co-product of the
[(tzdtH),1] *[I3]~ - 21, (2) complex. To the best of our
knowledge, no theoretical work on electronic structure
and optical properties on Di-2-pyrymidonium dichlo-
ride-di-iodide (C4HsCIIN,O) has been reported in literature.
Therefore, it inspires us to deal with the electronic str-
ucture and optical properties of Di-2-pyrymidonium
dichloride-di-iodide (C4HsCIIN,O) in the present paper.
So in this work, the full-potential linearized augmented
plane-wave (FPLAPW) method based on the first-principles
density functional theory (DFT) within the local density
approximation (LDA) and Engel-Vosko generalized gradient
approximation (EVGGA) exchange potential approximation
are used to calculate accurately the electronic band struc-
ture and optical properties of the Di-2-pyrymidonium
dichloride-di-iodide.

The rest of the paper has been divided into three parts. In
Section 2, we briefly describe the computational method
used in this study. The most relevant results obtained for the
electronic and optical properties of C4HsCIIN,O are pre-
sented and discussed in Section 3. Finally, we summarize the
main conclusions in Section 4.

2. Computational details

We have used the crystallographic data (CCDC 679938)
of Di-2-pyrymidonium dichloride-di-iodide, obtained from
Cambridge Crystallographic database. The investigated
compound crystallizes in monoclinic symmetry [6]. The
molecular and unit cell crystal structure of Di-2-pyry-
midonium dichloride-di-iodide has been shown in Fig. 1.
We have performed first principle calculations based on
the all-electron full-potential linearized augmented plane-
wave (FPLAPW) method to solve the Kohn Sham DFT equ-
ations within the framework of the WIEN2K code [12].
This is an implementation of the DFT [13,14] with different
possible approximations for the exchange correlation (XC)
potentials. Exchange and correlation potential is described
by the local density approximation (LDA) by Ceperley-
Alder (CA) [15]. In addition, the Engel-Vosko generalized
gradient approximation (EV-GGA) [16] was employed. As it
is well known that LDA and GGA approaches have simple
forms that are not sufficiently flexible to accurately repro-
duce both the exchange-correlation energy and its charge
derivative. Engel and Vosko considered this shortcoming
and constructed a new functional form of GGA that is able
to better reproduce the exchange potential at the expense
of less agreement in the exchange energy. This approach,
called EV-GGA, yields better band splitting and some other
properties that mainly depend on the accuracy of the
exchange-correlation potential [17-30]. The potential and
charge density in the muffin-tin (MT) spheres are expanded
in spherical harmonics with I,,,x=8. In the interstitial region
the potential and the charge density are represented by
Fourier series. Using LDA-CA exchange correlation potential,
we have optimized the atomic positions taken from the
crystallographic data by minimization of the forces acting
on the atoms. From the relaxed geometry of the electronic
structure, electronic charge density and the optical properties
were determined. In Table 1, we have listed the optimized

a

Fig. 1. Molecular, unit cell structure and hydrogen bonding of Di-2-
pyrymidonium dichloride-di-iodide.

geometry along with the experimental one [6]. We have used
35 k-points in the irreducible Brillouin zone for structural
optimization. For the calculation of electronic properties 300
k-points were used. The convergence of the self-consistent
calculations is taken with respect to the total charge of the
system with a tolerance of 0.0001 electrons.
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3. Results and discussions
3.1. Electronic structure and charge density

The self-consistent full relativistic band structures calcu-
lations of the monoclinic phase Di-2-pyrymidonium dichlor-
ide-di-iodide compound were performed within LDA and
EV-GGA schemes. The calculated band structure, obtained
from the two types of exchange correlation is similar except
the values of the band gap which is higher within EV-GGA.
Fig. 2 illustrates the electronic band dispersion curves along
high symmetry directions of the Brillion zone calculated for

Table 1
Atomic positions.
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the equilibrium geometries of Di-2-pyrymidonium dichlor-
ide-di-iodide compound within the LDA and EV-GGA appro-
ximations. The top of the valence band maximum (VBM)
occurs at D point and bottom of the conduction band min-
imum (CBM) occurs at r point resulting in an indirect energy
band gap. The calculated band gaps are 1.781 (LDA) and
2.010 (EVGGA). As we have fixed Er and also the VBM at
E=0 eV, thus, the shifting of bands is expected only in CB in
all formalisms. It is observed that the EV-GGA approxima-
tion formulates better band splitting. Thus, the VB and CB
shift downwards and upwards, in energy as compared to
energy bands in LDA, such that the difference between CB

