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HIGHLIGHTS

o Electronic and optical properties of two phases of polymorphs were studied by DFT.

e The monoclinic polymorph possess an indirect band gap of 1.935 eV using (PBE-GGA).
e The triclinic polymorph has an indirect band gap of 1.773 using (PBE-GGA).

e The monoclinic and triclinic phases exhibit a wide optical transparency region.
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We have investigated the structural, electronic and optical properties for two phases of polymorphs of
hexamethylenetetraminium 2,4-dinitrophenolate monohydrate (CsH13Nj - CsH3N,05 -H,0) compound
which were synthesized by Hoong-Kun Fun's group. The first phase possesess monoclinic P2;/m space
group, while the other phase has triclinic P1 space group. The all electron full potential linearized
augmented plane wave (FP-LAPW + lo) method within the local density approximation (LDA) and the
Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA) were used. Calculation shows
that the conduction band minimum (CBM) for the two phases is located between D and Z points of the
Brillouin zone (BZ) while the valence band maximum (VBM) is located at the center of the BZ, resulting in
an indirect band gap. It has been found that the monoclinic (300 K) polymorph possesses a band gap of
about 1.884 (LDA) and 1.935 (PBE-GGA) eV while triclinic (143 K) polymorph has a band gap of about
1.720 (LDA) and 1.773 (PBE-GGA) eV. For a deeper insight into the electronic structure, we have per-
formed comprehensive optical properties calculations. These confirm the band gap reduction during the
phase transition (300 K— 143 K). The bond lengths and angles are calculated and compared with the
experimental data; good agreement was found which reveals the accuracy of the calculations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

respectively. More precisely, allotropes/polymorphs are crystals
comprising the same elements/compounds but crystallizing out in

Crystals having different arrangements of the same elements/ different space groups. Allotropes/polymorphs have the same
compounds in their unit cells are called allotropes/polymorphs chemical properties but different physical properties. An excellent
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example is given by the different physical properties of the two
allotropes of carbon, namely, graphite and diamond. Polymorphism
can occur with inorganic, organic and biological compounds as well
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as in proteins. In pharmacy, polymorphism plays a very crucial role
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in commercial drugs and medicines, some polymorphs being more
effective than others, for example in their solubility in the blood
stream.

2,4-Dinitrophenol or DNP which is also sold as Dinosan,
Chemox or Sulfo Black, is promoted as a weight-reducing agent
that causes rapid and significant weight loss. In bodybuilding, it
is used as a diet pill for rapid fat loss, but it is considered
extremely dangerous when ingested, and this use was stopped in
1938 [1]. It was also used as an antiseptic, herbicide, pesticide,
explosive, manufacture of dyes and wood preservatives.
Although DNP does cause weight-loss, because of its association
with death its use cannot be recommended under any circum-
stances. Even though in the 1930s, the US Food and Drug
Administration determined that DNP was “extremely dangerous
and not fit for human consumption”. But up to now it is appeared
that there has been increasing interest and availability of DNP-
containing products on the internet. Whilst these appear to be
largely targeted towards bodybuilders to try and reduce fat and
improve muscle bulk, there have been a number of deaths
related to its use for more general weight loss [2]. DNP can be
absorbed through skin or lungs which caused weight loss,
weakness, dizziness and excess sweating. In some cases the pa-
tient would die, with body temperatures rising to over 40°,
maybe as high as 43—44 °C. DNP works via increasing heat
production in cells via a process known as uncoupling (making
cells less efficient with energy) and small overdoses have been
known to result in death. The poisoning of DNP is well docu-
mented [2—5], the acute (short-term) effects of DNP in humans
through oral exposure are nausea, vomiting, sweating, dizziness,
headaches, and loss of weight. Chronic (long-term) oral exposure
to DNP in humans has resulted in the formation of cataracts and
skin lesions, weight loss, and has caused effects on the bone
marrow, central nervous system (CNS), and cardiovascular sys-
tem. EPA (United States Environmental Protection Agency) clas-
sified DNP as a high acute toxicity substance.

