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ABSTRACT

Using first-principle calculations, we have studied the structural, electronic, magnetic, and optical properties
of the g-GaN monolayer doped with rare earth (RE) metal elements, where RE = La, Ce, Nd, Eu, Gd, and
Dy. The substitution of Ga atom with RE leads to the structural deformation in g-GaN monolayer. The RE
atom protrudes out from the plane of GaN monolayer. The La@GaN shows non-magnetic behavior similar to
g-GaN. The induced magnetism of 1, 3, 6, 7, and 5 uB is observed with Ce, Nd, Eu, Gd, and Dy doped GaN
monolayer, respectively. The band gap of g-GaN is 1.98 eV with indirect characteristics. The indirect band gap
characteristics of g-GaN retains with La, Gd and Dy doping, while Nd@GaN shows direct band gap behavior.
With Ce and Eu doping in GaN monolayer, transformation of semiconducting nature of g-GaN turns to metallic
one. The decrease in the work function is observed with the RE doping in GaN monolayer reflects enhanced
conductivity. For La, Nd, Gd, and Dy@GaN, the absorption spectrum show similar nature to that of g-GaN
spectra. The addition of band edge states near the Fermi of g-GaN show significant red shift in absorption
spectrum for Ce and Eu doped GaN monolayers as compared with g-GaN. The absorption spectra of g-GaN
extended from UV to IR with the doping of Ce and Eu atom. The static dielectric constant and refractive
index of g-GaN monolayer is 1.61 and 1.57, respectively. Overall enhancement in the dielectric constants and
refractive indices is seen with RE doping in GaN monolayer as compared to that of g-GaN. This study provides

the basis for the development of g-GaN monolayer based optoelectronic devices.

1. Introduction

GaN-based materials have attracted considerable attention of the
researchers, and have been potentially utilized in optoelectronic de-
vices [1,2]. GaN is a wide direct band gap semiconductor (3.4 eV)
used to fabricate efficient light emitting diodes (LEDs) and room tem-
perature laser diodes [1,2]. It exhibits high luminous efficiency, good
thermal conductivity, high temperature resistance, and anti-radiation
properties [1-4]. Recently, the interest in GaN nanostructures have
significantly increased owing to their specific structures and prop-
erties, leading to number of potential applications [5-10]. Various
nanostructures of GaN such as nanowires, nanotubes and nanospirals
have also been successfully synthesized and characterized [5-8]. These
novel nanostructures have shown great potential for fabricating wide-
spectrum of LEDs and other nanoscale optical devices [9,10]. Similar
to graphene, two dimensional (2D) pristine GaN (g-GaN) was recently
proposed as a viable to use in semiconductor devices [1,3,4]. g-GaN was
first synthesized by Balushi et al. by migration-enhanced encapsulated
growth technique [11]. Recently, theoretical investigations confirmed
that g-GaN monolayer is a stable nanostructure with an indirect band
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gap of 1.95 eV [3,4,9,10,12,13]. One of the earlier DFT study have
shown that, the band gap of g-GaN can be tuned from 1.8 to 3.5 eV with
the application of an external electric field [13]. Very recently, compar-
ison between the metallic nitride (AIN, GaN, InN, and TIN) monolayers
is studied using DFT formalism [14]. The results showed that, the
optical gap of the GaN is in the energy of visible light region for parallel
polarized electric field and it shifts to UV for perpendicular polarized
electric field. The electronic and optical behavior of GaN monolayer
effectively tuned with doping and defects [15-20]. The adsorption of
alkali metal, alkaline and transition metal-doped 2D GaN monolayer
have been investigated by first principle calculations [15-17]. With
the adsorption of alkali metal elements on GaN monolayer, the doped
systems showed metallic character. The alkali adsorption showed red
shift in absorption spectra as compared with GaN monolayer [15]. The
Tian et al. showed that, the absorption coefficient of GaN monolayer
extended from UV to IR range after doping of Be, Mg and Zn at Ga site
of g-GaN monolayer [16]. The modulation in band gap and induced
magnetism in GaN monolayer is observed with the substitution of Ga
atom by TM dopant (Sc, Ti, Cr, Ni, Y, Zr, and Pd) [17].
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An important requirement for the production of various optical de-
vices is the modification of material properties by controlled introduc-
tion of impurities into the material during the synthesis process. Most
of the optical materials exploit RE rather than TM dopants because RE
doping produces greater efficiencies and lower lasing thresholds [21].
RE elements exhibit unique electronic, magnetic and optical properties,
primarily governed by the occupancy of 4f shell. The presence of 4f
shell and the large size of RE element influence the local structure,
stability and magnetic properties of the host material. In bulk GaN,
the band gap narrowing and a red shift of absorption edge were
observed when it implanted with Ce, Nd, Eu, Er, and Tm elements [22—
26]. Experimental studies have been conducted to understand the
optical properties of the nanostructured GaN doped with RE element
for nanoelectronic and optical applications [27-29]. The blue, green
and red emissions were observed in amorphous GaN thin films doped
with Eu’t, Er’* and Tm3* ions [29]. The improved photocatalytic
activities of Ce, Eu, Gd, and Tb doped GaN thin films were observed
due to induced defects [30,31]. In GaN nanowires, RE elements (Ce
and Dy) enriched the optical properties by creating isoelectronic trap
with defect levels [27,28]. Sanna et al. studied RE (Eu, Er and Tm)
related defect pairs in GaN using LDA+U approach and concluded that
RE elements showed a strong preference for the Ga site either as iso-
lated substitutional or complexes with intrinsic defects [32]. It is seen
that, the performance of graphene, ZnO and nitrogen doped graphene
monolayers were effectively modulated with RE elements [33-35].
The higher magnetism is observed in graphene and ZnO monolayer
in presence of RE elements [33,34]. On this basis, it is interesting
to understand the magnetic and optical properties of RE doped GaN
monolayer.

In this work, we are going to explore the effects of the rare earth
dopant on the structural, electronic, magnetic, and optical properties of
RE doped GaN monolayer, where RE = La, Ce, Nd, Eu, Gd, and Dy. It is
found that the band gap of g-GaN can be tuned by RE doping. Among
the RE elements, mainly Ce and Eu doped GaN are the promising
candidates for the development of g-GaN based optical devices.

2. Computational details

Spin-polarized density functional theory (DFT) based calculations
are performed using the Vienna Ab initio Simulation Package
(VASP) [36]. To calculate exchange correlation energy, the gener-
alized gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) [37] and projected augmented wave (PAW) potential [38-40]
is used. Here, the model of 4 x 4 supercell for g-GaN monolayer is
considered to understand the effects of RE element on structural and
electronic properties of g-GaN. The vacuum region is set as 15 A along
z direction to avoid the interaction between the adjacent layer. For
plane wave expansion of electron wave function with energy cut off of
500 eV is used. The Brillouin zone is sampled with 7 x 7 x 1 k-points
within the Monkhorst scheme. The structural relaxation is carried out
until the residual forces on each atom is less than 0.001 eV/A and the
convergence criteria for energy is 10~ eV. We note that the inclusion
of the Ga-3d pseudopotential for GaN does not introduce significant
changes in its electronic properties. To reduce the computational cost in
the subsequent calculations, the Ga-3d orbitals are therefore, included
in the core part of the Ga pseudopotential. For RE elements, we have
selected the standard pseudopotential for the calculations. The 6s, 5s,
5p, 5d, and 4 f orbitals of RE elements are treated as the valence states.

To understand whether the RE doping process is favorable or not in
g-GaN, we have calculated the formation energy (E,,,). The formal-
ism used to calculate E form of RE doped GaN monolayer (RE@GaN)
monolayer as follows :

Efom = EIRE@GaN] - E[GaN]+ ulGa/N]1— ulRE], (€D)]

where E[RE@GaN] is the total energy per atom of the RE@GaN mono-
layer, E[GaN] is the total energy per atom of g-GaN monolayer. The
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Fig. 1. (a) The optimized configuration of g-GaN monolayer with top and side views.
The values in figure indicate Ga-N bond length (A) and £ N-Ga-N (°). Pink and blue
colors represent the Gallium and Nitrogen elements, respectively. (b) The spin-polarized
band structure, total and projected density of states for g-GaN monolayer. In band
structure plot, the blue solid lines on the left (pink dash lines on the right) represent
the spin up (spin-down) channel. The value in the band structure Fig. 1(b) indicates the
calculated band gap. The Fermi level is set at zero energy and indicated by black dashed
horizontal line in band structure and DOS plots. In DOS plot, to identify projected DOS
with total DOS on the same scale, we have scaled the total DOS at one fifth of its
original value. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

ul[Ga] is the chemical potential of Ga, used when Ga element substi-
tuted by RE. The u[N] represents the chemical potential of N, when N
substituted by RE element. x[RE] represent the chemical potential of
RE atom [34,41].

To calculate electronic and optical properties of RE doped GaN, the
Brillouin zone is sampled with 11 x 11 x 1 k-points mesh. The optical
properties are determined by the frequency dependent complex dielec-
tric functions. It is calculated using summation over conduction band
method for self-consistent dielectric function evaluated from linear
response theory [17]. These calculations are carried out by increasing
the number of eigenstates by a factor of 3. We have also calculated the
dielectric constant and refractive index from the real part and energy
loss function from imaginary part of the dielectric function of RE doped
GaN monolayer and compared with g-GaN.

3. Results and discussion

The optimized structure, 4 x 4 supercell of g-GaN is presented in
Fig. 1(a). The optimized lattice parameters of g-GaN (a = b = 3.25 f\)
are in excellent agreement with the earlier experimental [6,11] and
theoretical results [3,4,15-20]. The calculated Ga-N bond length in
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Fig. 2. The optimized configuration of RE@GaN monolayer with its top and side views
are shown (RE = La, Ce, Nd, Eu, Gd, and Dy). Pink, blue and brown colors represent
the Gallium, Nitrogen and RE element, respectively. The h, indicates the distance of
RE atom from the planar GaN monolayer along z direction. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 1

The average bond lengths (A), bond angles (°) and hz is the distance of
dopant from GaN monolayer along z axis (A) for RE@GaN monolayer
(RE = La, Ce, Nd, Eu, Gd, and Dy).

System Bond lengths Bond angles h,
RP‘_N 9N7RE7N N
(A) ©) (A)
La@GaN 2.23 98.7 1.20
Ce@GaN 2.18 101.2 1.40
Nd@GaN 2.19 100.0 1.43
Eu@GaN 2.22 98.7 1.55
Gd@GaN 2.15 101.9 1.30
Dy@GaN 2.12 103.8 1.05

GaN monolayer is 1.87 A [17-20]. In bulk system, the Ga-N bond
length is 1.94 A [42]. The shorter bond lengths are observed in g-GaN
monolayer, which indicates the stronger interaction in nanostructure
form. The spin polarized band structure along with total and projected
density of states (DOS) are presented in Fig. 1(b). The calculated
band structure indicates that g-GaN monolayer is a semiconductor
with indirect band gap of 1.98 eV. The reported experimental band
gap of 2D GaN is 4.68 eV [9]. The experimental band gap of g-GaN
is higher than bulk GaN (3.4 eV) [1]. The theoretical band gap is
in the range of 1.76 to 2.95 eV [12,13,15,17,20]. It is well known
that, the GGA-PBE functional of DFT method which underestimate the
band gap in semiconductors. From total DOS, it is observed that the
spin-up and spin-down components of the total DOS are symmetric,
indicating nonmagnetic behavior of g-GaN. From projected DOS, it is
found that the states near the Fermi are dominated by Ga-4p and N-
2p states. All these results are consistent with the earlier theoretical
studies [13,15,17-20]. This benchmark the methodology and model
employed in the present study.

Further using spin-polarized calculations, the structures of RE metal
doped GaN monolayer are optimized. Initially, to understand favorable
doping site for RE dopant in g-GaN, we have considered both the
substitutional sites, Ga as well as N. The calculated formation energy
for La@GaN substituted for Ga and N site is —1.61 and 6.48 eV,
respectively. For Ce@GaN, the formation energy is —2.28 and 5.88
eV for Ga and N substitutional site, respectively. Similar trend of
formation energies are observed for other RE@GaN. Overall, it is
found that, substitution of Ga site is more favorable for RE element
as compared to N in GaN monolayer. The earlier studies have also
shown that the substitution of metal atom with RE element in GaN
was more favorable [17,32,43]. Based on this analysis and literature
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Table 2

The formation energy (E/,,,) (eV), magnetic moment (uB), band gap (E,) (eV), Bader
charge on Ga, N and RE atoms (e), and work function (¢) (eV) for RE@GaN monolayer
along with g-GaN (RE = La, Ce, Nd, Eu, Gd, and Dy).

System E/om Magnetic  E, Bader charge ¢
moment spin-up Ga N RE

(eV) (uB) (eV) (e) (e) (e) (eV)
g-GaN - 0 1.98 M-I +1.31 -1.31 - 5.06
La@GaN  -1.61 0 2.05 M-I' +1.40 -1.44 +1.81 4.74
Ce@GaN  -2.28 1 Metallic +1.40 -1.42 +1.82 240
Nd@GaN  -3.65 3 039 I +1.34 -1.41 +1.73 3.33
Eu@GaN  -9.55 6 Metallic +1.34 -1.39 +1.63 4.54
Gd@GaN  -10.77 7 2.05 M-I' +1.33 -1.42 +1.80 4.79
Dy@GaN  -6.85 5 2.02 M-I'  +1.32 -1.43 +1.78 3.84

survey here, we are going to present the results for the substitution
of Ga atom with RE element. In Fig. 2, we have presented the op-
timized structure of RE@GaN monolayer. The structural parameters
for RE@GaN monolayers are summarized in Table 1. Table 2 presents
the formation energy, magnetic moment, band gap, Bader charge, and
work function of RE@GaN along with g-GaN system. To understand
the relative stability of RE in g-GaN, we have calculated the formation
energy of RE@GaN monolayer. The negative formation energies for the
doped systems, indicate the feasibility of RE element in GaN monolayer
with exothermic reaction. Gd doping is most favorable among the
selected RE elements. Earlier studies showed that, the substitution of
Ga site with RE element is favorable in bulk as well in various nanos-
tructures [24,32]. After optimization, it is found that RE atom induces
significant structural deformations in the g-GaN planar structure. The
RE atom protrudes out from the plane of the GaN monolayer. The
ionic radius of Ga3* is 0.62 A and RE elements for La**, Ce3*, Nd3*,
Eu*, Gd**, and Dy** are 1.16, 1.14, 1.11, 1.06, 0.94, and 0.97 A,
respectively. The large sized RE atom induces a distortion in the g-GaN
by creating strain on the nearest Ga-N bonds. We have mentioned the
distance of RE atom from the plane of g-GaN monolayer (h,) in Table 1.
The largest distance of Eu (1.55 10\) from GaN monolayer along z axis
reflects the weak interaction of Eu with GaN monolayer. The shortest
distance of Dy from doped GaN system reflects the stronger interaction
with GaN monolayer. Overall, Ga-N bond lengths increases with RE
doping.

The Bader [44] charge analysis for RE@GaN along with g-GaN
monolayer is summarized in Table 2. From the Bader charge analysis,
it is found that in g-GaN, the charge transfer is from Ga (+1.31e) to
N (-1.31e) atom. With the substitution of Ga with RE, the RE element
transfer more charge to nearest N atoms as compared with Ga atom.
Overall, the increased in charge transfer of GaN monolayer is observed
in presence of RE atom.