Atoms Exp. X Opt. X Exp. Y Opt. Y Exp. Z Opt. Z
N1 0.5367(6) 0.5345 0.1850(5) 0.1846 0.3248(5) 0.3217
H2 0.4708 0.4661 0.1225 0.1008 0.2878 0.2809
c3 0.6781(9) 0.6767 0.2162(6) 0.2160 0.2657(7) 0.2614
04 0.7141(8) 0.711 0.1597(5) 0.1600 0.1655(6) 0.1588
N5 0.7730(7) 0.7751 0.3169(5) 0.3178 0.3340(6) 0.3315
H6 0.8638 0.8874 0.3410 0.3443 0.3043 0.2949
c7 0.7332(9) 0.7371 0.3798(7) 0.3813 0.4435(7) 0.4431
H8 0.8022 0.8238 0.4484 0.4603 0.4837 0.4873
c9 0.5954(10) 0.5942 0.3459(7) 0.3474 0.4967(7) 0.4980
H10 0.5680 0.5638 0.3896 0.3969 0.5736 0.5898
c11 0.4977(9) 0.4934 0.2464(7) 0.2455 0.4352(8) 0.4333
H12 0.4019 0.3796 0.2205 0.2102 0.4706 0.4702
113 0.61675(5) 0.6191 0.52274(4) 0.5238 0.91617(5) 0.9146
Ccl14 0.8810(2) 0.8759 0.58455(17) 0.5851 0.73236(18) 0.7333
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Fig. 2. Calculated band structure of Di-2-pyrymidonium dichloride-di-iodide.
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minimum and VB maximum increases. We will discuss the
rest of the results, obtained by the EVGGA functional,
because this approach, yields better band splitting and some
other properties.

In order to elucidate the nature of the electronic band
structures, we have calculated the total and the partial
densities of states (TDOS and PDOS) for the monoclinic
phase of Di-2-pyrymidonium dichloride-di-iodide com-
pound (Fig. 3). Following Fig. 3, we should highlight that
there are four distinct structures separated by gaps. The
first structure encountered in the TDOS, starting from
—10.0 to —5.0 eV, consists of N-p, C-s, H-s, O-s and Cl-s
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orbitals. The next structure, lying between —5.0eV and
—2.4 eV is due to N-p, C-s, H-s, O-s and Cl-s orbitals. The
third structure from —2.5 up to the Fermi level is due to
Cl-p, I-p, and O-p states with small contribution from Cs-s
and I-s states. Finally the last structure from 2.0 to 20.0 eV
consists of I-p/d, N-p/d and C-s states. The PDOS show that
there exists weak/strong hybridization. At the energy
range between —10.00 and —4eV there is a strong
hybridization between N-s and Cl-s orbitals, H-s and O-s
orbitals and N-p and C-s states. A strong hybridization
between I-p and Cl-p appears at —3.0eV and in the
conduction bands.
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Fig. 3. Calculated total and partial densities of states (states/eV unit cell).



376 S. Azam, A.H. Reshak / Materials Science in Semiconductor Processing 31 (2015) 372-379

3.2. Electronic charge density the (—1 01) crystallographic plane as shown in Fig. 4a.
The contour plot shows partial ionic and strong covalent
To envision the chemical bonding nature between the bonding between C-0, N-C and C-H atoms depending on
composition of Di-2-pyrymidonium dichloride-di-iodide, Pauling electro-negativity difference of C (2.550), H (2.200)
we have calculated the distribution of charge density in N (3.040), and O (3.44) atoms. From the electronic charge
a
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Fig. 4. Electronic charge density contour in the (—1 0 1) plane (a) LDA, (b) GGA, and (c) EV-GGA. (For interpretation of the references to color in this figure,
the reader is referred to the web version of this article).
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density plot it is clear that the majority of C, H, and N
electronic charge is transferred to O atom. This is clear
from the color charge density scale where blue color
(+1.0000) communicates to the maximum charge accru-
ing site. We also plotted the electron charge density
contour in the (101) plane to discuss the anisotropy
between the two planes in the crystal. To get full informa-
tion about the electronic charge density of each atom we
have plotted the front and back face of (1 0 1) plane (see
Fig. 4b). Following two contour plots in the (—10 1) and
(101) planes one can see that this crystal possesses a
strong anisotropy which largesse to enhance the optical
susceptibilities. As is clear from the charge density contour
I atom does not appear in the (—10 1) plane, while it
appears in the (101) plane presenting the ionic bond
nature. Also in the (1 0 1) plane N-N, I-Cl and H-H making
the covalent bonding, these bonds do not appear in the
(—=101)plane. In the (—1 0 1) plane the hydrogen has the
ionic bond which does not appear in the (1 0 1) plane. The
charge density along C-C, C-O, N-C and C-H bonds is

Table 2
Bond lengths.