Hexamethylenetetramine or HMT is a heterocyclic compound
which is useful in the synthesis and many applications such as
plastics [6], pharmaceuticals [7] and rubber additives [8,9]. In
medicine, HMT is typically used as a long-term urinary antiseptic
and to prevent the recurrence of infections. Its anti-infective action
derives from the slow release of formaldehyde, a nonspecific
bactericidal agent, by hydrolysis at acidic pH [10]. Due to the usages
of both DNP and HMT in pharmaceuticals and food, the drug—drug
or drug—food interactions can be occurred. The drug interactions
can cause the medications to be less or more potent than intended.
They can also result in unexpected side effects, which may be
harmful. The previous report also showed that the HMT in the
present of DNP was useful in the rubber vulcanization [9]. In
addition Fun et al., 2003, reported that phenol—amine adducts of
DNP-HMT exhibited phase transition due to hydrogen bond which
was explained by ferroelastic theory [11]. These importance of both
DNP and HMT in food, pharmaceutical and materials has led us to
study some other properties which are structural, electronic and
optical properties of DNP-HMT adducts by DFT approach.

Polymorphs are divided into two categories, monotropes and
enantiotropes, depending upon their stability with respect to the
range of temperatures and pressures. The first category of poly-
morphs is stable over a certain temperature range and pressure,
while the second category of polymorphs is stable over different
temperature ranges and pressures; these polymorphs are known
as enantiotropes. On the other hand, sometimes only one poly-
morph is stable at all temperatures below the melting point
whereas all the other polymorphs are unstable. Each such poly-
morph is known as a monotrope. The overall properties and
usefulness of polymorphs have been described in an article on

polymorphism [12].

It has been reported by Usman et al. [13] that 3,5,7-triaza-1-
azoniatricyclo[3.3.1.1>7]-decane  2,4-dinitrophenolate  mono-
hydrate, undergoes a temperature phase transition from a mono-
clinic to a triclinic polymorph. The difference between the two
polymorphs is in the packing, which is governed by the different
hydrogen bonding and weak interaction patterns. Therefore, they
attributed the reversible temperature phase transition to the
presence or absence of the extra hydrogen bonding and weak in-
teractions [13].

The crystal structures of the 143 and 300 K polymorphs of the
organic compound, hexamethylenetetraminium 2,4-
dinitrophenolate monohydrate (I), have been solved [13]. A
temperature-dependent study reveals the ferroelastic phase tran-
sition temperature to be T, = 260 K. This ferroelastic phase tran-
sition has been explained macroscopically by Landau Theory [14]
and microscopically using a pseudo-spin Hamiltonian based on the
interaction between the hydrogen bonds and the lattice phonons
[15,16]. Several other organic compounds which exhibited phase
transition have also been reported [17—20].

Since polymorphs have different physical properties, it would be
interesting to investigate the physical properties of the two poly-
morphs of (I). Thus, it motivates us to focused our attention on
utilize the density functional theory (DFT) within the full potential
method to deduce the electronic and optical properties of the two
enantiotropes of (I), making use of the molecular geometry of the
two polymorphs of (I) obtained from the x-ray crystallographic
data.

In this article, we described the computational methods in
Section 2, whereas in Section 3, we discuss the structural prop-
erties, electronic, and optical properties of the two polymorphs
of (I). In the last section we have summarized the result of this
work.

2. Computational details

We have used the all-electron full-potential linearized
augmented plane wave plus local orbitals (FP-LAPW + lo)
method as implemented in the WIEN2k package [21] to solve the
Kohn Sham equations [22]. The structural, electronic band
structures and optical properties of the monoclinic and triclinic
phases were calculated using the minimum radius of the muffin-
tin spheres (Ry) values for O, N, C and H atoms in the mono-
clinic (triclinic) phase as 0.89 (1.06), 1.07 (0.96), 1.03 (1.09) and
0.48 (0.52) a.u., respectively. These values were chosen to ensure
that there is no charge leakage out of the atomic sphere cores.
The local density approximation (LDA) [23] and Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA) [24]
were used to treat the exchange and correlations potentials. To
achieve an accurate result the X-ray diffraction data obtained by
Usman et al. [13] were optimized. Relaxed atomic positions were
obtained by minimizing the forces (1 mRy/a.u.) acting on each
atom. The results show that the maximum differences between
the calculated and experimental values are less than 2.3 x 107>
(1.8 x 1073) (A) in the unit of the primitive cell for the mono-
clinic (triclinic) phase, which reveals the accuracy of the
calculations.