Further, to understand the nature of bonding in RE@GaN along with
g-GaN, we have calculated the electron density, Laplacian of charge
density and critical points of charge density distribution by using AIM-
UC package [45,46]. The contour plot of electron density gradient for
Ce, Eu and Dy doped GaN system along with g-GaN are presented in
Fig. 3. The topology of electron density and presence of critical points
in the system defines the nature of bonding in the system. From the
calculated ratio of potential energy and kinetic energy density at critical
point shows the increase in covalent character for RE@GaN except for
La doped GaN monolayer. In GaN monolayer, the gradient of electron
density is localized around the N atoms. It is seen that, with the doping
of RE element in GaN monolayer the gradient of electron density is
distributed in between RE and its neighboring N atoms. It is seen that,
sharing interaction in between RE-N bonds increases as compared to
that of Ga-N bonds. These observations are consistent with the Bader
charge analysis. It is seen that, the electron density on the critical points
of Ga-N bonds decreases with RE doping as compared with g-GaN
monolayer. The decreased electron density and increased critical points
in RE@GaN show the enhancement in interplanar interaction compared
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Dy@GaN

Fig. 3. Contour plot of 4p showing the position of the critical points in RE@GaN along with g-GaN (RE = Ce, Eu and Dy). Gray dots stand for bond critical point and blue dots
stand for ring critical point. Black solid lines across the bond critical point indicate the bond path.
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Fig. 4. The magnetization charge density isosurface of RE@GaN monolayers (RE = La, Ce, Nd, Eu, Gd, and Dy). The red and green color indicates the spin-up and spin-down
charge density, respectively. The value in figure indicates the total magnetic moments of RE doped GaN systems. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

with g-GaN monolayer. It reduces the degree of ionicity with RE doping
in GaN monolayer. The maximum electron density on bond critical
points is observed for Ce@GaN and minimum for Eu@GaN system. It
indicates that the interaction of Ce with GaN monolayer is stronger as
compared to that of Eu.

From the spin-polarized DFT calculations, it is found that g-GaN
is non-magnetic system. It is found that the La@GaN shows the non-
magnetic behavior similar to g-GaN monolayer. The calculated mag-
netic moments of RE@GaN systems are presented in Table 2. The
calculated local magnetic moment on RE atoms are 0.79, 3.03, 6.45,
6.90, and 4.86 uB for Ce, Nd, Eu, Gd, and Dy, respectively. From the
magnetization charge densities, it is seen that the major contribution

in the total magnetic moment is due to RE elements (Fig. 4). Small
contribution from the total magnetic moment is also observed on the
N atoms nearer to RE atom. Similar magnetic behavior is observed
for Ce, Nd, Eu, and Gd doped bulk RE@GaN [23,43]. The structural
deformation and induced magnetism in RE@GaN monolayer shows
its potential for spintronics and in other smart magnetic applications
like data storage purpose. The higher magnetism is reported with
adsorption of RE on graphene and nitrogen doped graphene monolayers
as well as in RE doped ZnO monolayer [33-35]. To understand the
effects of RE doping on the electronic structure of doped g-GaN, we
have calculated the band structure for RE@GaN systems.
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Fig. 5. The spin-polarized band structure for RE@GaN monolayer along with g-GaN (RE = La, Ce, Nd, Eu, Gd, and Dy). The blue solid lines on the left (pink dash lines on the
right) represent the spin-up (spin-down) channel. The Fermi level is set at zero energy and indicated by black dashed horizontal lines. The value in figures indicate the calculated
band gap. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 presents the spin-up and spin-down band structure for
RE@GaN monolayer. As noted earlier, g-GaN monolayer shows semi-
conducting behavior with indirect band gap (1.98 eV) characteristics
(Fig. 1(b)). The variation in band gap values for spin-up state of
RE@GaN are noted in Table 2. The band structures of La and Gd@GaN
are almost similar to g-GaN band structure. With Ce doping the spin-up
and spin-down states of conduction band moves towards the Fermi. The
inter bandgap states are found near Fermi level. The Ce@GaN system
shows the metallic behavior. For Nd@GaN the narrow direct band gap
(0.39 eV) is observed for spin-up state and spin-down state shows the
semiconducting nature with indirect band gap of 2.04 eV. In case of
Eu@GaN monolayer, the Fermi energy pass only through the spin-up
states of valence band and the spin-down channel is semiconducting
nature with indirect band gap of 2.05 eV. Here, also inter bandgap
states are evidently seen at spin-up state. It shows half-metallic nature
of Eu@GaN monolayer. With the doping of Dy in GaN monolayer,
the spin-up band gap (2.02 eV) shows the semiconducting while spin-
down band gap becomes narrow with the value 0.29 eV. Overall, the
indirect band gap of g-GaN increases for La, Gd, and Dy@GaN. The
semiconducting nature of g-GaN transforms to metallic in presence of
Ce and Eu elements. The variations in band structure of RE@GaN is
reflected in the work function of RE doped GaN.

The work function, ¢ is calculated by subtracting the Fermi energy
from the electrostatic potential in the middle of vacuum [15,47].
The work function of the g-GaN monolayer is 5.06 eV. This result is
consistent with the earlier reported values [15,47]. From Table 2, it is
seen that the work function of RE@GaN is in between the range of 2.40
to 4.79 eV. It is found that, the work function of RE@GaN decreases
as compared to the work function of g-GaN. This may be beneficial for
field emission devices [35]. The decrease in work function reduces the
amount of energy required to removal of electrons from highest filled
level. It results in increased electron current density emission at lower
temperature or light intensity or electric field. The decrease in work
function reflects the enhancement in the conductivity.

Overall, with the doping of RE element, the band gap of the g-
GaN monolayer can be tuned. The indirect semiconducting nature of

g-GaN can be transformed to direct or metallic with the doping of RE
element. It is excepted variations may affect the optical absorption of
GaN monolayer. The imaginary and real parts of dielectric function for
RE doped GaN systems in comparison with the pristine GaN monolayer
are presented in Fig. 6.

The complex dielectric function is determined using real ¢, (w) and
imaginary ¢,(w) part of dielectric function £(w),

e(w) = €1 (w) + iy (w). )

The imaginary part can be derived from the wave function of
momentum matrix elements between the top of valence band and
bottom of conduction band. The real part is calculated from imaginary
part by the Kramers-Kronig transformation, respectively [48]. Due to
2D-hexagonal structure of g-GaN and RE@GaN, the isotropic dielectric
function is observed along x and y directions. It is seen that, along
x and y directions the dielectric function is similar. Here, we have
plotted the x component of dielectric function for the optical analysis.
The absorption spectra of g-GaN is extended from UV towards visible
range. As noted earlier, the calculated band gap of g-GaN is 1.98 eV
comprehensive to the first optical transition. From DOS this peak is
the result of interaction in between N-p and Ga-s states of valence and
conduction band. Further, two dominant peaks are observed at 5.06
and 7.17 eV. These peaks are the result of interaction in between Ga-
p — N-p and Ga-s — N-p states, respectively. All these findings are
consistent with the earlier reports [3,4,15]. Onen et al. reported that,
the transformation from bulk to 2D GaN shifts the optical coefficient
from visible to UV [3]. For La, Nd, Gd, and Dy@GaN the spectrum
show similar nature related to g-GaN with the variation in intensity.
The significant red shift in the absorption spectrum is observed for
Ce and Eu doped GaN monolayers as compared to that of g-GaN.
Overall spectra is divided into two parts: below and above 2 eV.
The dramatic variation in absorption spectrum below 2 eV is seen for
Ce and Eu@GaN as compared with g-GaN. The dominant absorption
peak is observed in IR range with the doping of Ce and Eu in GaN
monolayer. This is mainly due to the addition of band edge states in
Ce@GaN and Eu@GaN band structure. The band gap narrowing and
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Fig. 6. Imaginary and Real parts of the dielectric function for RE@GaN monolayer along with g-GaN (RE = La, Ce, Nd, Eu, Gd, and Dy).
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Fig. 7. The total DOS of Ce@GaN and Eu@GaN and projected DOS of Ce-f and Eu-f are also presented along with g-GaN. The Fermi level is set at zero energy and indicated

by black dashed vertical lines.

a red shift of absorption edge were observed in GaN implanted with
Ce [22]. On basis of these results, Ce@GaN and Eu@GaN monolayers
can be applicable in the development of optical devices used in IR
region. The spectrum above 2 eV, the nature of spectra of RE@GaN
are similar to that of g-GaN monolayer spectra with the modulation
in intensity. In bulk form, the electronic and optical properties of RE
doped GaN are found similar with GaN system showed substitutional
doping electronically and optically inert at room temperature [32,49].

To focus on the behavior of Ce and Eu@GaN and know more about
the contribution of orbitals and its position we have presented the total
DOS and projected DOS of Ce@GaN and Eu@GaN systems (Fig. 7). The
delocalization of total DOS for RE@GaN compared with g-GaN shows
the increased interaction of RE with GaN monolayer. It also reflects the
enhanced stability of RE@GaN monolayer. The difference in spin-up

and spin-down states of total DOS for RE@GaN show induced mag-
netism in RE@GaN except for La doping. The localized magnetization
is due to RE-4f states. The electronic states of Ce/Eu dispersed with
conduction/valence band in the band edge. The delocalization of Ce
and Eu-4f states crossing the Fermi energy in spin-up channel induces
the defect level peaks in absorption spectrum below 2 eV. The defect
induced peaks of Ce and Eu below 2 eV is due to intraband transition
of 4-f states near the Fermi energy.

As seen earlier, the optical trend of La, Nd, Gd, and Dy@GaN are
similar to g-GaN. Here, we have presented the total and projected
DOS of Gd-f and Dy-f along with g-GaN in Fig. 8. With the addition
of 4f electrons in RE@GaN, the flat 4/ states emerge deep in the
valence band. The energy spectra shifts towards lower energy side and
bonding states move away from the Fermi energy. The dominant Gd-
4f states appear deep in the valence band while non-bonding Dy-4 f
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Fig. 8. The total DOS and projected DOS of Gd and Dy-f orbitals for Gd and Dy@GaN along with g-GaN. The Fermi level is set at zero energy and indicated by black dashed

vertical lines.

state appears in down-spin. For Nd@GaN, more localized Nd-f states
in band edge which does not disperse with electronic states of valence
and conduction band (not shown). These states do not contribute in
optical transition for Nd, Gd, and Dy@GaN as compared to that of g-
GaN. Only results in enhancement of intensity for optical peaks. The
effects of modulation in the spin-up state of band gap near Fermi is
evidently observed in optical transition.

Further, we have studied the real part of the dielectric function. The
real part of dielectric function gives us static dielectric constant, which
present the ability to store electric field. The system with high dielectric
constant exhibits only displacement current and ideal to develop capac-
itor for various applications such as MOSFET and memory devices. The
dielectric constant of g-GaN monolayer in our result is 1.61. We used
PBE as exchange and correlation functional. From the earlier reported
study with PBE functional and CASTEP code, the value for dielectric
constant for GaN monolayer is 1.40 [47]. The plane wave cutoff used
in this study is 400 eV. With HSE functional and VASP code using
400 eV plane wave cutoff this value increases to 2.7 [4]. The value
of dielectric constant in our result is in between the reported values
is due to usage of methodology and change in plane wave cutoff. The
dielectric constant of La, Ce, Nd, Eu, Gd, and Dy@GaN monolayer along
x axis is 1.91, 9.18, 1.95, 5.86, 1.78, and 1.92, respectively. Among
all, Ce doped GaN monolayer has highest dielectric constant. This may
emphasized on the basis of large concentration of electron density on
Ce-N bond.

The optical properties, refractive index and energy loss function
play efficient role while designing optoelectronic devices such as op-
tical waveguide and photodetectors [26,50]. The refractive index and
energy loss function of RE@GaN along with g-GaN for varying photon
energy are represented in Fig. 9. The response of light through the
material depends on the properties of material and defined in terms
of refractive index n(w). The refractive index n(w)is evaluated from the
calculated dielectric function [26,50].

n(w) = Ve (@) + iey(w) 3

The static refractive index of GaN monolayer is 1.57 and in good
agreement with the reported value 1.50 [50]. For La, Ce, Nd, Eu, Gd,
and Dy@GaN, the static refractive index is 1.82, 3.99, 1.84, 1.96, 1.71,
and 1.76, respectively. The considerable change in static refractive
index is observed for Ce@GaN (3.99) and Eu@GaN (1.96) compared

with g-GaN. The enhancement in refractive index for RE@GaN acts as
a denser medium while traveling the light from the medium. It reduces
the dispersion of light within the material and reflects high dielectric
constant. The result gives the basis to explore the way towards the
development of optical fiber and photodetector applications.

The energy loss while traveling the electrons from the material is
defined in terms of the energy loss function L(w).

1

L(@) = Im[= €1(w) +iey(w)

@
The peaks in energy loss function represent the properties of plasma
resonance frequency. The high intensity energy loss peak for g-GaN is at
7.48 eV and is consistent with the reported value of 7.6 eV [50]. Overall
the nature of spectra of RE@GaN similar to GaN but broad intense mul-
tiple energy loss peaks are observed for Ce and Eu doped GaN at lower
energy side. It is the replication of intermediate states near the Fermi
energy appeared in DOS plots for Ce and Eu@GaN monolayers. This
results may help for the development of communication systems for
IR range. The intensity of energy loss function decreases for RE@GaN
above 5 eV except for Gd@GaN. For Gd doping shows ability towards
UV transmitter. Overall, the tunable electronic, magnetic and optical
properties of RE@GaN monolayer open up its way towards spintronic
and optoelectronic applications.

4. Conclusions

The structural, electronic, magnetic, and optical properties of RE
doped GaN monolayer (RE = La, Ce, Nd, Eu, Gd, and Dy) are systemat-
ically studied using first-principle calculations. The RE atom protrudes
out from the plane of GaN monolayer for Ga substitution with RE. The
negative formation energy implies the exothermic reaction. The band
gap of g-GaN is 1.98 eV with indirect characteristic. Spin-polarized
calculations showed that, with RE doping in g-GaN monolayer, the
semiconducting nature of GaN monolayer turns towards the metallic
behavior for Ce and Eu@GaN. For Nd@GaN the direct band gap be-
havior is observed. For La, Nd, Gd, and Dy doped GaN monolayers the
absorption spectrum show similar nature but with increased intensity as
compared to that of GaN spectra. The significant red shift in absorption
spectrum is observed for Ce and Eu doped GaN monolayers compared
to that of g-GaN. The delocalized Ce/Eu-4f states near the band edge
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Fig. 9. The refractive index and energy loss function for RE@GaN monolayer along with g-GaN are presented (RE = La, Ce, Nd, Eu, Gd, and Dy).

are playing important role in the red shift of the absorption spectra.
The static dielectric constant and refractive index of GaN monolayer is
1.61 and 1.57, respectively. RE doping enhances the dielectric constant
of g-GaN in the range of 1.78 to 9.18 and refractive index from
1.71 to 3.99. The highest dielectric constant and refractive index is
observed for Ce doped GaN monolayer. Our study demonstrates that RE
metal-doped GaN monolayer possess tunable electronic, magnetic and
optical properties and have potential application in the development of
magnetic as well as optical devices.
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Abstract

The volumetric and acoustic properties of aqueous sucrose in the presence of muscle relaxant (MR) drugs such as guaifen-
esin/methocarbamol were investigated using a bicapillary pycnometer and an interferometer at various temperatures among
T=(298.15, 303.15, 308.15, and 313.15) K for guaifenesin/methocarbamol concentrations ranging from 0.25 to 1.5 mol kg™
for each MR molecule. Density and ultrasonic velocity data were utilised to determine the apparent molar volume (V) and
apparent molar isentropic compression (K ) of the given solute—solvent system. The partial molar volume of transfer (A"
V,°) and isentropic compression of transfer (A"K 0¢’S) of the examined solutions were also calculated using these data.
Analysis of the data includes consideration of solute—solvent interactions and the significant impact on sucrose hydration,
when co-solute, i.e. MR drugs, were added to the mixture. An increase in the solvent’s electrostriction can also be observed
when a drug is present in aqueous sucrose. Interactions between saccharides and added electrolytes modify the variety of
physical as well as biological, catalytic, and medicinal properties. At least one of the mentioned MR drugs is injected in the
blood stream so the obtained variation of the studied parameters mentioned above may be relevant in a medical, pharmaceuti-
cal point of view. The results of the experiment have been explained in terms of solute—solute and solute—solvent interactions
along with the behaviour of the solutes in terms of making or breaking of structures.

Keywords Sucrose - Guaifenesin - Methocarbamol - Apparent molar volume - Apparent molar isentropic compression -
Solvent’s electrostriction

1 Introduction for drug delivery in organisms and in order to formulate

syrup properly, one must consider the properties of this basic

Volumetric and acoustic parameters provide information
on the strength and type of molecular interactions occur-
ring inside the mixture since it is a non-destructive tech-
nique for characterising the solvent system. They also reveal
information about the hydrogen bonding, dispersive forces,
complex formation, and dipole-dipole intermolecular and
intramolecular interactions present in the solute—solvent
system. Saccharide is the unit structure of carbohydrates or
sugars, which serve as the primary source of energy for a
variety of metabolic processes. Sucrose is one of the most
frequently used saccharide in medicated syrups as excipients
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drug delivery vehicle particularly its stability, and interac-
tion with the other co-solutes (drugs).