Atoms Exp. Opt. Atoms Exp. Opt.
N3-C4 1.339(10) 1.345 [1-I1a 2.72(1) 2.783
C5-C6 1.360(11) 1.389 11-Cl1 3.065 3.066
N1-C2 1.385(9) 1.402 C2-N3 1.373 1.397
N1-C6 1.327(9) 1.342 C2-02 1.204(8) 1.223
C4-C5 1.337(11) 1.384
Table 3
Bond angles.
Atom1 Exp. Opt.
I1a-11-CI1 177.8(1) 177.9
02-C2-N1 124.4(7) 1235
02-C2-N3 123.8(6) 123.6
C2-N1-C6 124.6(6) 124.5
C2-N3-C4 124.7(7) 1241
N1-C2-N3 111.8(6) 112.8
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pronounced. This is due to the strong hybridization of
covalent C-0, C-C, C-H and C-N bonds. We should empha-
size that the charge density distribution is essentially
spherical around all the atoms. The O atom is more
electronegative than C, H and S atoms, as one can clearly
see that the charge accumulates more near O along the
bonds and the charge around O is uniformly distributed. We
also calculated the bond lengths and the bond angles which
show good agreement with the experimental work [6] in
Tables 2 and 3. The 11-11-Cl is 177.9 bond angle which is
linear. The extended inter-molecular hydrogen bonding (N-
H-~Cl) interaction has also been observed in Fig. 1(c).

3.3. Optical properties

In order to go deep in sight the electronic structures it is
essential to investigate the optical spectra, which not only
give information about the occupied and unoccupied states,
but also about the features of the bands [31,32]. Optical spec-
troscopy analysis is a powerful tool for determining the
overall band behavior of a solid [33]. The linear optical pro-
perties in solids are described by the dielectric tensor, the
inter-band contribution to the imaginary part of its elements
is calculated by summing transitions from occupied to unoc-
cupied states over BZ, weighted with the appropriate

4r%e? - 2dk
Im e45() = mﬂTe)zZ" s [, 2! (Pl [93)5 (Eyd0) — Eich) — e

M

and ¢ () is the real part, which can be derived from the
imaginary part by means of the Kramers-Kronig relation

81(w)=1+gP/
7 Jo

w'ea),
m’zz—(a)z)dw 2

With the knowledge of the complex dielectric tensor
components all other frequency dependent optical constants
can be obtained. Furthermore, the other optical parameters,
such as absorption coefficientl(w), refractive index n(w) and
energy-loss functionL(w), are derived from e1(w) and &;(w)46.
The investigated crystals have monoclinic symmetry, which
has five nonzero components of the second-order dielectric
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Fig. 5. Calculated imaginary ex(w) and real part e1(w) of dielectric tensor.
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tensor. Regardless of this only &§*(»), & (») and &% (w) are
major, these are the imaginary parts of the frequency-
dependent dielectric function. These components correspond
to an electric field perpendicular and parallel to the c-axis. The
calculated imaginary part for the investigated compound has
been shown in Fig. 5a. The half-width broadening is taken to
be 0.1 eV which is typical of the experimental accuracy. It is
clear that there is a considerable anisotropy between the three
spectra corresponding to different polarizations. The critical
points (thresholds) for &§*(w), 5’(w) and e¥(w) occur at
2.01 eV. The &%(w) and & (w) components have their max-
imum values around 3.2 eV, and £¥(w) at 8.0 eV. We should
emphasize that the first peaks are mainly due to transitions
from I-p orbital in the valence bands to N-p orbital in the
conduction bands. Apart from the main peaks, the next peaks
arise mainly from direct transitions between Cl-p and N-s

Table 4
Polarization directions.
ex(®)

Eyy (w) ezz(w)

£1(0) 2.40 1.8 2.56
ni(0) 1.55 1.37 1.61
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80 4

60 A

I(m)
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20 4

Energy(eV)

21 4

1.8 1

15 4

1.2 4

L(a))

0.9 4

0.6 A

0.3 1

0.0

T T T T

0 2 4 6 8 10 12 14
Energy(eV)

orbital to Cl-s and I-p orbital. The weakness of the structures B
and C compared to A (Fig. 5a) could be explained by the fact
that e;(w)scales as 1/w?.