The plane wave cut off parameters were decided by
RvtKmax = 7, Imax = 10, and Gmax = 30 (a.u.)"! for a Fourier
expansion of the change density. The separation parameter be-
tween the valence and core states was estimated to be —6.0 Ry.
The self consistency for monoclinic phase is obtained using 90 k-
points in the irreducible wedge of the first Brillouin zone (IBZ)
while 85 k-points are taken in IBZ for triclinic phase. The self-
consistent calculations are considered to have converged when
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Fig. 1. The crystal structures for; (a) unit cell of the monoclinic structure (monoclinic); (b) unit cell of the monoclinic structure (monoclinic) show the polyhedron; (c) The
asymmetric unit of the monoclinic structure contains one half of a hexamethylenetetramine molecule. One half of the hexamethylenetetramine molecule is related to the other by a
centre of symmetry; (d) single molecule of the monoclinic structure; (e) unit cell of the triclinic (triclinic) of polymorphs; (f) unit cell of the triclinic (triclinic) of polymorphs show
the polyhedron; (g) The asymmetric unit of the triclinic structure contains a hexamethylenetetramine molecule; (h) single molecule of the triclinic structure.

the total energy is stable within 107> Ry. We have calculated the linear optical properties of the mono-

The electronic band structure and density of states of mono- clinic and triclinic phases using PBE-GGA to get deeper insight into
clinic (triclinic) phases were calculated using 90 (85) k-points in the the electronic structure. The optical properties were calculated
irreducible wedge of the first Brillouin zone (IBZ). using the optical program incorporated in WIEN2k package [21].
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Fig. 2. The calculated band structure using PBE-GGA for (a) monoclinic phase; (b) triclinic phase of the titled compound; (c) enlarged band structure around Eg in the energy range
between (—1.0 and 3.0) eV for the monoclinic phase; (c) enlarged band structure around E in the energy range between (—1.0 and 3.0) eV for the triclinic phase.

According to the symmetry therefore, both phases have three non-
zero components of dielectric tensors. These are &% (w), &Y (w) and
% (w), based on the electric field components E along the lattice
vectors of the primitive cell. The imaginary parts &§*(w), & (w) and
€5 (w) of the optical dielectric function are calculated in terms of the
Fermi distributions of the conduction f. and valence bands and f,
using the expression given in reference [25]:

() B btk
e = ST 5 310 PP )
— hw]

where 7, e, m and V are the Planck’s constant, charge, electron mass

and the unit cell volume, respectively. The momentum matrix
element transition from the energy level c of the conduction band
to the level v of the valence band at certain k-point in the BZ and V
is given by the term pf, (k). The real parts &X(w), &/’ () and &% (w)
can be determined from the imaginary parts using Kramers-Kronig
transformation [25]. The optical properties of monoclinic (triclinic)
phases were calculated using 90 (85) k-points in the irreducible
wedge of the first Brillouin zone (IBZ). The linear optical properties
are calculated using the optical code implemented in WIEN2k
package [21], for more details please see the user guide [26] and ref.
[25]. We would like to mention here that we have used Grace
package [27] to plot the band structures, density of states and op-
tical properties. While the electronic charge density is plotted using
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Fig. 3. The calculated total density of states (States/eV) for (a) monoclinic (monoclinic) and (b) triclinic (triclinic) phases of the titled compound using PBE-GGA.
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Fig. 4. The calculated partial density of states (States/eV) for (a,b) monoclinic (monoclinic) and (c,d) triclinic (triclinic) phases of the titled compound using PBE-GGA.