Saccharide research and uses are very popular because
saccharides and their derivatives play many biological roles:
for instance, in cell biology, saccharides use their structural
flexibility to signal, recognize, and communicate [1, 2]. Sac-
charides are known to stabilize proteins, and their presence
in aqueous solution can provide insight into how glycopro-
teins and lipids contribute to the process of molecular rec-
ognition [3, 4].Ultra-high dehydration damages proteins and
phospholipid bilayers. Saccharides modify fluid viscosity
to prevent dehydration and freezing of the body fluids. Sac-
charides can be used to make a range of chemicals and bio-
fuels, including bioethanol [5]. Glucose can reduce globular
protein denaturation [6, 7].Therefore, aqueous saccharides
determine biomolecules stability. These data can be utilised
to examine thermophile and barophile catabolism [8].
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Saccharide-electrolyte interactions are also important in
biology, catalysis, medicine, and environmental studies [9,
10]. The physical and thermal properties of saccharides are
utilized to calculate their solute and solvent hydration char-
acteristics [11-13]. They can store bioscience materials and
perform several biological processes. Preserving drugs can
be done with saccharides along with some other additives
like ethanol, and salts in water [14, 15]. These additives alter
viscosity, crystallization, and water content and also impact
glass transition temperature [16, 17].

Guaifenesin, or glyceryl guaiacolate ether (GGE) is white
to grey, crystalline solid, with slightly bitter aromatic taste
and stable in light and heat. This drug is non hygroscopic,
freely dissolves in ethanol, slightly soluble in benzene, chlo-
roform, and does not dissolve at all in petroleum ether [18].
Temporary control of cough due to minor upper respiratory
infections and related illnesses, such as sinusitis, pharyngi-
tis and bronchitis as well as worsening of such conditions
by viscous mucus and congestion can be treated by using
guaifenesin as an expectorant [19-21]. It is thought that
guaifenesin is a centrally acting muscle relaxant that inhib-
its or blocks nerve impulse transmission in the subcortical
parts of the brain, brain stem, and spinal cord [22]. There
are also sedative and analgesic effects [23]. In conjunction
with the administration of anesthetics, the muscle relax-
ant guaifenesin is given to the patient via intravenous (IV)
administration during brief medical procedures [24].The dia-
phragm and the ability to breathe normally are unaltered,
despite the fact that the laryngeal and pharyngeal muscles
have become more relaxed [25]. There is a possibility that
temporary increases in heart rate and blood pressure may
occur [26]. Equine exertion thabdomyolysis and strychnine
poisoning are also conditions that can be treated with this
medication [27].

Methocarbamol (carbamate of guaifenesin) is a skeletal
muscle relaxant [28]. Methocarbamol treats musculoskel-
etal discomfort by preventing nerve impulses (or pain sensa-
tions) from reaching brain [29, 30].Methocarbamol injection
is sometimes used to treat tetanus (lockjaw), which causes
painful muscle tightening [31].

According to a survey of the literature, the density and
sound velocity of sucrose in aqueous solution with various
solute additions have been examined. Usmani et.al stud-
ied the interactions of various amino acids in presence of
aqueous glucose/sucrose. Nain AK et.al. investigated the
solute—solute and solute —solvent interaction of 1-threonine
as well as isoniazid in aqueous sucrose solution. Tasneem
S worked on the interaction between saccharides and var-
ied solutes like bactericidal cefadroxil drug, diammonium
hydrogen phosphate and glycine [32-38]. But no compara-
tive studies on volumetric as well as acoustic properties
with guaifenesin and methocarbamol have been undertaken
till recently. Therefore, to investigate the effects of aqueous
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guaifenesin and methocarbamol solutions on sucrose, we
designed volumetric and acoustic (compression) investiga-
tions. The reported data could be useful in terms of the vis-
cosity parameter, Jones—Dole coefficients, specific and molar
refraction, specific volume, and hydration numbers, which
will provide insight into various intermolecular interactions
occurring in aqueous solutions and provide an opportunity
to further investigate the mixtures. It will aid in the analysis
of various thermodynamic and physicochemical properties
and enhancing characteristics of various drugs in the pres-
ence of excipients.

For this investigation, water + sucrose + guaifenesin/
methocarbamol compositions were used to study density
and sound velocity at temperature 298.15 K to 313.15 K
and concentrations in the range of 0.25 to 1.5 mol-kg™'. The
obtained experimental data will be interpreted to discuss
the solute—cosolute interactions and will be further used in
terms of structure making/breaking nature of solutes.

2 Experimental Section
2.1 Materials

Guaifenesin and Methocarbamol (mass fraction
purity > 0.99) were purchased from Sigma-Aldrich Labora-
tories, India and sucrose (mass fraction purity =0.99) was
acquired from SD Fine Chem. Ltd.India. All the chemicals
studied in this research were used without further purifica-
tion. However, before usage, all chemicals were vacuum-
dried and stored over P,O5 for 3—4 h.

2.2 Methods

The solutions under study were prepared using triple-dis-
tilled, degassed water with a conductivity of 1x107° S.
cm™! as determined by the Systronics — 304 conductiv-
ity metre. Electronic Scientech SE-391 weighing balance
with +0.01 mg precision was used for accurate weighing.
Standard uncertainty in molality for the compound with
purity more than 99% is 0.01. In order to prevent the sam-
ples from deteriorating over time, measurements were taken
on the very same day.

A 20 cm?® double arm pycnometer housed in a transpar-
ent glass water bath was used to measure aqueous solution
density. Triple-distilled water and some organic solvents
were used to calibrate the pycnometer. Density measure-
ments were done in triplicate and the average density was
calculated with 1.25x 10~ g.cm™ precision. Ultrasonic
Interferometer was used to measure sound velocity in aque-
ous sucrose and guaifenesin/methocarbamol systems (Model
Number-F-81, Mittal Enterprises, and New Delhi, India).
Each sound velocity measurement was done three times,
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Table 1 Chemical specifications list

Chemicals Mol.Wt.(g/ Chemical CAS num-  Company Purity Method of Chemical structure
mol) formula ber (mass purification
fraction)
Sucrose 3423 C,,H,0, 57-50-1 SD fine chem. >99.0% Vacuum dried HO
Ltd HO
O (@]
OH HO
HO O
OH OH OH
Guaifen-  198.2 CioH 404 93-14-1 Sigma-Aldrich >99.5% Vacuum dried OH
esin o \/J\/ OH
OCHg
Methocar-  241.2 C;H;sNOs  532-03-6 Sigma-Aldrich >99.5% Vacuum dried OH
bamol
8] \)\/ O NH;
0
N
OCH;,

and the accuracy was within 0.5 m.s~!. Because density and
sound velocity are temperature-sensitive, demerstat with
0.1-0.2 K precision was used to control the thermostat tem-
perature. It can adjust temperature to+ 1.0 x 10~ K. The
measurements of density and sound velocity are accurate
to within a range of 5.0x 10~ kg.m™ and 3.0x 10 m.s ™/,
respectively. The standard uncertinity for measurements
of density and sound velocity is 0.4 kg m~ and 0.5 m.s™/,
respectively.

3 Results and Discussion
3.1 Density Measurements
3.1.1 Apparent Molar Volume

Densities of mixed aqueous solutions of sucrose at four dis-
tinct molal concentrations of guaifenesin/methocarbamol
(0.25, 0.50, 1.00, & 1.50) mol.kg_1 at four different tem-
peratures in the range of T=(298.15, 303.15, 308.15, and
313.15) K have been measured.

Using density data, apparent molar volumes (V) are
computed using following Eq. 1 [39, 40]

Vg =M/p) = {(p—p°)/mpp°)} (1)

Sucrose (solute) has a molecular mass of M, m, is the
molality of sucrose in aqueous guaifenesin/methocarbamol
(cosolute), p and po denote solution and solvent densities

respectively. The density value p is for the solvent, cor-
respond to the one for the solution at solute, i.e. sucrose
concentration equal zero but with content of muscle relax-
ant molecules. Sucrose density and apparent molar volume
values for various aqueous solutions of guaifenesin and
methocarbamol are shown in Table 2 and Table 3, respec-
tively. The experimental density values for sucrose + water
mixture are agreed well with the literature values [33, 34].
It shows that methocarbamol is denser than guaifenesin
when the two are compared for the same concentration and
temperature. The graphs comparing the densities of two
drug molecules at the same temperature and concentra-
tion are reported in Figure S1 of supporting information.
The positive apparent molar volumes, V, at various stud-
ied temperatures and drug molalities are obtained. As the
temperature and concentration of the solute and cosolute
increases, V, increases in parallel. The similar trend were
noted in the literature [35]. Figure 1a—d and Fig. 2a—d
show the apparent molar volumes of sucrose in aqueous
guaifenesin and methocarbamol solutions respectively. All
the plots reveal that the apparent molar volume V, for
sucrose increases as the molality and concentration of both
the MR, such as guaifenesin/methocarbamol, increases.
This means that there is more interaction between the
molecules of the solute (sucrose) and the molecules of
the cosolute (MR drug). Also, the fact that the apparent
molar volume increases as the temperature increases, it
shows that sucrose molecules are more attracted to MR
drug molecules, which makes the solute and cosolute mol-
ecules interact more. In Table 3, it can be seen that the V¢
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Table 2 Densities, p, and Tin K px 1073 (kg~m‘3) Vo x 106 (m3-mol‘1)

Apparent Molar Volumes,

V,, values of Sucrose in 298.15 303.15 308.15 313.15 298.15  303.15 308.15  313.15
different concentrations of

aq. guaifenesin solutions at m; (mol-kg™")

experimental temperatures and Water + Sucrose

pressure, p=0.1 MPa 0.0000  0.997058  0.99532 0.994047  0.99255

0.1001  1.00983 1.00803 1.00668 1.00511  212.17  213.04 21392 214.79
0.2002  1.02207 1.02020 1.01876 1.01713 21228 213.15 214.13 21491
0.3008  1.03386 1.03192 1.03039 1.02868  212.39  213.26 21424  215.12
0.4012  1.04514 1.04313 1.04153 1.03975 21250  213.37 21435  215.23
0.5016  1.05597 1.05389 1.05221 1.05036  212.61 21348 21446 21534
0.6020  1.06636 1.06422 1.06246 1.06055  212.72 21359 21457 21545
0.7024  1.07635 1.07415 1.07232 1.07034  212.83 21370 214.68 215.56
0.25 mol-kg™! Guaifenesin + Sucrose
0.0000  1.026732  1.024879  1.023324  1.02132
0.1022  1.039152  1.037158  1.03547 1.03332 21550 217.01 218.42  220.00
0.2021  1.050748  1.048625  1.04681 1.04452  215.62 217.10 21851  220.10
0.3051  1.062174  1.059927  1.05798 1.05555  215.74 217.20 218.61  220.20
0.4032  1.072589  1.070233  1.06817 1.06561  215.86 217.29  218.70  220.29
0.4999  1.082431  1.079972  1.07779 1.07511 21597 217.38  218.80  220.39
0.6025  1.092443  1.089895  1.08759 1.08477  216.10 217.46  218.89  220.50
0.7015  1.101704  1.099074  1.09665 1.09371 21622 217.55 21899  220.59
0.50 mol-kg™! Guaifenesin + Sucrose
0.0000  1.05422 1.05253 1.05098 1.04827
0.1035  1.06642 1.06457 1.06286 1.06001  216.17 217.74  219.30  220.88
0.2041  1.07773 1.07573 1.07387 1.07089  216.24  217.81 21937 22094
0.3053  1.08861 1.08646 1.08446 1.08134  216.31 217.88  219.44  221.00
0.403 1.09865 1.09637 1.09423 1.09099  216.38 21795 219.51  221.07
0.5011  1.10832 1.10590 1.10363 1.10027 21645 218.02 219.58 221.14
0.6025  1.11790 1.11534 1.11294 1.10947  216.52  218.10  219.65 221.20
0.7022  1.12693 1.12425 1.12171 1.11813  216.59  218.16  219.72  221.27
1.00 mol-kg™" Guaifenesin + Sucrose
0.0000  1.07960 1.07743 1.07585 1.07343
0.1038  1.09145 1.08913 1.08739 1.08484  216.74 21824  219.72  221.19
0.2035  1.10230 1.09984 1.09796 1.09527  216.81 21832  219.78  221.25
0.3051  1.11285 1.11025 1.10823 1.10541  216.88  218.39  219.84 22133
0.4032  1.12259 1.11985 1.11771 1.11476 21695 218.48 21991 22140
0.501 1.13189 1.12901 1.12675 1.12368  217.01  218.55 21998 221.47
0.6026  1.14113 1.13813 1.13573 1.13256  217.09  218.61  220.06  221.53
0.7024  1.14982 1.14670 1.14418 1.14090 217.16  218.69  220.14  221.60
1.50 mol-kg~! Guaifenesin + Sucrose
0.0000  1.10204 1.10034 1.09781 1.09489
0.1032  1.11345 1.11158 1.10890 1.10583  217.30  218.86 22041  221.99
0.204 1.12406 1.12203 1.11920 1.11598  217.38 21893  220.50  222.09
0.3052  1.13421 1.13204 1.12905 1.12570 21747 21899  220.60 222.17
0.4034  1.14361 1.14130 1.13817 1.13469  217.56  219.06  220.68 22225
0.501 1.15254 1.15010 1.14683 1.14323  217.64 219.14  220.76  222.32
0.6025 1.16143 1.15886 1.15545 1.15172  217.72 219.21 220.84 22241
0.7024  1.16979 1.16709 1.16356 1.15971  217.80  219.29 22090 222.48

The values are from calculation using Eq. 1

@ Springer



Chemistry Africa

Table 3 Densities, p, and Tin K px 1073 (kg~m‘3) V¢>< 10° (m’-mol™Y)

Apparent Molar Volumes,

V,, values of Sucrose in 298.15 303.15 308.15 313.15 298.15  303.15 308.15 313.15
different concentrations of aq.

methocarbamol solutions at m, (mol~kg‘1)

experimental temperatures and 0.25 mol-kg~! Methocarbamol + Sucrose

pressure, p=0.1 MPa 0.0000 1.03088  1.02853 1.026869  1.02453

0.09996  1.04289  1.04042  1.03864 1.03618 216,53  217.86  219.21  220.57
0.2004 1.05441 1.05181 1.04993 1.04736  216.63  218.05  219.29  220.66
0.3005 1.06540  1.06268  1.06069 1.05802  216.71  218.14  219.38  220.73
0.4006 1.07592  1.07309  1.07099 1.06821  216.79 21821 21946  220.81
0.5007 1.08600  1.08305  1.08086 1.07798  216.87 21830  219.55  220.88
0.6008 1.09566  1.09261 1.09032 1.08734 21695 21838  219.62  220.96
0.6998 1.10484  1.10168  1.09930 1.09622  217.03 21845  219.69  221.04
0.50 mol-kg~! Methocarbamol + Sucrose
0.0000 1.06403  1.06233  1.06022 1.05857
0.1012 1.07571 1.07388  1.07164 1.06987  217.39 21873  220.09  221.43
0.2011 1.08671 1.08475 1.08239 1.08050  217.46  218.81  220.18  221.50
0.301 1.09721 1.09514  1.09266 1.09064  217.55  218.88  220.24  221.57
0.4009 1.10725  1.10507  1.10247 1.10034  217.64 21895 22032  221.64
0.5008 1.11687  1.11456  1.11185 1.10962  217.71  219.03 22040 221.71
0.6007 1.12607  1.12365  1.12084 1.11849 21778  219.11 22047  221.80
0.7005 1.13489  1.13236  1.12944 1.12697 21785  219.19  220.55  221.89
1.00 mol-kg™! Methocarbamol + Sucrose
0.0000 1.09524  1.09264  1.09051 1.08843
0.1027 1.10658  1.10385 1.10158 1.09937 21823  219.64  221.02  222.38
0.2022 1.11704  1.11419  1.11178 1.10945 21832  219.71  221.11 22245
0.3028 1.12712  1.12415 1.12162 1.11917 21841  219.80  221.19 22251
0.4021 1.13662  1.13354  1.13088 1.12833 21849  219.88  221.28  222.58
0.502 1.14578  1.14257  1.13979 1.13712 21853  219.94 22134  222.67
0.6018 1.15452  1.15117  1.14829 1.14552 21859  220.04 22142  222.73
0.7015 1.16288  1.15942  1.15641 1.15355  218.65  220.11  221.51  222.81
1.50 mol-kg™! Methocarbamol + Sucrose
0.0000 1.11769  1.11493  1.11271 1.11079
0.1015 1.12847  1.12557  1.12321 1.12114  219.17 22055  221.96  223.43
0.2038 1.13879  1.13577  1.13328 1.13105  219.26  220.62  222.03  223.52
0.305 1.14851 1.14537  1.14275 1.14036  219.33  220.70  222.10  223.61
0.4034 1.15752  1.15427  1.15152 1.14900 21941  220.77 22218  223.69
0.5016 1.16611 1.16275 1.15989 1.15723 21949  220.85 22224  223.77
0.6027 1.17456  1.17108  1.16811 1.16533  219.56 22094 22232  223.83
0.7012 1.18242  1.17885  1.17576 1.17285  219.65  221.01 22240  223.92