The results for the dispersive part of the dielectric function
e1(w) are shown in Fig. 5b. At high frequencies the zero cro-
ssing ofeq(w), which corresponds to the location of the scr-
eened plasma frequency is located at 3.29, 13.36 and 3.29 eV
for ef¥(w), &’ (w) and e#(w) respectively. The static dielectric
constant ¢1(0) is given by the low energy limit of &1 (w). It is
necessary to emphasize that we do not include phonon
contributions to the dielectric screening, and &(0) corre-
sponds to the static optical dielectric constant. The obtained
£1(0) using EV-GGA formalism, along the crystal axes resolved
into the three components are listed in Table 4. The calculated
absorption coefficient, refractive index, electron energy-loss
and reflectivity spectra are shown in Fig. 6a-d.

The absorption I(w) coefficient spectra (Fig. 6a) rise
steeply at the absorption edge to form the first highest peaks
(highest absorption) at around 3.4 eV for all polarization
directions. The absorption coefficient confirms the consider-
able anisotropy between the three polarizations.

The refractive indices n(w) are closely related to the
electronic polarizability of ions and the local field inside
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Fig. 6. Calculated absorption coefficient, energy-loss spectrum L(w), and the refractive index n(w).
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the crystal. In Fig. 6b, we show the refractive indices of
Di-2-pyrymidonium dichloride-di-iodide, a maximum can
be observed in the spectrum between 2.0 and 3.5eV,
followed by a valley situated between 3.5 and 4.0 eV.
Small humps are located in the energy region between
5.0 and 10.0 eV. At the higher energies the tail of the
spectrum vanishes. The reason for vanishing of the curves
at higher energy is due to the fact that beyond certain
energy the material can no longer act as transparent
material and it absorbs high energy photons. Our calcu-
lated n(0) resolved into three polarization directions is
given in Table 4. It is also clear from Fig. 6b that the
refractive index falls below unity at a number of frequen-
cies. Refractive index lesser than unity shows that the
phase velocity of light is greater than the light celerity c,
which might seem to imply a contradiction to relativity.
However, this over looks the fact that a signal must be
transmitted as a wave packet rather than monochromatic
wave. In a dispersive medium, a wave packet will propa-
gate at the group velocity vg given by vy, =dw/dk rather
than at phase velocity v=w/k=c/n where the relation
between v; and v is given by

kdn
vg:v(l —m> 3)

This equation shows that v, is always less than v. If we
try to transmit a signal in a spectral region, where v is
greater than c, we would always find that v, is less than c.

The energy-loss spectrum is related to the energy loss of a
fast electron traversing in the material and is usually large at
the plasma energy. The plasmon losses correspond to a coll-
ective oscillation of the valence electrons and their energies
are related to the density of valence electrons. In the case of
inter-band transitions, which consist mostly of plasmon exc-
itations, the scattering probability for volume losses is directly
connected to the energy loss function. The frequency corre-
sponding to the plasma resonance can be calculated from the
energy loss spectrum shown in Fig. 6¢. The most prominent
peak in the energy-loss spectrum is identified as the plasmon
peak and located at 4.0 eV forey (w) polarization. The peaks in
each of these spectra correspond to the peaks observed in the
imaginary part &,(w) of dielectric function.

The spectrum for the optical reflectivityR(w)is shown in
Fig. 6d. The spectra shows the higher value (i.e. 50%) of
R(w) in the visible energy range of the investigated mat-
erial in this range. The highest peak of R(w) is located at
energy 2.5-4.2 eV (50%); also R(w) has a peak close to
maximum with a value of 40% at 13.6 eV which is located
in the UV region. Therefore, the investigated compound
can be used as a shielding material from visible and UV
radiations. The maximum reflectivity takes place where
the real part of dielectric function &;(w) becomes negative.

4. Conclusion

In summary, the electronic structures, electronic charge
density and optical properties of Di-2-pyrymidonium dichlor-
ide-di-iodide were performed by means of the density func-
tional theory within LDA and EVGGA. Di-2-pyrymidonium
dichloride-di-iodide presented band gap value using EVGGA
(2.01 eV) which is larger than that obtained within LDA

(1.781 eV). The electronic charge density is also discussed in
the (—101) plane. The contour plot shows partial ionic and
strong covalent bonding between C-0, N-C and C-H atoms.
The dielectric optical properties were also calculated and
discussed in detail. The real and imaginary parts of die-
lectric function and hence the optical constants such as energy
loss and refractive index are calculated. From the study of
reflectivity we deduced that the investigated compound can
be used as a shielding material from visible and UV radiations.
At present, there are no experimental results on the optical
properties for the monoclinic Di-2-pyrymidonium dichloride-
di-iodide as of yet. Therefore, we hope that our calculated
results could serve as a reference for future study about the
optical properties of Di-2-pyrymidonium dichloride-di-iodide.
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