XCrysden package [28].
3. Results and discussion
3.1. Structural properties

It has been reported that (CgHq3N4.CgH3N205.H,0) compound
crystallizes in two phases [13]. The first phase crystallizes in
monoclinic space group P2;/m (No. 11). The unit cell volume is
745.89 A3, with unit cell parameters a = 7.8610 A, b = 6.5980 A,
c=14.4339 A, 0. =y =90°, B =94.915° and z = 2 [13]. Whereas the
second phase exhibited triclinic space group P T (No. 2). The unit

cell volume of triclinic phase is 722.11 A3, with unit cell parameters
a = 63877 A, b = 79017 A, ¢ = 144042 A, « 84.4120°,
B = 86.3670°, v = 89.3040° and z = 2 [13]. The crystal structures of
these two phases were presented in Fig. 1.

The experimental structure parameters of monoclinic and
triclinic phases were used in the present computational study,
subject to optimization of the internal coordinates by minimizing
the forces acting on each atom, keeping the lattice constants, angles
and the unit cell volumes fixed at the experimental values. We
assume that the structure is totally relaxed when the forces on each
atom reach values less than (1mRy/a.u.). The resulting relaxed in-
ternal coordinates are used to calculate the ground state properties.
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Fig. 5. The electronic charge density contour for (a) the (10 0) plane of monoclinic phase; (b) the (1 0 0) plane of triclinic phase; (c) the (—1 0 1) plane of monoclinic phase; (d) the
(=10 1) plane of triclinic phase; (e) the (0—1 1) plane of monoclinic phase; (f) the (0—1 1) plane of triclinic phase. These calculations were performed using PBE-GGA.

The relaxed internal coordinates are presented in Table S1 and
Table S2 in comparison with the experimental data, good agree-
ment was found.

3.2. Electronic properties

3.2.1. Band structures

The calculated electronic band structures along the high sym-
metry points I" (0 0 0), B(0.50.50.5), D (0.500),Z(000.5),T (0
00),Y(0.50.50), T(0.5-0.50), W (0.500.5)and I" (0 0 0), in k-
space for monoclinicand I" (0 0 0), B(0.50.50), D (0.5 0 0.5),Z (0
00.5),I'(000),Y(00.50), T(0—0.50), W(00.50)and I" (00 0) for
triclinic phases of the titled compound using PBE-GGA are illus-
trated in Fig. 2(a—d). The Fermi level is set to 0.0 eV Fig. 2(c,d)
illustrated the band structures around Eg in the energy range be-
tween (—1.0 and 3.0) eV, it is clear that in the two phases the
conduction band minimum (CBM) is located between D and Z
points of the Brillouin zone while the valence band maximum
(VBM) is located between Y and I" points of the Brillouin zone,
resulting in an indirect band gap. The calculated band gaps are
found to be 1.884 eV (1.720 eV) using LDA and 1.935 eV (1.773 eV)
using PBE-GGA for monoclinic (triclinic) phases, respectively. It can
be noticed that moving from monoclinic to triclinic phase the CBM
to shift towards lower energy by 0.162 eV resulting in a band gap
reduction by around 0.162 eV. To the best of our knowledge, there is
no previous report available in the literature (neither experimental

data nor theoretical calculation for the energy band gap) to make a
meaningful comparison.

3.2.2. Density of states

The total and partial density of states (DOS) were calculated by
means of the modified tetrahedron method [29]. The input required
for calculating the DOS are the energy eigenvalues and eigenfunc-
tions which are the natural outputs of a band structure calculation.
The total DOS and partial DOS are calculated for a large energy
range (—8.34 eV up to 18.84 eV). The states below the Fermi energy
(EF) are the valence states and states above Ep are the conduction
states. Hence we obtain DOS for both valence and conduction band
states. The total density of states (TDOS) of both the monoclinic and
triclinic phases are presented in Fig. 3. The figure shows that both
phases show no significant variation in the density of states
dispersion except some minor differences for instance, the struc-
ture in the occupied valence states between —7.0 and —5.0 eV of the
monoclinic phase is relatively higher than that of the triclinic
phase. The TDOS exhibits that the CBM of the triclinic phase shifts
towards lower energy resulting in a band gap reduction, which
confirms our previous observation from the calculated electronic
band structure. The angular momentum decompositions of the
atoms’ projected density of states using PBE-GGA are presented in
Fig. 4(a) and (b) for the monoclinic phase and in Fig. 4(c) and (d) for
the triclinic phase. The occupied valence states for both phases are
mainly produced by N-p, O-p and C-p with small contribution from
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Fig. 6. The calculated e;(w) dispersion spectra using PBE-GGA for (a) monoclinic phase and (b) triclinic phase. The calculated e(w) spectra using PBE-GGA for (c) monoclinic phase