The values are from calculation using Eq. 1

values for methocarbamol are higher than the V, values  for methocarbamol compare to guaifenesin is mainly due

for guaifenesin. That makes it possible for more interac-  to the respective density of the muscle relaxant drugs [36].
tions to happen in case of methocarbamol. Moreover, as it

can be seen at zero sucrose concentration, the methocarba- 3.1.2 Partial Molar Volume

mol density is higher than the one of guaifenesin and their

respective values decrease in parallel with increasing tem- ~ Apparent molar volume V, can be fitted using Eq. (2)

perature. (Tables 1 and 2). Therefore, the higher V, values ~ [40-43]
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Fig. 1 Apparent molar volumes, V,, of sucrose as a function of its molality m; in a 0.25, b 0.5, ¢ 1.0, and d 1.5 molkg™!' Guaifenesin aqueous
solution at different temperatures (Values are coming from Table 2)
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Fig.2 Apparent molar volumes, V, of sucrose as a function of its molality m; in a 0.25, b 0.5, ¢ 1.0, and d 1.5 mol-kg.”! Methocarbamol aque-
ous solution at different temperatures (Values are coming from Table 3)
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_ 0
V= V4t Svsm )
where V,° is the partial molar volume, Sy* is the volumet-
ric pairwise interaction coefficient, and m, is the sucrose
molality in guaifenesin/methocarbamol aqueous solutions.
Partial molar volumes, V¢° and experimental slopes, Sy*, of

sucrose in guaifenesin /methocarbamol aqueous solutions at
four different experimental temperatures obtained from Eq. 2
are shown in Table 4 along with standard errors.

As the temperature and concentration of guaifenesin/
methocarbamol increase, the V¢° values increase as well
[40]. A comparison of sucrose V,° values in aqueous

Table 4 Partial Molar Volumes, V¢°, and volumetric pairwise interaction coefficient, Sy*, of Sucrose in Water/Guaifenesin/Methocarbamol

Aqueous Solutions at four Different experimental Temperatures

TinK V$°x10° (m*mol™")

SV#x 10°% (m3-kg-mol~2)

298.15 303.15 308.15 313.15

298.15 303.15 308.15 313.15

m, (mol-kg™")
Sucrose + Water

0.00 212.06 (+0.003) 212.93 (+0.003) 213.85 (+0.026) 214.68 (+0.028) 1.09 (+0.006)

Sucrose + Guaifenesin

1.10 (x£0.006) 1.21 (£0.059) 1.29 (+0.063)

0.25
0.50
1.0

1.50

215.38 (+£0.002) 216.92 (+0.004) 218.32 (+0.003) 219.90 (+0.003) 1.20 (0.005)
216.09 (x£0.002) 217.66 (+£0.002) 219.23 (£0.003) 220.81 (£0.005) 0.71 (£0.004)
216.67 (+0.004) 218.16 (+0.006) 219.64 (+0.007) 221.12 (+0.005) 0.70 (+0.010)
217.22 (+0.005) 218.78 (+0.006) 220.33 (+0.011) 221.92 (+0.006) 0.83 (+0.010)

Sucrose + Methocarbamol

0.25
0.50
1.0

1.50

216.46 (+0.005) 217.83 (+0.032) 219.13 (+0.007) 220.50 (+0.002) 0.82 (+0.011)
217.31 (+0.008) 218.65 (+0.005) 220.02 (+0.005) 221.35 (+0.010) 0.78 (+0.019)
218.19 (+0.018) 219.56 (+0.007) 220.94 (+0.006) 222.30 (+0.006) 0.68 (+0.040)
219.10 (+0.003) 220.47 (+0.007) 221.88 (x£0.006) 223.36 (+0.008) 0.78 (+0.006)

0.90 (+0.010)
0.72 (+£0.005)
0.75 (£0.013)
0.71 (£0.013)

0.93 (x£0.071)
0.77 (£0.012)
0.78 (£0.015)
0.77 (£0.015)

0.95 (+0.006)
0.70 (£0.006)
0.70 (£0.015)
0.83 (£0.025)

0.81 (+0.017)
0.76 (+0.012)
0.80 (+0.013)
0.74 (+0.013)

0.98 (+0.007)
0.65 (+0.011)
0.69 (+0.011)
0.81 (+0.014)

0.77 (+0.005)
0.75 (+0.022)
0.73 (+0.014)
0.80 (+£0.018)

The values are from fits using Eq. 2
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Fig.3 Partial molar volumes V,° of sucrose at zero molality m; of sucrose as a function of aqueous Guaifenesin/Methocarbamol solutions
molality m, (mol-kg.™") at different temperature. (Values are coming from Table 4)
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methocarbamol and guaifenesin solutions is shown in Fig. 3
and Figure S2 of supporting information (The values are
coming from Table 4).The higher V,° values for methocar-
bamol compare to guaifenesin, makes prior’s solute—sol-
vent and solute—cosolute interactions stronger [44].Viable
interactions between guaifenesin/methocarbamol molecules
and polar functional groups of sucrose, i.e. solute—cosolute
and solute—solvent interactions can be demonstrated by
employing positive V,,° values [45].

Due to higher solute —solvent interaction, each solute
molecule is surrounded by solvent at infinite dilutions
and thus V¢° is unaffected by solute—solute interactions
[44-46]. This means that only information about interac-
tions between solute—cosolute and solute—solvent can be
gleaned from the partial molar volume [47]. The volume
of the cosphere increases when two ionic species or hydro-
philic sites are close together. On the other hand,volume
decreases, when hydrophobic and ion-hydrophobic groups
overlap [48, 49]. According to the V,° values, hydrophilic-
hydrophilic interactions between guaifenesin/methocarba-
mol with —OH group of sucrose appear to be responsible
for sucrose's positive V¢° values [50]. Sucrose’s hydrophilic
regions get strongly attracted towards the MR drug mol-
ecule’s polar groups (~OH or —O- groups) through H-bonds.
The V¢° values increase with temperature and concentration
can be attributed to the fact that the solubilized molecules
are released into solution by soluble layers of the solute
[51]. Guaifenesin, and Methocarbamol molecule’s primary
and secondary solvation layer depths have been shown to
be dependent on temperature as well as V, © values [52].
Furthermore the sucrose —OH groups bind with molecules
of guaifenesin and methocarbamol (through -O~, C=0, as
well as —O-) to form H-bonds that increase V¢° values as
the drug concentration increases [52]. Sy* values show no
clear pattern, indicating that they are affected by other fac-
tors [53]. Besides that, all the Sv* values are positive. Weak
solute—solute interactions are indicated by less positive val-
ues of Sv* [38, 39].

3.1.3 Transfer Partial Molar Volume (A"V¢°)
The transfer partial molar volume of sucrose from pure sol-

vent i.e. water to aqueous guaifenesin and methocarbamol
solutions at infinite dilution was calculated using Eq. 3.

the guaifenesin/methocarbamol molecule and various polar
groups of sucrose [54, 55].These solutes have structure-
making ability, which is explained by the cosphere over-
lap model as a result of internal structure arrangement or
contact between the co-spheres of solutes and solvophobic
solvation. The polar groups that are present in the structural
residues of both sucrose and MR drug molecules contribute
to the enhancement of the structure-forming interactions that
occur between drug and sucrose molecules. According to
the cosphere overlap model interactions among the solute
molecules, solute—solute interactions contribute less toward
the partial volume of transfer; consequently, facts regarding
solute—solvent and solute—cosolute interactions are provided
here [56—58].Furthermore, the cosphere overlap model pre-
dicts that ion-hydrophobic interactions result in negative
transfer volumes, while ion-hydrophilic interactions pro-
vide positive transfer volumes [59, 60].The positive A"V,°
values reflect hydrophilic-hydrophilic interactions between
guaifenesin/methocarbamol and sucrose in our investigation
of sucrose + water + guaifenesin/methocarbamol along with
partial molar volume dependence on temperature [61-64].

3.2 Sound Velocity
3.2.1 Apparent Molar Isentropic Compression

It is possible to compute the value of Ks, also known as the
isentropic compressibility, by applying Eq. 4 to the values
of u, also known as the speed of sound, and, p the density
of the solution.

Ks = 1/u’p €]

Table S2 and S3 of supporting information show the isen-
tropic compressibility, Ks values of sucrose in guiafenesin /
methocarbamol aqueous solutions respectively.

The apparent molar isentropic compression for sucrose in
aqueous and guaifenesin /Methocarbamol aqueous solutions
at different temperatures is computed using Eq. 5

Ky, = (MK, ,;p)—{(K,,p — K,p,) /mippo} )

where M, m,, po, and p have the similar connotations as in
Eq. 1. K , and K are the isentropic compressibilities of pure
solvent and solution, respectively.Table 5 and 6 show sound

A"V¢° = (V@°in aqueous solution of Guaifenes in | Methocarbamol) — (V¢°in water) (3)

Tabulated values of A”V¢ ° are found to be positive
(Table 8). Increasing the concentration of guaifenesin and
methocarbamol has been shown to result in an increase
in positive A"V° values [40]. The positive A"V ° values
indicate strong hydrophilic-hydrophilic interactions among
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velocity, u and K, ; apparent molar isentropic compression
of sucrose in (0.25, 0.5, 1.0 and 1.5) mol-kg™' guaifenesin
and methocarbamol solutions at T=298.15, 303.15, 308.15,
and 313.15 K. It is observed that the determined K, ; val-
ues of sucrose at all temperatures and concentrations of
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Table 5 Sound velocity, u,

and apparent molar isentropic
compression, K¢,s of Sucrose in
guiafenesin aqueous Solutions
at experimental temperatures
and pressure, p=0.1 MPa

Tin K u(ms ~h Ky X 10° (m*-mol~"-GPa™")
298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15
m,; (mol~kg‘1)
Water + Sucrose
0.0000  1497.05 1507.04 15199 1526.11
0.1001  1506.11 151571  1528.18  1534.02 -17.18 —-1399 —10.63 —17.83
0.2002  1515.09 15243 1536.46  1542.00 -16.15 —12.99 -9.82 -17.31
0.3008  1524.03  1532.88  1544.81 1550.13 —-1516 —12.09 -9.19 —6.85
0.4012  1532.86  1541.39 155297  1558.29 -1421 -11.27 - 835 —6.45
0.5016  1541.61 1549.92  1561.04 1566.41 —-13.12 -10.58 - 17.55 -597
0.602 1550.00  1558.12  1569.03  1574.52 - 12.23 —9.66 -6.79 —-5.50
0.7024  1558.16  1566.33  1576.88  1582.67 -11.14 - 8.90 -6.04 —-5.09
0.25 mol-kg™! Guaifenesin + Sucrose
0.0000  1534.68  1543.54 15559 1564.8
0.1022  1546.1 1554.8 1567.1 1575.9 -1766 —-1549 -1371 —-1191
0.2021  1556.9 1565.3 1577.6 1586.4 -16.08 —-1363 -12.05 —-1053
0.3051  1567.7 1575.8 1587.8 1596.6 -1459 -12.10 -10.14 - 8.75
0.4032  1577.5 1585.4 1597.5 1606.0 -13.04 —10.68 -9.02 —7.34
0.4999  1586.6 1594.6 1606.8 1615.1 —11.40 —-943 -1797 -6.23
0.6025  1596.5 1604.0 1616.1 1624.2 —10.31 -8.14 - 6.67 - 4.89
0.7015  1605.7 1613.1 1625.1 1632.6 -9.24 -7.21 - 572 —3.66
0.50 mol-kg™! Guaifenesin + Sucrose
0.0000  1569.47  1579.2 1588.63  1599.1
0.1035  1580.6 1590.3 1599.9 1610.2 -8.19 -6.77 -6.25 —-442
0.2041  1591.1 1600.9 1610.7 1620.9 —7.06 -597 - 5.54 -3.89
0.3053  1601.5 1611.3 1621.4 1631.5 - 6.20 -5.09 —4.87 —3.30
0.403 1611.3 1621.1 1631.6 1641.6 -5.37 —4.26 —4.27 —2.75
0.5011 1621 1630.95 1641.8 1651.7 —4.64 —3.68 —3.78 —2.30
0.6025  1630.5 1640.7 1651.7 1661.9 —3.68 -2.89 -2.92 -1.77
0.7022 1640 1650.5 1661.8 1672.1 —3.06 - 244 —2.50 - 1.46
1.00 mol-kg™! Guaifenesin + Sucrose
0.0000  1602.24 16124 1622.5 1632.6
0.1038  1612.3 1622.6 1632.8 1642.9 1.82 2.24 2.88 3.77
0.2035 16219 1632.3 1642.6 1652.8 2.19 2.68 3.28 3.95
0.3051 1631.7 1642.2 1652.6 1662.9 2.44 293 3.51 4.11
0.4032  1641.1 1651.7 1662.2 1672.6 2.71 3.21 3.75 4.31
0.501 1650.3 1661.2 1671.8 1682.3 3.06 3.39 391 4.44
0.6026  1659.78  1670.82  1681.6 1692.2 3.40 3.72 4.18 4.66
0.7024  1669.26  1680.44  1690.8 1701.9 3.57 3.88 4.62 4.85
1.50 mol-kg™! Guaifenesin + Sucrose
0.0000 1634.14 1644.5 1654.8 1663.9
0.1032  1644.5 1654.8 1665.2 1674.1 4.40 5.61 6.12 7.63
0.204 1654.6 1664.8 1675.3 1684.0 4.61 5.86 6.37 7.87
03052  1664.7 1674.9 1685.5 1693.8 4.82 5.96 6.46 8.17
0.4034  1674.5 1684.6 1695.3 1703.3 4.99 6.13 6.63 8.35
0.501 1684.2 169425  1704.9 1712.6 5.15 6.25 6.85 8.58
0.6025  1694.2 1704.2 1714.8 1722.2 5.32 6.40 7.06 8.79
0.7024  1704.1 1713.93  1724.6 1731.2 543 6.55 7.18 9.16

The values are from calculations using Eqs. 4 and 5
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Table 6 Sound velo.city, u TinK w(ms ™ Kd,s X 10° /(m® mol~! GPa™")

and apparent molar isentropic

compression, K,s of sucrose 298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15

in methocarbamol aqueous

solutions at experimental m; (mol-kg™")

temperatures and pressure, 0.25 mol-kg™! methocarbamol + Sucrose

p=0.1 MPa 0.0000 15447  1553.1 15639  1574.1
0.09996 1555.6 1564.0 15744 1584.3 - 1407 -1293 -9.78 -725
0.2004 1566.0 1574.1 1583.9 1594.1 -12.12 -1025 -6.73 -5.71
0.3005 1576.5 1584.5 1593.4 1603.9 —-11.38 —-9.65 -5.51 -5.01
0.4006 1587.1 1594.9 1602.9 1613.7 -1094 -9.16 —-4.73 —4.49
0.5007 1596.9 1604.6 1612.4 1623.5 -9.74 - 8.05 -4.14 —-4.07
0.6008 1607.2 1614.0 1622.1 1633.2 -9.21 -6.97 -3.84 —-3.63
0.6998 1617.3 1624.2 1632.0 1643.1 - 8.77 -6.78 -3.77 —3.46