and (d) triclinic phase. These calculations were performed using PBE-GGA.

Table 1
Calculated £%(0), £/(0), €(0), m*(w), M (w), n%(w) for monoclinic and triclinic
phases using LDA and PBE-GGA.

Monoclinic Triclinic

LDA GGA LDA GGA
£(0) 3.468 3.398 2.367 2313
& (0) 2.263 2212 3.687 3.579
£7(0) 4.336 4.287 4519 4.447
¥ (w) 1.862 1.843 1.539 1.521
Y (w) 1.504 1.487 1.920 1.891
n#(w) 2.082 2.070 2.126 2.109

0-s, C-s and H-s for both the monoclinic and triclinic phases. It can
be noticed that the amplitudes of C-s/p, N-p and O-p peaks are

higher for the monoclinic phase. The conduction bands are mainly
produced by N-s/p, O-p and C-p with a small contribution from O-s
and C-s. There is a strong hybridization between N-p and O-p in the
range from —9.0 to —8.0 eV and around 2.5 eV. In addition, we
found that O-s state hybridized with C-s state in small energetic
regions. The hybridization may lead to the formation of covalent
bonding, the strength of the covalent bonding depends on the
degree of the hybridization. In order to analyze the origin of
chemical bonds between the atoms, the 2D charge-density con-
tours are calculated in (10 0),(—10 1) and (0—1 1) crystallographic
planes for the monoclinic and triclinic phases as shown in
Fig. 5(a—f). According to the Pauling scale the electro-negativity of
C, N, H and O atoms are 2.55, 3.04, 2.20 and 3.44, respectively.
Therefore, if the electro-negativity difference between the atoms is
greater than 1.7 the bonds exhibit predominantly ionic character,
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monoclinic phase and (d) triclinic phase. The calculated absorption spectra of the compound using PBE-GGA for (e) monoclinic phase and (f) triclinic phase. These calculations were

performed using PBE-GGA.

while if the difference is less than 1.7 the bonds exhibit mainly
covalent character, the less differences the stronger covalent bond.
Hence, there exists a strong covalent bonding between C, N, H and
O atoms. If we take a careful look at the (100),(-101)and (0—11)
crystallographic planes we see that C atoms form strong covalent
bond with N atoms. It has been found that the O atoms form strong
covalent bonding with H, N and C atoms. Due to the high electro-
negativity of O and N atoms we can see charge transfer toward O
and N atoms as indicated by the blue (blue in the web version) color
according to the thermoscale. The thermoscale (see the thermo-
scale attached with the figures) indicated that the blue (blue in the
web version) color exhibit the maximum charge. Similarly, from the
thermoscale, we can see at the center of the hexagon (Fig. 5e and f)

that there is zero charge as indicated by the red (red in the web
version) color. Therefore, the calculated valence electronic charge
density distribution helps to analysis the chemical bonding char-
acters. In addition, we have calculated the bond lengths and angles
as illustrated by Table S3—S8 (supplementary materials) in com-
parison with the experimental data [13], good agreement was
found.

3.3. Optical properties

The average of the imaginary £5""*¢(w) and real {"*"%*° () parts
of the optical dielectric functions of the monoclinic and triclinic
phases are illustrated in Fig. 6(a) and 6(b). It is clear that the
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spectral structure of triclinic phase shifts towards lower energies
confirming the gap reduction when we move from monoclinic to
triclinic. The main spectral structures of 5" (w) are situated at
around 2.5, 4.0 and 14.0 eV. The calculated £{""%¢(0) confirms the
gap reduction when we move from monoclinic to triclinic based on
the Penn model [30]. Penn proposed a relationship between £1(0)
and the energy gap; the larger £1(0) value corresponding to the
smaller energy gap. This is further evidence that the phase transi-
tion cause a band gap reduction.

The principal components of the dielectric function along the
polarization directions [100], [010] and [001] as shown in Fig. 6(c)-
(f) exhibit a considerable anisotropy. At low energies around 2.5 eV
we noticed that the optical component along the [001] polarization
direction exhibit a major contribution to the optical spectra of both
phases. It is interesting to highlight that the phase transition alters
the spectral structure of optical components along the polarization
directions [100] and [010] keeping the one along [001] unchanged
as shown in Fig. 6(c) and (d). From the calculated £%*(w), €7 (w) and
£7(w) we have obtained the vanishing frequency value of the
dielectric function which defines the static electronic dielectric
constant £§*(0), €7 (0) and £%(0). These values are listed in Table 1.
The optical reflectivity of the monoclinic (triclinic) phases is pre-
sented in Fig. 7(a) (Fig. 7(b)), which shows that the optical reflec-
tivity starts at about 12% (12.5%) for the z- (z-) component, 8% (9%)
for the x- (y-) component and 3.5% (4.5%) for the y- (x-) component.
The first reflectivity peak occurs at an energy level of about 2.5eV
with reflectivity of 31% (29.5%) for the z-component, 15% (16%) for
the x- (y-) component and 5% (5%) for the y- (x-) component. The
first reflectivity maximum occurs at around 16.0 eV, at the energy
where &% (w), &7 (w) and £#(w) crosses zero (Fig. 6(b), (e) and (f))
which is associated with the existence of plasma oscillations. In
Fig. 7(c) and (d) the refractive indices of the two phases are plotted
as a function of energy. The calculated values of n**(0), /Y (0) and
n#(0) are listed in Table 1, we found that these values are higher for
the triclinic phase. From these values we can obtain the value of the
energy gap, both of £1(0) and n(0) (n=¢) are inversely proportional
with the energy gap. This is further evidence that the phase tran-
sition causes a band gap reduction.

The calculated absorption coefficient I(w) of the monoclinic
(triclinic) phases is presented in Fig. 7(e) (Fig. 7(f)). It shows the
fundamental optical absorption edges situated at 1.935 eV
(1.772 eV) using PBE-GGA. It has been noticed that ’*(w), P¥(w) and
F4(w) of both phases increases drastically after the fundamental
optical absorption edges. We should emphasize that monoclinic
and triclinic phases exhibit a wide optical transparency region up to
1.8835 eV (A = 6408 A) and 1.773 eV (A = 6993 A), respectively. To
the best of our knowledge there has been no previous data on the
optical properties for these two phases reported in the literature.
Thus, this work can assist as reference data for the optical proper-
ties of this compound.

4. Conclusions

We have investigated the structural, electronic, and optical
properties of the (CgHi3Nj- CgH3N,05-H,0) compound in
monoclinic and triclinic phases using the FP-LAPW + lo method as
implemented in the WIEN2k package, based on the density func-
tional theory. The optimized atomic geometry shows a good
agreement with the experimental data. The band gaps were
calculated for the two phases using LDA and PBE-GGA, and we
found that these phases possess an indirect band gap. It has been
found that the phase transition (monoclinic — triclinic) causes a
band gap reduction by around 0.162 eV. The density of states im-
plies that weak/strong hybridization exists between the states. The
hybridization may cause covalent bonding depending on the

degree of the hybridization. The calculated valence electronic
charge density reveals that there exists a strong covalent bonding
between C, N, H and O atoms. The calculated optical properties
confirm the band gap reduction during the phase transition. It also
shows the existence of the considerable anisotropy between the
optical components along the three polarization directions. It is
interesting to highlight that the monoclinic and triclinic phases
exhibit a wide optical transparency region up to 1.8835 eV
(A = 6408 A) and 1.773 eV (: = 6993 A), respectively.
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