0.50 mol-kg ™! methocarbamol + Sucrose
0.0000 1596.5 1606.1 1616.2 1626.1

0.1012 1607.9 1617.4 1627.7 1637.7 - 6.87 -5.40 -5.11 —4.60
0.2011 1618.7 1628.3 1638.7 1648.9 —5.56 —4.53 -4.12 - 3.80
0.301 1629.5 1639.2 1649.7 1660.1 —-4.90 —4.06 -3.62 -3.37
0.4009 1640.3 1650.1 1660.7 1671.3 —4.46 -3.71 -3.27 —3.05
0.5008 1651.1 1661.0 1671.7 1682.5 -4.11 -342 -2.97 -2.80
0.6007 1661.9 1671.9 1682.7 1693.7 -3.82 -3.16 -2.73 -2.57
0.7005 1672.7 1682.8 1693.7 1704.9 -3.58 —2.95 -2.52 -2.37

1.00 mol-kg ™! methocarbamol + Sucrose
0.0000 1635.3 1645.7 1655.5 1664.9

0.1027 1646.1 1656.5 1666.3 1675.5 2.54 3.21 4.03 5.53
0.2022 1656.4 1666.6 1675.8 1685.4 2.96 4.04 5.94 6.33
0.3028 1666.7 1676.7 1685.3 1695.1 3.35 4.56 6.80 7.03
0.4021 1677.0 1686.8 1695.0 1704.9 3.48 4.74 6.97 7.18
0.502 1687.3 1696.9 1704.5 1714.5 3.61 4.92 7.28 7.51
0.6018 1697.6 1707.0 1713.9 1723.2 3.72 5.07 7.55 8.30
0.7015 1707.9 1717.1 1723.3 1732.8 3.81 5.17 7.76 8.34

1.50 mol-kg ™" methocarbamol + Sucrose
0.0000 1664.1 1673.5 1683.8 1692.9

0.1015 1675.1 1684.4 1694.6 1703.7 5.24 6.14 7.24 8.05
0.2038 1685.2 1694.8 1705.1 1714.4 6.95 7.20 7.95 8.42
0.305 1695.3 1704.6 1715.3 1724.6 7.43 8.14 8.41 8.98
0.4034 1704.6 1714.4 1724.9 17345 8.13 8.38 8.92 9.25
0.5016 1714.2 1724.0 1734.7 1744.3 8.34 8.65 9.10 9.52
0.6027 1724.1 1733.9 1744.5 1754.2 8.48 8.84 9.34 9.73
0.7012 1733.3 1743.6 1754.1 1764.0 8.79 8.92 9.49 9.85

The values are from fits using Eq. 6

guaifenesin and methocarbamol are negative except at higher ~ of the molecules of water to the bulk causing stronger com-
molality i.e. 1.0 and 1.5 mol.kg™! aqueous solutions. K,  pression at higher concentrations [65].

increases with temperature, MR drugs, and sucrose concen-

tration. Hydration of sucrose may lead to the negative values ~ 3.2.2 Partial Molar Isentropic Compression

of K .. which can be thought as a result of stronger resist-

ance of water molecules around the MR drug moiety towards ~ Equation 6 effectively represents the variation of apparent
compression than in bulk [65, 66]. At higher molality i.e. 1.0 molar isentropic compression K, ; of the sucrose with molal
and 1.5 mol.kg™"! positive values of K ,may be attributed to  concentration [40]

the electrostriction reduction and thereby releasing of some
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Table 7 Partial molar isentropic compression Koq,, s and isentropic compression pairwise interaction coefficient Sg*, of sucrose in water /

guaifenesin/methacarbamol aqueous solutions at four different experimental temperatures

TinK K %,s x 10° m* mol~!-GPa™! Si* % 10% (kg'm*-mol~2-GPa™!)
298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15
m, (mol-kg™!)
Sucrose + Water
0.00 —18.17 - 14.70 —11.40 —8.24 9.96 8.34 7.64 4.52
(x£0.036) (£0.078) (£0.040) (£0.026) (x£0.081) (£0.173) (+0.088) (+0.059)
Sucrose + Guaifenesin
025 —18.95 —-16.50 — 14.64 - 13.17 14.31 13.79 13.22 13.80
(£0.212) (£0.257) (+0.298) (£0.166) (x£0.473) (£0.572) (£0.664) (£0.370)
050 —8.88 - 741 - 6.84 —4.88 8.50 7.37 6.30 5.06
(x£0.111) (£0.123) (x£0.075) (x£0.076) (£0.247) (x£0.274) (x£0.168) (+0.170)
1.0 1.55 2.08 2.66 3.58 2.97 2.67 2.66 1.78
(£0.044) (+£0.063) (+0.068) (+£0.018) (£0.097) (£0.141) (£0.152) (+0.039)
1.50 426 5.50 5.95 7.37 1.74 1.50 1.77 245
(x£0.030) (£0.029) (+0.034) (x£0.039) (+£0.066) (x£0.063) (£0.075) (+0.086)
Sucrose + Methocarbamol
025 —14.23 - 1292 -9.10 -17.16 8.33 9.50 9.00 5.87
(£0.379) (x£0.536) (£0.874) (£0.372) (£0.846) (x£0.019) (£1.954) (+0.831)
050 —-6.78 -543 —-5.08 —4.62 5.05 3.83 4.00 3.49
(£0.329) (£0.198) (£0.238) (£0.185) (£0.734) (£0.442) (x£0.531) (£0.413)
1.0 2.55 3.34 4.48 5.33 2.00 2.97 5.33 4.59
(+£0.136) (£0.248) (x£0.537) (£0.199) (£0.302) (+£0.552) (x£1.196) (+£0.443)
1.50 551 6.28 7.16 7.88 5.24 4.36 3.66 3.06
(x£0.446) (£0.369) (x£0.190) (x£0.130) (£0.991) (£0.822) (x£0.423) (+0.288)
The values are from calculations using Egs. 4 and 5
Ky, Kg,s Sk *my (6) sucrose are compressed more at greater MR drug concen-

where KOd,s is the partial molar isentropic compression
and SK* is the isentropic compression pairwise interaction
coefficient, m1 is the molality of sucrose in aqueous
guaifenesin / methocarbamol solutions. The least square
fitting was applied to the deviation of the apparent molar
isentropic compression K¢,s versus sucrose molality m1.
Table 7 reports the resulting fit parameters Kom and
Si* as a function of the MR drug molality m, along with
standard errors. As demonstrated in Table 7, negative K’ bs
values were determined for sucrose in aqueous drug solu-
tions at all temperatures with the exception of sucrose in a
1.0 and 1.5 mol.kg™! guaifenesin /methocarbamol solution.
The values of K’ ¢,s are depicted graphically in Fig. 4. Fig-
ure S2 of supporting information indicates that with rising
temperature and concentration of guaifenesin/methocarba-
mol, the K? ¢ increases, showing that ion-hydrophilic inter-
actions prevail in sucrose + water + guaifenesin/methocar-
bamol solutions [67]. Due to the presence of polar ionic
groups, the sucrose molecules have a net attraction toward
the ions of MR medicines, resulting in dehydration of the
sucrose molecules. As a result, the water molecules around

trations than at lower drug concentrations. In consequence,
when concentrations and temperatures increase, K’ s Values
become less negative [68].

3.2.3 Partial Molar Isentropic Compression of Transfer

Using Eq. 7, the apparent molar isentropic compression of
transfer at infinite dilutions from water to aqueous guifensin/
methocarbamol solutions were elucidated.

.
- (Kg_sin water) (7)

The A"K’ . values are shown in Table 8 along with A"V,
° values. Discussion and effect of A"V ° values have been
already done in Sect. 1.c. Sucrose A”K$ s values are posi-
tive at all concentrations and temperatures except (0.25 mol.
kg™!) of guaifenesin aqueous solutions at studied tempera-
tures. Table 8 demonstrates that when the drug ion concen-
tration increases, so do the A"K? s values. These positive
ATKO #,s values reflect the capacity of the molecule to form
structures due to the dominant interactions between the polar

AI"K;,X = (KO , inaqueous solution of Guaifenes in | Methocurbamol)
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Fig.4 Partial molar isentropic compression Koq,ys of sucrose at zero molality m; of sucrose as a function of aqueous guaifenesin /methocarbamol
solutions molality m, (mol-kg.™") at different temperature. (Values are coming from Table 8)

groups of sucrose and the ions of guaifenesin/methocarba-
mol molecules, with increasing guaifenesin/methocarbamol
concentration [69, 70]. Consequently, as the concentration
and temperature of guaifenesin/methocarbamol increase, so
does the electrostriction; consequently, the ability to form
structures rises. This illustrates that bulk water is more com-
pressible than electrostricted water with drug ions, and that
compressibility decreases with increasing drug concentra-
tion [71]. The negative A"K’ s values of guaifenesin sug-
gest increase in the electrostriction around polar/hydrophilic
groups and protonated group in it [72, 73].Results indicate
that K’ , values are negative and A™ K’ #,s values are positive
for sugar + water + MR drug solutions. Sucrose dehydration
happens further due to interactions between the sucrose’s
hydrophilic sites and the drug polar groups, eventually

results in release of less compressible water in to the bulk
from the solute molecules' hydration shells.

4 Conclusions

Sucrose is widely used as excipients for drug delivery in
organisms, since sucrose solutions provide sweetness, vis-
cosity, as well as inherent stability. In this article sucrose
and guaifenesin/methocarbamol (water + sucrose + guaifen-
esin/methocarbamol) aqueous solutions have been studied
for their thermo-physical properties, such as the density,
apparent molar volume, sound velocity and partial molar
isentropic compression. From this information, we were
able to determine the interactions between sucrose and MR

Table 8 Partial molar volume

of transfer, A™V®, and Partial TinK A"V,°x10° (m*-mol ") A"K’ X 10° (m*mol~'-GPa™")

molar isentropic compression 298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15

of transfer, A" KO¢, s of =

sucrose in Guaiefenesin and m, (mol'kg™)

Methocarbamol aqueous Sucrose + Guaifenesin

solutions of at different 025 332 3.99 4.47 522 ~078 —1.80 —324  —493

temperatures 050  4.03 473 5.38 6.13 9.28 7.29 456 3.36
1.0 4.61 5.23 5.79 6.44 19.71 16.78 14.06 11.82
1.50 5.16 5.85 6.48 7.24 2243 20.20 17.36 15.62

Sucrose + Methocarbamol

0.25 4.40 4.90 5.28 5.82 3.94 1.78 2.30 1.09
0.50 5.25 572 6.17 6.67 11.39 9.27 6.32 3.62
1.0 6.13 6.63 7.09 7.62 20.72 18.04 15.88 13.57
1.50 7.04 7.54 8.03 8.68 23.68 20.98 18.56 16.12

The values are from calculations using Eqgs. 3 and 7
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drugs i.e. guaifenesin/methocarbamol molecules. When
the concentration of guaifenesin/methocarbamol solutions
is increased, the degree of interaction increases, as deter-
mined by partial molar data and transfer volume character-
istics. The obtained values of V° and A"V ° show positive
and increasing trend with temperature as well as at higher
concentration of MR drugs which indicates greater solva-
tion and interaction amongst sucrose and MR drugs. From
the result issued from the here presented investigation, it
was demonstrated the presence of hydrophilic-hydrophilic
and ion-hydrophilic interactions in the system composed of
sucrose + water 4+ pharmaceuticals MR drug solutions. Water
is treated as a structured medium rather than as a continuum.
These interactions are particularly interesting in view of the
high degree of structure in aqueous solutions, both in the
solvent itself and in the aggregates that can exist as a result
of the structure of water. The trend observed in the values of
K, K’ s and AT KO #,s leads to the inference that MR drugs
(co-solutes) acts as structure-maker in aqueous-sucrose sol-
vents. Medicated syrups typically have a high sucrose con-
centration, ranging from 60 to 80% and it is well known that
sucrose in excess can cause Type 2 diabetes. Readers should
be aware of the restricted use of this ingredient in a solution
containing MR drugs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42250-023-00599-2.

Data availability The datasets generated an analysed during the cur-
rent study are available from the corresponding author on reasonable
request.

References

1. Gabius HJ, Siebert HC, Andre S, Jimenez-Barbero J, Rudiger
H (2004) Chemical biology of the sugar code. Chem Bio Chem
5(6):740-764. https://doi.org/10.1002/cbic.200300753

2. Arda A, Jimenez-Barbero J (2018) The recognition of glycans by
protein receptors Insights from NMR spectroscopy. Chem Com-
mun 54(38):4761-4769. https://doi.org/10.1039/C8CC0O1444B

3. Gimeno A, Reichardt NC, Canada FJ, Perkams L, Unverzagt C,
Jimenez-Barbero J, Arda A (2017) NMR and molecular recogni-
tion of N-glycans remote modifications of the saccharide chain
modulate binding features. ACS Chem Biol 12(4):1104-1112.
https://doi.org/10.1021/acschembio.6b01116

4. Lannoo N, Van Damme EJM (2015) Review/N-glycans: the mak-
ing of a varied toolbox. In Plant Science 239:67-83. https://doi.
org/10.1016/j.plantsci.2015.06.023

5. Wolfe J, Bryant G (2001) Cellular cryobiology: thermodynamic
and mechanical effects. Int J Refrig 24(5):438-450. https://doi.
org/10.1016/S01407007(00)00027-X

6. Agalya P, de Oliveira IP, Lescano CH, Caires AR, Velusamy V
(2022) Effect of pH and cosolvent sucralose on the solvation pro-
file of ovalbumin: Ultrasonic and molecular simulation studies.
Food Hydrocoll 125:107386. https://doi.org/10.1016/j.foodhyd.
2021.107386

10.

11.

13.

14

15

16.

17.

18.

20.

21

22.

23.

Palaniappan L, Velusamy V (2013) Impact of cosolvent (glucose)
on the stabilization of ovalbumin. Food Hydrocolloids 30(1):217-
223. https://doi.org/10.1016/j.foodhyd.2012.05.020

Amend JP, Plyasunov AV (2001) Carbohydrates in thermophile
metabolism: calculation of the standard molal thermodynamic
properties of aqueous pentoses and hexoses at elevated tempera-
tures and pressures. Geochim Cosmochim Acta 65(21):3901-
3917. https://doi.org/10.1016/S0016-7037(01)00707-4
Teychene J, Balmann HR, Galier S (2021) Advances in the under-
standing of the transfer of saccharides through NF membranes in
the presence of electrolytes by coupling quantum mechanics and
thermodynamic methods. Membranes 11(5):341. https://doi.org/
10.3390/membranes1105034 1

Teychene J, Roux-de Balmann H, Maron L, Galier S (2020) Inter-
actions in saccharide/ cation/water systems: insights from density
functional theory. Food Chem 327:127054. https://doi.org/10.
1016/j.foodchem.2020.127054

Chalikian TV (2001) Structural thermodynamics of hydration.
J Phys Chem B 105(50):12566-12578. https://doi.org/10.1021/
jp0115244

Karimi S, Shekaari H, Ahadzadeh I (2020) The sweetness
response and thermophysical properties of glucose and fructose
in the aqueous solution of some deep eutectic solvents at T=
(2881.5-3181.5)K. Carbohydr Res 495:108083. https://doi.org/
10.1016/j.carres.2020.108083

Amirchand KD, Kaur S, Banipal TS, Singh V (2021) Volumet-
ric and 1H NMR spectroscopic studies of saccharides-calcium
lactate interactions in aqueous solutions. J Mol Liq 334:116077.
https://doi.org/10.1016/j.molliq.2021.116077

Pittia P, Paparella A (2016) Safety by control of water activity:
drying, smoking, and salt or sugar addition. Regul Safe Tradit
Ethnic Foods. https://doi.org/10.1016/B978-0-12-800605-4.
00002-5

Prakash V (2016) Introduction: the importance of traditional and
ethnic food in the context of food safety, harmonization, and regu-
lations. Regul Safe Tradit Ethnic Foods. https://doi.org/10.1016/
B978-0-12-800605-4.00001-3

Kasaai MR (2014) Use of water properties in food technology: a
global view. Int J Food Prop 17(5):1034-1054. https://doi.org/10.
1080/10942912.2011.650339

Amit SK, Uddin MM, Rahman R, Islam SMR, Khan MS (2017) A
review on mechanisms and commercial aspects of food preserva-
tion and processing. Agric Food Secur 6(1):51. https://doi.org/10.
1186/540066-017-0130-8

Williams M (2013) The Merck index: an encyclopedia of chemi-
cals, drugs and biologicals. Drug Dev Res 74(5):339-339. https://
doi.org/10.1002/ddr.21085

. Albrecht HH, Dicpinigaitis PV, Guenin EP (2017) Role of

guaifenesin in the management of chronic bronchitis and upper
respiratory tract infections. Multidiscipl Respir Med 12(1):31.
https://doi.org/10.1186/s40248-017-0113-4

United States Pharmacopeial Convention (2006) Usp di. Drug
information for the health care professional, 26th edn. Thomson/
Micromedex

Richter P (2014) Guaifenesin encyclopedia of toxicology, 3rd edn.
Elsevier, pp 806-808

Tripathi S, Nikhare A, Sharma G, Shea T, Albrecht H (2019)
Safety and tolerability of extended-release guaifenesin in patients
with cough, thickened mucus and chest congestion associated with
upper respiratory tract infection. Drug Healthcare Patient Safe
11:87-94. https://doi.org/10.2147/DHPS.S222109

Septimus EJ, Albrecht HH, Solomon G, Shea T, Guenin EP (2017)
Extended-release guaifenesin/pseudoephedrine hydrochloride for
symptom relief in support of a wait-and-see approach for the treat-
ment of acute upper respiratory tract infections: a randomized,

@ Springer


https://doi.org/10.1007/s42250-023-00599-2
https://doi.org/10.1002/cbic.200300753
https://doi.org/10.1039/C8CC01444B
https://doi.org/10.1021/acschembio.6b01116
https://doi.org/10.1016/j.plantsci.2015.06.023
https://doi.org/10.1016/j.plantsci.2015.06.023
https://doi.org/10.1016/S01407007(00)00027-X
https://doi.org/10.1016/S01407007(00)00027-X
https://doi.org/10.1016/j.foodhyd.2021.107386
https://doi.org/10.1016/j.foodhyd.2021.107386
https://doi.org/10.1016/j.foodhyd.2012.05.020
https://doi.org/10.1016/S0016-7037(01)00707-4
https://doi.org/10.3390/membranes11050341
https://doi.org/10.3390/membranes11050341
https://doi.org/10.1016/j.foodchem.2020.127054
https://doi.org/10.1016/j.foodchem.2020.127054
https://doi.org/10.1021/jp0115244
https://doi.org/10.1021/jp0115244
https://doi.org/10.1016/j.carres.2020.108083
https://doi.org/10.1016/j.carres.2020.108083
https://doi.org/10.1016/j.molliq.2021.116077
https://doi.org/10.1016/B978-0-12-800605-4.00002-5
https://doi.org/10.1016/B978-0-12-800605-4.00002-5
https://doi.org/10.1016/B978-0-12-800605-4.00001-3
https://doi.org/10.1016/B978-0-12-800605-4.00001-3
https://doi.org/10.1080/10942912.2011.650339
https://doi.org/10.1080/10942912.2011.650339
https://doi.org/10.1186/s40066-017-0130-8
https://doi.org/10.1186/s40066-017-0130-8
https://doi.org/10.1002/ddr.21085
https://doi.org/10.1002/ddr.21085
https://doi.org/10.1186/s40248-017-0113-4
https://doi.org/10.2147/DHPS.S222109

Chemistry Africa

24.

25.

26.

27.

28.

29

30.

31.

32.

33.

34

35.

36.

37

38.

39.

double-blind, placebo-controlled study. Curr Ther Res Clin Exp
84:54-61. https://doi.org/10.1016/j.curtheres.2017.04.004
Lerche P (2013) Total intravenous anesthesia in horses veterinary
clinics of North America. Equine Practice 29(1):123—129. https://
doi.org/10.1016/j.cveq.2012.11.008

Ohar JA, Donohue JF, Spangenthal S, Ohar J (2019) Chronic
Obstructive pulmonary diseases: journal of the COPD founda-
tion the role of guaifenesin in the management of chronic mucus
hypersecretion associated with stable chronic bronchitis: a com-
prehensive review. Stable ChronicBronchit J 6(4):341-349.
https://doi.org/10.15326/jcopdf.6.4.2019.0139
https://www.mayoclinic.org/drugs-supplements/guaifenesin-oral-
route/side-eftects/drg-20068720. (2023).

Pruitt BN (2013) Methocarbamol suspension for the treatment
of rhabdomyolysis in equines. Int J Pharmaceutical Compound
17(5):384-387

Corral C, Ashmawy MB, Lissavetzky J, Basilio A, Giraldez
A (1987) Synthesis and central relaxant activity of thiophene
analogs of mephenesin and methocarbamol. Eur J] Med Chem
22(3):251-254. https://doi.org/10.1016/0223-5234(87)90057-2
Jung H, Chae H (2019) The safety and efficacy of methocarba-
mol as a muscle relaxant with analgesic action: analysis of cur-
rent data. Innov Biosyst Bioeng 3(4):201-211. https://doi.org/10.
20535/ibb.2019.3.4.183336

Beebe FA, Barkin RL, Barkin S (2005) A clinical and pharma-
cologic review of skeletal muscle relaxants for musculoskeletal
conditions. Am J Ther 12(2):151-171. https://doi.org/10.1097/01.
mjt.0000134786.50087.d8

Witenko C, Moorman-Li R, Motycka C, Duane K (2014) Con-
siderations for the appropriate use of skeletal muscle relaxants
for the management of acute low back pain. J] Formul Manag
39(6):427-435

Riyazuddeen UMA (2012) Interactions in (I-alanine/l-threonine
+ aqueous glucose/aqueous sucrose) systems at (298.15-323.15)
K. Thermochim Acta 527:112-117. https://doi.org/10.1016/j.tca.
2011.10.013

Nain AK, Pal R, Neetu, (2013) Volumetric, ultrasonic and vis-
cometric studies of solute—solute and solute—solvent interactions
of I-threonine in aqueous-sucrose solutions at different tempera-
tures. ] Chem Thermodyn 64:172-181. https://doi.org/10.1016/j.
jct.2013.05.012

Usmani R (2011) Densities, speeds of sound, and viscosities of
(I-proline + aqueous glucose) and (l-proline + aqueous sucrose)
solutions in the temperature range (2981.5 to 3231.5)K. J Chem
Eng Data 56(9):3504-3509. https://doi.org/10.1021/je2000205
Ankita NAK (2019) Volumetric, acoustic and viscometric stud-
ies of solute-solute and solute-solvent interactions of isoniazid in
aqueous-glucose/sucrose solutions at temperatures from 293.15
K to 318.15 K. J Chem Thermodyn 133:123—134. https://doi.org/
10.1016/j.jct.2019.01.024

Tasneem S (2017) To study the interactions between saccharide/
their derivatives and bactericidal cefadroxil drug: volumetric,
acoustic and molecular docking studies. Z Phys Chem 231(11-
12):1831-1847. https://doi.org/10.1016/j.jct.2021.106477
Tasneem S (2017) Study of the interactions of monosaccharides
D(+)-glucose and D(—)-fructose in aqueous diammonium hydro-
gen phosphate over the temperature range T=(28815-31815) K.
Z Phys Chem 231(11-12):1831-1847. https://doi.org/10.1016/j.
jct.2022.106793

Tasneem S (2017) Effect of glycine on aqueous solution behavior
of saccharides at different temperatures: volumetric and ultrasonic
studies. Z Phys Chem 231(11-12):1831-1847. https://doi.org/10.
1016/j.molliq.2014.03.004

Asghar Jamal M, Naseem B, Naz S, Arif I, Saeed M, Atiq S
(2020) Thermo-acoustic properties of maltose in aqueous amino

@ Springer

40.

41

42.

43.

44,

45.

46

47.

48.

49.

50.

51.

52.

53.

acids system. J Mol Liq 309:112932. https://doi.org/10.1016/j.
molliq.2020.112932

Kumar H, Kaur K, Kaur SP, Singla M (2013) Studies of volu-
metric and acoustic properties of trisodium citrate and tripotas-
sium citrate in aqueous solutions of N-acetyl glycine at different
temperatures. ] Chem Thermodyn 59:173-181. https://doi.org/10.
1016/j.jct.2012.12.022

Masson DO (1929) XX VIII Solute molecular volumes in relation
to solvation and ionization. Lond Edinb Dublin Phil Mag J Sci
8(49):218-235. https://doi.org/10.1080/14786440808564880
Desnoyers JE (1982) Structural effects in aqueous solutions: a
thermodynamic approach. Pure Appl Chem 54(8):1469-1478.
https://doi.org/10.1351/pac198254081469

Hedwig GR, Reading JF, Lilley TH (1991) Partial molar heat
capacities and partial molar volumes of some N-acetyl amino acid
amides, some N-acetyl peptide amides and two peptides at 25 °C.
J Chem Soc Faraday Trans 87(11):1751-1758. https://doi.org/10.
1039/£t9918701751

Tasneem S (2017) Hydration and solvation effect of glycine and
glycylglycine molecules with f-Cyclodextrin in aqueous media
a thermodynamic characteristic of interaction. Z Phys Chem
231(11-12):1831-1847. https://doi.org/10.22036/pcr.2016.12593
Shekaari H, Zafarani-Moattar M, Ghaffari F (2016) Volumetric,
acoustic and conductometric studies of acetaminophen in aque-
ous ionic liquid, 1-Octyl-3-methylimidazolium bromide at T =
2931.5-3081.5 K. Phys Chem Res 4(1):119-141. https://doi.
org/10.22036/pcr.2016.12593

Patil KR, Musale SP, Dagade DH (2020) Peptides in aqueous
protic ionic liquid solutions: apparent and transfer volumes at
2981.5 K and at 0.1 MPa. J Mol Liq 317:113943. https://doi.
org/10.1016/j.molliq.2020.113943

Mehrdad A, Hajikarimi M (2019) Volumetric, acoustic and vis-
cometric investigation of ceftriaxone disodium in aqueous solu-
tions of 1-propanol and 2-propanol. J Chem Thermodynamics
139:105880. https://doi.org/10.1016/j.jct.2019.105880

Kaur K, Arti S, Ghosh TK, Banipal TS, Banipal PK (2021) To
study the interactions between saccharide/their derivatives and
bactericidal cefadroxil drug: Volumetric, acoustic and molecu-
lar docking studies. J Chem Thermodynamics 159:106477.
https://doi.org/10.1016/j.jct.2021.106477

Jamal MA, Ahmad Sajid T, Saeed M, Naseem B, Muneer M
(2022) Explication of molecular interactions between leucine
and pharmaceutical active ionic liquid in an aqueous system:
volumetric and acoustic studies. J Mol Liq 360:119510. https://
doi.org/10.1016/j.molliq.2022.119510

Kumar H, Behal I (2016) Thermodynamics of (solute + sol-
ute) and (solute + solvent) interactions of homologous series
of amino acids with thiamine hydrochloride in aqueous medium
at T = (305.15, 310.15, 315.15) K: a volumetric and acoustic
approach. J] Chem Thermodyn 102:48-62. https://doi.org/10.
1016/j.jct.2016.06.026

Harries D, Rau DC, Parsegian VA (2005) Solutes probe hydra-
tion in specific association of cyclodextrin and adamantane. J
Am Chem Soc 127(7):2184-2190. https://doi.org/10.1021/ja045
541t

Kumar H, Behal I, Siraswar S (2019) Densities and speeds of
sound for sucrose in aqueous solutions of ammonium phosphate
salts at different temperatures through density and speed of sound
measurements. J] Chem Eng Data 64(9):3772-3780. https://doi.
org/10.1021/acs.jced.8b01157

Rajagopal K, Mohamed Roshan M, Shailajha S, Roy Richi Renold
G (2019) Volumetric approach to the interaction of L-proline in
aqueous Metformin Hydrochloride solutions for temperature range
298.15-318.15 K. J Chem Thermodyn 133:312-319. https://doi.
org/10.1016/j.jct.2019.02.012


https://doi.org/10.1016/j.curtheres.2017.04.004
https://doi.org/10.1016/j.cveq.2012.11.008
https://doi.org/10.1016/j.cveq.2012.11.008
https://doi.org/10.15326/jcopdf.6.4.2019.0139
https://www.mayoclinic.org/drugs-supplements/guaifenesin-oral-route/side-effects/drg-20068720
https://www.mayoclinic.org/drugs-supplements/guaifenesin-oral-route/side-effects/drg-20068720
https://doi.org/10.1016/0223-5234(87)90057-2
https://doi.org/10.20535/ibb.2019.3.4.183336
https://doi.org/10.20535/ibb.2019.3.4.183336
https://doi.org/10.1097/01.mjt.0000134786.50087.d8
https://doi.org/10.1097/01.mjt.0000134786.50087.d8
https://doi.org/10.1016/j.tca.2011.10.013
https://doi.org/10.1016/j.tca.2011.10.013
https://doi.org/10.1016/j.jct.2013.05.012
https://doi.org/10.1016/j.jct.2013.05.012
https://doi.org/10.1021/je2000205
https://doi.org/10.1016/j.jct.2019.01.024
https://doi.org/10.1016/j.jct.2019.01.024
https://doi.org/10.1016/j.jct.2021.106477
https://doi.org/10.1016/j.jct.2022.106793
https://doi.org/10.1016/j.jct.2022.106793
https://doi.org/10.1016/j.molliq.2014.03.004
https://doi.org/10.1016/j.molliq.2014.03.004
https://doi.org/10.1016/j.molliq.2020.112932
https://doi.org/10.1016/j.molliq.2020.112932
https://doi.org/10.1016/j.jct.2012.12.022
https://doi.org/10.1016/j.jct.2012.12.022
https://doi.org/10.1080/14786440808564880
https://doi.org/10.1351/pac198254081469
https://doi.org/10.1039/ft9918701751
https://doi.org/10.1039/ft9918701751
https://doi.org/10.22036/pcr.2016.12593
https://doi.org/10.22036/pcr.2016.12593
https://doi.org/10.22036/pcr.2016.12593
https://doi.org/10.1016/j.molliq.2020.113943
https://doi.org/10.1016/j.molliq.2020.113943
https://doi.org/10.1016/j.jct.2019.105880
https://doi.org/10.1016/j.jct.2021.106477
https://doi.org/10.1016/j.molliq.2022.119510
https://doi.org/10.1016/j.molliq.2022.119510
https://doi.org/10.1016/j.jct.2016.06.026
https://doi.org/10.1016/j.jct.2016.06.026
https://doi.org/10.1021/ja045541t
https://doi.org/10.1021/ja045541t
https://doi.org/10.1021/acs.jced.8b01157
https://doi.org/10.1021/acs.jced.8b01157
https://doi.org/10.1016/j.jct.2019.02.012
https://doi.org/10.1016/j.jct.2019.02.012

Chemistry Africa

54.

55.

56

57.

58.

59

60.

61.

62.

63.

64.

65.

Pal A, Chauhan N (2010) Interactions of diglycine in aqueous
saccharide solutions at varying temperatures: a volumetric, ultra-
sonic and viscometric study. J Solution Chem 39(11):1636-1652.
https://doi.org/10.1007/s10953-010-9620-z

Bhat R, Kishore N, Ahluwalia JC (1988) Thermodynamic stud-
ies of transfer of some amino acids and peptides from water to
aqueous glucose and sucrose solutions at 2981.5 K. J Chem Soc
Faraday Trans Phys Chem Condensed Phase 84(8):2651. https://
doi.org/10.1039/f19888402651

Frank HS, Evans MW (1945) Free volume and entropy in con-
densed systems III. Entropy in binary liquid mixtures; partial
molal entropy in dilute solutions; structure and thermodynamics
in aqueous electrolytes. ] Chem Phys 13(11):507-532. https://doi.
org/10.1063/1.1723985

Gurney RW (1953) Ionic processes in solution. McGraw-Hill,
New York

Friedman HL, Krishnan CV (1973) Studies of hydrophobic bond-
ing in aqueous alcohols: enthalpy measurements and model cal-
culations. J Solution Chem 2(2-3):119-140. https://doi.org/10.
1007/bf00651969

Li S, Sang W, Lin R (2002) Partial molar volumes of glycine,
l-alanine, and I-serine in aqueous glucose solutions at T=2981.5K.
J Chem Thermodynamics 34(11):1761-1768. https://doi.org/10.
1016/s0021-9614(02)00125-8

Kumar H, Behal I (2016) Volumetric and ultrasonic investiga-
tion of molecular interactions of l-serine and 1-threonine in aque-
ous nicotinamide solutions at T= (288.15-318.15) K. J Mol Liq
219:756-764. https://doi.org/10.1016/j.molliq.2016.04.019
Gheorghe I, Stoicescu C, Sirbu F (2016) Partial molar volumes,
isentropic compressibilities, and partial molar expansibilities of
N-Methylglycine and d-Glucose in aqueous environments at tem-
peratures between (298.15 and 323.15) K. J Mol Liq 218:515—
524. https://doi.org/10.1016/j.molliq.2016.02.033

Gupta J, Nain AK (2019) Molecular interactions of gentamicin
sulphate in aqueous-l-asparagine/l-glutamine solutions at different
temperatures: Volumetric, acoustic and viscometric properties.
J Mol Liq 293:111547. https://doi.org/10.1016/j.molliq.2019.
111547

Mishra AK, Ahluwalia JC (1984) Apparent molal volumes of
amino acids, N-acetylamino acids, and peptides in aqueous solu-
tions. J Phys Chem 88(1):86-92. https://doi.org/10.1021/j1506
45a021

Igbal MJ, Chaudhry MA (2010) Effect of temperature on volu-
metric and viscometric properties of some non-steroidal anti-
inflammatory drugs in aprotic solvents. ] Chem Thermodyn
42(8):951-956. https://doi.org/10.1016/j.jct.2010.03.009
Chandak AS, Zodape SP (2021) Insights into the temperature
and concentration dependent studies of the anti-diabetic drug in

66.

67.

68.

69.

70.

71.

72.

73.

aqueous binary and ternary (water + sucrose) mixtures at body
temperature. Chem Phys Impact 3:100050. https://doi.org/10.
1016/j.chphi.2021.100050

Ryshetti S, Gupta A, Tangeda SJ, Gardas RL (2014) Acoustic and
volumetric properties of betaine hydrochloride drug in aqueous
d(+)-glucose and sucrose solutions. J Chem Thermodyn 77:123—
130. https://doi.org/10.1016/j.jct.2014.05.015

Jamal MA, Fatima J, Naseem B, Muneer M, Ibrahim M (2021)
Molecular interaction studies of antidepressant drug with aque-
ous caffeine using volumetric and acoustic methods. ] Mol Liq
329:115525. https://doi.org/10.1016/j.molliq.2021.115525

Kaur H, Chakraborty N, Juglan KC, Kumar H (2021) Volumet-
ric and acoustic behavior of PEG-200 and PEG-600 in aqueous
d-mannitol solutions at different temperatures. J Solution Chem
50(8):1079-1102. https://doi.org/10.1007/s10953-021-01105-3
Romero CM, Rodriguez DM, Ribeiro ACF, Esteso MA (2017)
Effect of temperature on the partial molar volume, isentropic
compressibility and viscosity of DL-2-aminobutyric acid in water
and in aqueous sodium chloride solutions. J Chem Thermodyn
104:274-280. https://doi.org/10.1016/j.jct.2016.09.040
Devunuri N, Kancherla S, Chennuri BK, Gardas RL (2016)
Apparent molar volume and isentropic compressibilities of anti-
depressant drugs (Citalopram HBr and Escitalopram oxalate) with
water. J Mol Liq 216:347-353. https://doi.org/10.1016/j.molliq.
2016.01.058

Chauhan S, Kumar K (2014) Effect of glycine on aqueous solu-
tion behavior of saccharides at different temperatures: volumetric
and ultrasonic studies. J Mol Liq 194:212-226. https://doi.org/10.
1016/j.molliq.2014.03.004

Arsule AD, Sawale RT, Deosarkar SD (2019) Temperature-
dependent volumetric and ultraacoustic studies of a-amino acids
in aqueous acetylsalicylic acid drug solutions. J Mol Liq 275:478-
490. https://doi.org/10.1016/j.molliq.2018.10.122

Kumar H, Kumari S, Behal I, Sharma SK (2018) Analysing the
molecular interactions of sucrose in aqueous triammonium cit-
rate and trilithium citrate solutions at different temperatures T =
(288.15-318.15)K through volumetric and ultrasonic investiga-
tions. J Chem Thermodyn 125:17-31. https://doi.org/10.1016/j.
jct.2018.05.004

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1007/s10953-010-9620-z
https://doi.org/10.1039/f19888402651
https://doi.org/10.1039/f19888402651
https://doi.org/10.1063/1.1723985
https://doi.org/10.1063/1.1723985
https://doi.org/10.1007/bf00651969
https://doi.org/10.1007/bf00651969
https://doi.org/10.1016/s0021-9614(02)00125-8
https://doi.org/10.1016/s0021-9614(02)00125-8
https://doi.org/10.1016/j.molliq.2016.04.019
https://doi.org/10.1016/j.molliq.2016.02.033
https://doi.org/10.1016/j.molliq.2019.111547
https://doi.org/10.1016/j.molliq.2019.111547
https://doi.org/10.1021/j150645a021
https://doi.org/10.1021/j150645a021
https://doi.org/10.1016/j.jct.2010.03.009
https://doi.org/10.1016/j.chphi.2021.100050
https://doi.org/10.1016/j.chphi.2021.100050
https://doi.org/10.1016/j.jct.2014.05.015
https://doi.org/10.1016/j.molliq.2021.115525
https://doi.org/10.1007/s10953-021-01105-3
https://doi.org/10.1016/j.jct.2016.09.040
https://doi.org/10.1016/j.molliq.2016.01.058
https://doi.org/10.1016/j.molliq.2016.01.058
https://doi.org/10.1016/j.molliq.2014.03.004
https://doi.org/10.1016/j.molliq.2014.03.004
https://doi.org/10.1016/j.molliq.2018.10.122
https://doi.org/10.1016/j.jct.2018.05.004
https://doi.org/10.1016/j.jct.2018.05.004

Materials Today: Proceedings

Acoustic, volumetric and viscometric study relative to inter-molecular interaction in

Manuscript Number:
Article Type:
Keywords:

Corresponding Author:

First Author:
Order of Authors:
Abstract:

Suggested Reviewers:

aqueous KIO3 + 1% KH2PO4

--Manuscript Draft--

SlI: INPMA-2022

KIO3; Jones-Dole constants; B-coefficient; adiabatic compressibility; Masson's
Constant

Meenakshi Virendra Rathi, Ph.D.
RNC Arts JDB Commerce and NSC Science College
Nashik, Maharashtra INDIA

Meenakshi Virendra Rathi, Ph.D.
Meenakshi Virendra Rathi, Ph.D.

This research paper comprises of the effect of temperature and concentration on the
acoustic volumetric and viscometric properties viz. ultrasonic velocity, density and
viscosity of aqueous KIO 3 solutions in 1% KH 2 PO 4 .The research findings is
quite useful to expound the various inter molecular interactions like ion—ion,
ion-solvent, and solvent-solvent between the chosen solute-solvent system. Based on
the data obtained, various derived acoustical parameters viz, acoustic impedance(Z),
adiabatic compressibility (8), intermolecular free length (Lf), free volume (Vf), Rao’s
constant (R),Wada’s constant (W), density dependent apparent molar volumes (
[[EQUATION]] ) viscosity dependent viscosity B-coefficients for KIO 3 solutions in
aqueous 1% KH 2 PO 4 and pure water system have been determined at 298.15 to
313.15 K. Additionally Masson’s constants, Jones-Dole constants are supported to
study various molecular interactions.

Dr.Arun Nikumbh, Ph.D.

Professor, Rayat Shikshan Sanstha’s Annasaheb Awate College, Manchar
aob.nikumbh@gmail.com

Well Known Professor

Dr.Raghunath Toche, Ph.D.

Professor, Dadasaheb Bidkar Arts,Science and commerce College Peth Dist Nashik
Maharashtra

raghunath_toche@rediffmail.com

Great Reveiwer

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to view linked References =

Acoustic, volumetric and viscometric study relative
to inter-molecular interaction in aqgueous K103 +
1 % KH2PO4

Dr. Meenakshi Virendra Rathi *

Department of Chemistry,
RNC Arts, JDB Commerce, NSC Science College, Nasik Road,
City: Nasik.
Postal Code: 422101
State: Maharashtra
Country: India
e-mail: meenakship2@gmail.com
Phone No. 9403510314



mailto:meenakship2@gmail.com
https://www.editorialmanager.com/matpr/viewRCResults.aspx?pdf=1&docID=55922&rev=0&fileID=1268246&msid=5db28364-92f8-434f-a49d-10f1069bd688
https://www.editorialmanager.com/matpr/viewRCResults.aspx?pdf=1&docID=55922&rev=0&fileID=1268246&msid=5db28364-92f8-434f-a49d-10f1069bd688

Abstract:

This research paper comprises of the effect of temperature and concentration on the acoustic
volumetric and viscometric properties viz. ultrasonic velocity, density and viscosity of
aqueous KlOs solutions in 1% KH2PO4.The research findings is quite useful to expound the
various inter molecular interactions like ion—ion, ion—solvent, and solvent—solvent between
the chosen solute-solvent system. Based on the data obtained, various derived acoustical
parameters viz, acoustic impedance(Z), adiabatic compressibility (B), intermolecular free
length (Lf), free volume (Vf), Rao’s constant (R),Wada’s constant (W), density dependent
apparent molar volumes (@) viscosity dependent viscosity B-coefficients for KIO3 solutions
in aqueous 1% KH2PO4and pure water system have been determined at 298.15 to 313.15 K.
Additionally Masson’s constants, Jones-Dole constants are supported to study various
molecular interactions.

Keywords: KIOs, Jones-Dole constants, B-coefficient, adiabatic compressibility,
Masson’s Constant

Introduction:

KIOz is a colourless crystalline solid that is widely used as an oxidising
agent while Potassium dihydrogen phosphate, KDP ( KH2PO4) is the inorganic compound .
Both are used in many different applications such as a food ingredient, fertiliser, and
fungicide. (Depeng Meng, 2017) (Luo, 2018). Potassium iodate is occasionally used as
a flouring agent in baking, (Paranthaman, 2021) , also used as a source for dietary iodine. It
is also found in certain formula milk that is marketed to babies. (Gebreegziabher, 2017) KDP
can be found in energy drinks, coffee creamers, cheddar cheese, and low-sodium foods..It
supplies potassium and phosphorus nutrients. Incorporating the current research into multiple
applications like the solutes for medical, food, and agricultural science encourages us to carry
on the current investigation.

In food, medicine, and pesticide industries, molecular and ionic interactions of
oxidising agents in presence of aqueous salts plays a vital role. The ion-water interactions in
understanding the effects of oxidising agents, particularly their temperature dependence
(Marcus, 2015) (Nikumbh & Rathi, 2016, Nikumbh & Rathi, 2014). The information gained
from ultrasonic propagation parameters in liquid mixtures and solutions, such as ultrasonic
velocity and its variation with concentration of one of the components, aids in
betterunderstansing of how molecular interactions in a mixture affect each other and
provides a way to test theories dealing with liquid structure. The transport and acoustic data
will be very useful to understand solvolysis behaviour and ion-molecular interaction
(Ganjare, 2020) of KIOs in used solvent systems.
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Structure of KIO3 and KH2POa (arrow shows the interacting sites)

Experimental:

Materials:

All chemicals were taken from Sigma Aldrich, Germany, with more than 99% purity
and was further desiccated over anhydrous CaCl, before use. Tripally distilled water with a
specific conductance of < 10° S.cm™ was used for the preparation of solutions at room
temperature in a molality range (0.03-0.21) mol.kg™. The precision of balance used was +
1x10°g.

Table 1: Table 1: Chemical Specifications.

Chemicals Source Percentage  Purification CAS No. Mol. Mass  Chemical

Purity Method g.Mol*! Formula
Potassium Sigma >99.0% desiccated over 7758-05-6 122.55 KIO3
lodate Aldrich anhydrous

CaC|2

Potassium Sigma Used as 7778-77-0 136.1 KH, PO, ,
phosphate Aldrich >98.0% obtained
monobasic

Measurements of Density:

Densities of aqueous solutions were determined using a 15cm® double arm
pycnometer housed in a transparent glass walled water bath. The pycnometer was calibrated
using triple distilled water. The densities of KIOz solutions in aqueous 1 % KH, PO, ,and
pure water were measured by bi-capillary pycnometer at different temperatures. The density
was determined with an accuracy of #1.28 x10* g.cm® using an average of triple
measurements. The thermostat temperature is maintained at the desired level using a
demerstat with a 0.1 K precision.


https://www.sigmaaldrich.com/IN/en/product/sigald/255572?context=product

Measurement of Viscosity

The viscosities of all seven concentration of KlOz solutions in aqueous 1 %
KH, PO, ,were determined using an Ubbelohde viscometer at 298.15, 303.15, 308.15, and
313.15K. At least three times, measurements were taken to ensure the reproducibility of the
results. Viscosity measurements were performed with an overall precision of + 2.5x10*
mPa.s. The flow time is reliably measured at 0.01 second intervals. Before injecting each
sample, the equipment was cleaned with distilled water and acetone and thoroughly dried.

Measurement of ultrasonic velocity

The Ultrasonic Interferometer (Model No. F-81, Mittal Enterprises, New Delhi, India) was
used at a frequency of 2 MHz to measure the sound velocity in the aqueous systems and
aqueous 1 % KH, PO, , systems of KIOs. In each case, the measurement was repeated three
times, and the accuracy of the sound velocity measurement was found to be within 0.5 m/s .
(Saxena, 2015) In the end, it all averages out.

Data Evaluation:

The data on density and ultrasonic velocity were used to calculate acoustical
parameters [45] viz., acoustic impedance (Z), adiabatic compressibility (B ), intermolecular
free length (Lf ), free volume (Vf ), Rao’s constant (R), Wada’s constant (W), and partial
molar volume (Vm) by the following equations: (Mohabansi, 2020)

1. Adiabatic compressibility (j3) :Elp Kgims?

u = velocity; p= Density of liquid
2. Specific Acoustic impedance (Z) =U x p Kgms®
3. Relative association (RA) = [ﬂ] [@]1’3
pol LU
Where p and p0 are the densities of solution and solvent respectively. U and U0
are the ultrasonic velocities of solution and solvent respectively.

4. Molar compressibility (W) :%

Where p =density, M=Molecular weight, B = adiabatic compressibility
5. Rao’s constant (R) = % [U] Y2

Where, M = Molecular Weight, p = density
6. Free volume (Vf) = [Meff. U Kn ]2 m3,
Where M eff= effective molecular weight,
K-temperature independent constant K = 4.28 x10° for all liquid) (Nori, 2019)
7. Intermolecular Free Length (Lf) =KT x VB
Where, Jacobson’s Constant, KT =(93.875 + 0.375 x T)
The apparent molar volumes @,, were obtained from the density results using the following
equation ( Hnedkovsky, Rasanen, Koukkari, & Hefter, 2020; Spitzer , Singh, & Olofsson.,
1978)
_ 1000(po—p) A M2
Dy = o o



Where My, C, p and p, are the molar mass of the K103, concentration (mol kg )and the
densities of the solution and the solvent, respectively.
The apparent molar volumes (@) were plotted against the square root of concentration (C*)
in accordance with the Masson’s equation ( Raundal, 2021; Roy, Dakua, & Sinha, 2007)

Gy = (Z)OV +Sy.C*
Where @, is the limiting apparent molar volume @9 and Sy a semi-empirical parameter
which depends on the nature of solute, solvent as well as temperature. When @yare plotted
against molality, the intercept onY axis and slope gives the values of the apparent molar
volume, @9 and Sv respectively.
The viscosity results were plotted in accordance with Jones-Dole equation (Jones, 1929;
Pandey , Misra, Shukla , & Mushran, 1987)

nr—1/C% = A + BC%

Where nr = (n/no) and n, no are viscosities of the solution and solvent respectively, C is the
molar concentration.
The B-coefficients were obtained from the linear plots using the least-square fitting method.
(Lomesh , Nathan, Bala , & Thakur, 2019) The A- coefficient reflects solute-solute
interaction (Falkenhagen & Dole, 1929) and the B-coefficient reflect the solute-solvent
interactions. Since in general, A/B <<1, the Jones —Dole equation reduces (Shakeel &
Mahmood, 2020) to,

nr= I+ BC,
The relative viscosity data of these solutions have also been fitted in Moulik equation (Tank
, Sharma, & Sharma, 2019),

nr2=M+ K C?
The density data of these solutions have also been fitted in Root’s equation (Harsh, Katal, &
Sharma, 2020) ,

(d-do)/C=R-SC”
Where R and S are constants.

Results and Discussion:

Density (p), viscosity(n ),ultrasonic velocity (u), acoustic impedance (Z), adiabatic
compressibility (B), intermolecular free length (Lf ), free volume (Vf), Rao’s constant (R),
Wada’s constant (W), partial molar volume (V®) and Relaxation time for the solution of
KIOz in 1 % KH2PO4 solvent systems and different temperatures are reported in table-1-4.
Fig 1, Fig 2 and Fig 3 show that the values of densities and viscosities and ultrasonic
velocities of KIOsz solutions under investigation increases with increase in concentration.
Similar observations were also made previously (Bhujbal, 2019; Khan, Farooqui, & Quadri,
2011) other solutions. At higher temperatures, the solution shows higher values of the
ultrasonic velocity. (Kharat, 2010)

The positive values of @, decrease with concentration in 1% KH, PO, , and pure
water solvent systems. The relative viscosities are found to increase with concentrations.

The apparent molar volumes at infinite dilution (@9 = V) and slopes Sy, calculated
using Masson equation (2) are given in table-5. The @) values of KIO3 under investigation
in 1% KH, PO, , and in pure water solvent systems are large and positive suggests presence



of strong solute-solvent interactions promotes structure making effect. (Lu, 2020) .It is clear
that the values of @, (m®.mol™) are positive and more or less similar in water and in salt
solutions at different temperatures. The slope Sy is negative for KlOs solution in 1%
KH, PO, , and in pure water. Since Sy is measure of solute-solute interactions (Rathi &
Nikumbh, 2019) These results indicate that there is presence of strong solute-solute
interactions. Sy values do not change systematically with change in temperature, and hence
it suggests that the solute-solute interactions are insensitive to change in temperature.
(Banipal, Arti, & Banipal, 2016). The acoustic impedance is the product of density and
ultrasonic velocity (Z).and dependent on both concentration and temperature. Z increases
gradually with increase in concentration and temperature. This reveals the structure making
action via strong hydrogen bonding. (Chauhan, 2016) Adiabatic compressibility (B) varies
inversely the molality of the solution, at all four studied temperature. (Ritesh R. Naik,
2015).This indicates the close packing of the molecules (Reena Roy, 2018). Values of
intermolecular free length (Lf) is the indicator of the interactions between the solute and
solvent due to association between the molecules through ionic interactions. With the
increase in the concentration, the decrease in the Lf values reflects the strong solute- solvent
interactions. The increases in the value of Vf with increase in the concentration may be due
to the dispersive forces of the component molecules. The increase in the Rao’s constant and
Wada’s constant values confirms that solute and solvents are associated in solution due to
dipole—dipole interaction. (Reddy, 2016)

Conclusions:

The physicochemical properties of K103 solutions in water and 1 % KHD solutions
at various temperatures are presented in this report in a systematic manner.

The density and viscosity parameters drop as the temperature increases. The reason
would be that an internal molecular force decreases and thermal energy increases. In these
systems, it has been observed that there are strong solute—solvent interactions. Positive @9
values indicate the presence of ion-solvent interactions. For K103z, the Moulik, Roots, and
Jones-Dole reduced equations are validated.

The higher densities of KIOs in 1 % KH2POg4 are due to the salts' relative salvation,
corresponding relative volumes of system, and molar mass .Densities may increase with
concentration due to the strengthening of solute-solvent interactions. (lwadate & Ohkubo,
2020).By using values of acoustical parameters of the solute over the entire concentration
range, it is interpreted that there is molecular interactions between solute and solvent.

Acknowledgement: | would like to sincerely acknowledge the guidance and help
provided by Dr. Arun B. Nikumbh for compilation of this research report.



Table 1: Molality (m), density (p), viscosity(n ),ultrasonic velocity (u), acoustic impedance (Z), adiabatic
compressibility (B), intermolecular free length (Lf), free volume (Vf ), Rao’s constant (R), Wada’s constant
(W), partial molar volume (V®) and Relaxation time for the solution of KIO3 in KH,PO4 at 298.15 K and

atmospheric pressure

Z %X B X
1075, 1010 Lfx | Vfx10° W X VO x Relaxat
m, p nx1073 u, kg m?N- | 10-1%, | md mol- 1013 10, ion
mol kg! kg/m? Ns m2 ms?t | m?2st 1 m 1 R m¥ INY" | m®molt | Time
0.03 | 1005.18 | 0.9289 | 15013 | 15001 | 4.437 | 4.332 | 1390.756 | 0.00181 | 1.2759 3.163 | 5.4990
0.06 | 1006.66 | 0.9349 | 15108 | 15229 | 4.362 | 4.296 | 1561.904 | 0.00195 | 1.3772 2.979 | 5.4378
0.09 | 1008.51 | 0.9417 | 15277 | 15407 | 4.271 | 4.251 | 1677.296 | 0.00204 | 1.4422 2.820 | 5.3628
0.12 | 1010.73 | 0.9497 | 15396 | 15561 | 4.197 | 4.214 | 1752.351 | 0.00211 | 1.4864 2.670 | 5.3141
0.15 | 1013.33 | 0.9592 | 15484 | 15690 | 4.139 | 4.184 | 1797.759 | 0.00215 | 1.5176 2.535 | 5.2934
0.18 | 1016.49 | 0.9699 | 15597 | 15854 | 4.067 | 4.148 | 1830.806 | 0.00218 1.541 2.425 | 5.2597
0.21 | 101845 | 09743 | 15713 | 16.003 | 3.996 | 4.111 | 1873.288 | 0.00221 1.5612 2.292 | 5.1907
Table 2: Molality (m), density (p), viscosity(n ),ultrasonic velocity (u), acoustic impedance (Z), adiabatic
compressibility (B), intermolecular free length (Lf ), free volume (Vf ), Rao’s constant (R), Wada’s constant
(W), partial molar volume (V®) and Relaxation time for the solution of KIO3 in KH,PO4 at 303.15 K and
atmospheric pressure.
7 x
10-5, B x Lf x W x VO x
m, kg | 10-10, 10- | VFx 106 10-13 10-6, | Relaxat
mol kg— p| nx10-3 u, m-2 m2 11, m3 m5/7/N | m3 mol- ion
1 kg/m3 Nsm-2 | ms-1 s—1 N-1 m mol-1 R 1/7 1 Time
0.03 | 1003.91 | 0.8461 | 15208 | 15267 | 4.307 | 4.307 | 1610.849 | 0.00182 1.283 2.880 | 4.859
0.06 | 100531 | 0.8516 | 15348 | 15429 | 4.223 | 4.265 | 1811.086 | 0.00196 1.386 2.759 | 4.795
0.09 | 1007.11 | 0.8586 | 15475 | 15585 | 4.146 | 4.226 | 1937.609 | 0.00206 1.450 2629 | 4.747
0.12 | 1009.25 | 0.8669 | 15586 | 15730 | 4.079 | 4.192 | 2018.936 | 0.00212 1.495 2532 | 4715
0.15 | 1011.76 | 0.8767 | 15714 | 15899 | 4.003 | 4.152 | 2074.958 | 0.00216 1.527 2446 | 4.679
0.18 | 1014.76 | 0.8879 | 15898 | 16.133 | 3.899 | 4.098 | 2121.895 | 0.00220 1.553 2380 | 4.616
0.21 | 1016.25 | 0.8924 | 15063 | 16.222 | 3.862 | 4.079 | 2158.602 | 0.00223 1.572 2.320 | 4.595




Table 3: Molality (m), density (p), viscosity(n ),ultrasonic velocity (u), acoustic impedance (Z), adiabatic
compressibility (B), intermolecular free length (Lf), free volume (Vf), Rao’s constant (R), Wada’s constant
(W), partial molar volume (V®) and Relaxation time for the solution of KIO3 in KH,PO4 at 308.15 K and
atmospheric pressure.

SZ, x10° on-lo, Lf x \1/\61(3 VO x Relaxat
m, p nx1023 |u, kg m2 | 10-1, | Vf x 108 m37IN | 10, ion
mol kg | kg/m® Ns m2 ms? m?s?t | N? m m*mol? | R i m3mol* | Time
0.03 | 1002.64 | 0.7672 1534.6 | 15.387 | 4.235 | 4.30 | 1865.751 | 0.00183 | 1.288 2.642 | 4.332
0.06 | 100401 | 0.7742 1555.3 | 15.615 | 4.118 | 4.250 | 2102.814 | 0.00197 | 1.392 2.547 | 4.250
0.09 | 1005.72 | 0.7824 1568.9 | 15.779 | 4.040 | 4.209 | 2243.369 | 0.00207 | 1.458 2479 | 4214
0.12 | 1007.75 | 0.7924 1581.6 | 15.939 | 3.967 | 4.171 | 2329.952 | 0.00213 | 1.503 2413 | 4.191
0.15 | 1010.18 | 0.8042 1596.5 | 16.128 | 3.884 | 4.127 | 2386.204 | 0.00218 | 1.536 2.359 | 4.164
0.8 | 101293 | 08177 1610.8 | 16.316 | 3.805 | 4.085 | 2415.863 | 0.00222 | 1.561 2.298 | 4.148
0.21 | 101425 | 0.8224 1625.8 | 16.490 | 3.730 | 4.045 | 2474.348 | 0.00225 | 1.583 2.250 | 4.090
Table 4: Molality (m), density (p), viscosity(n ),ultrasonic velocity (u), acoustic impedance (Z), adiabatic
compressibility (), intermolecular free length (Lf ), free volume (VT ), Rao’s constant (R), Wada’s constant
(W), partial molar volume (V®) and Relaxation time for the solution of KIO3 in KH,PO4 at 313.15 K and
atmospheric pressure.
7 %
105, | Bx
kg 1010 Lf x W x VO x Relaxat
m, P nx10% |u, m?2s | m?N- | 10-1%, | Vfx 108 1018 1075, ion
mol kg?* | kg/m?® Ns m2 mst |! ! m m*mol? | R m>’ N Y | m®mol? | Time
0.03 | 1000.99 | 0.6834 | 1558.1 | 15.596 | 4.115 | 4.289 | 2238.271 | 0.00184 1.295 2.442 | 3.750
0.06 | 100238 | 0.6902 | 15744 | 15.781 | 4.025 | 4.242 | 2508.292 | 0.00199 1.399 2.347 | 3.704
0.09 | 1004.07 | 07011 | 15019 | 15984 | 3.930 | 4.191 | 2664.792 | 0.00208 1.466 2.267 | 3.674
0.12 | 1006.15 | 0.7128 | 1610.6 | 16.205 | 3.831 | 4.139 | 2766.668 | 0.00215 1.513 2193 | 3.641
0.15 | 100855 | 0.7263 | 16235 | 16.374 | 3.762 | 4.101 | 2810.691 | 0.00220 1.546 2.113 | 3.643
0.18 | 1011.01 | 0.7419 | 16424 | 16.605 | 3.667 | 4.049 | 2837.329 | 0.00223 1.573 2.056 | 3.627
0.21 | 101465 | 0.7624 | 1665.6 | 16.900 | 3.553 | 3.985 | 2833.837 | 0.00226 1.594 2.000 | 3.611




Table 5: Masson( @9, Sy, ) Moulik( M,K) Jone-Dole (A,B,) Roots(R,S) parameters of of KIO3 in 1% KH2PO4
at different temperatures.

Masson Moulik Roots ‘g’
Constant -
Jone-Dole  Parameters Parameters Parameter values
Temperature 5
K Q)V Sv, A B/
K M R S B
(dm®2mol”?) | (dmé.mol™
298.15K 213.4 -12.8 0.28 0.54 7127 | 1.08 | 074 | -2.36 15
303.15K 213.7 | -12.64 0.3 0.47 8091 | 107 | 073 | -2.31 1.7
308.15K 2141 | -1312 0.28 1.14 1088 | 1.08 | 073 | -2.21 2.27
313.15K 2149 | -12.20 0.29 1.16 1427 | 1.07 | 059 | -2.36 2.96
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Abstract: The compound la-c was reacted with bromine in DMF to obtained dibromo succinimide 2a-c. The compound 2a-c were
reacted with N,N-dimethyl amine as a base followed by dehydrohalogenation to obtain 3-bromo-1-(4-chlorophenyl)-1H-pyrrole-
2,5-dione 3a-c as an intermediate compound, further on Vilsmeier Haack formylation afforded compound 4a-c with good yields.
The condensation of 1-(4-halophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrol-3-carbaldehyde 4a-c  with
thiocarbohydrazide hydrochloride in ethanol in presence of acetic acid furnished compound 5a-c with 78 % vyield. All the
synthesized compounds were well characterised by spectral and analytical techniques. The synthesised compounds were evaluated
for their insecticidal activity.

Keywords: Dibromosccinimide, N,N-dimethylamine, Vilsmeier Haack formylation, thiocarbohydrazide

l. INTRODUCTION

Maleimide and its derivatives are synthesized from maleic anhydride and amines followed by dehydration [1]. Maleimides are an
important class of substrates for biological and chemical applications. In biological applications they are used as chemical probes
of protein structure [2], as immunoconjugates for cancer therapy [3] or as new herbicides and pesticides [4]. Cyclic imide [5, 6]
shows potent analgesic action. Kalgutkar et al. [7] have demonstrated that some N-substituted maleinimides inhibit the prostaglandin
endoperoxide synthase (PGHS). Frederic Zentz et. al [8] reported the in vitro antibacterial and cytotoxic activities of 3-substituted
succinimides. Maleimides shows a wide range of biological activities such as antibacterial and antifungal [9], antiprotozoal [10],
antiangiogenic [11], analgesic [12], antistress agents [13], cytotoxic, DNA binding and apoptotic inducing activity [14].
Thiocarbohydrazone [15] is the closest structural analogue of thiosemicarbazone. Thiocarbohydrazide is the
hydrazide derivatives of thiocarbonic acid. Thiocarbohydrazide is seen to be the final member of the structural
sequence thiourea, thiosemicarbazide [16], thiocarbohydrazide [17], and to have close links with thiocarbamic [18] and
thiocarbazic acids [19] Thiocarbohydrazide derivatives have attracted much attention in recent years due to their application in the
synthesis of heterocyclic compounds [20], synthesis of transition metal complexes [21], and pharmacological studies [22]. Such
moiety shows biological activities like antibacterial, antifungal, cytotoxicity, anti-inflammatory, analgesic, antitubercular and
antiviral activities. [23]. The derivatives of which are recommended as effective antitubercular antiviral properties.
Thiocarbohydrazides of the aromatic series exhibits high antiviral and antimicrobial activity [24].

OH HO
S Cl
s
NP CL AP
N N H/ T \H NH
0 0

23] [24] S
Antiviral activity Antimicrobial activity
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Il MATERIALS AND METHODS:

Melting points were determined on a Gallenkamp melting point apparatus, Mod.MFB-595 in open capillary tube and are
uncorrected. FT-IR spectra were recorded on Schimadzu FTIR-408 instrument in KBr pellets. *H and *3C spectra were recorded on
Varian XL 500 spectrometer (500MHz) in CDCI3and DMSO. Chemical shifts are reported in ppm with respect to tetra methyl
silane as an internal standard. Elemental analyses were carried out on Hosli CH analyzer and are within + 0.4 of theoretical
percentages. The progress of the reaction was monitored by thin layer chromatography (TLC, 0.2 mm silica gel 60 F254, Merck
plates) and visualized using UV light (254 and 366 nm) for detection. All commercial grade chemicals were purchased from S.D.
Fine Chemicals, India and used without further purification while solvents were purified by standard literature procedures.

111 RESULTS AND DISCUSSION:

The compound la-c were reacted with bromine in DMF at 25-27 °C for 1- 3 hrs. to obtained trans 3,4-dibromo-1-(4-halophenyl)-
1H-pyrrole-2,5-diones 2a-c. The compound was reacted with N,N-dimethyl amine as a base followed dehydrohalogenation afforded
1-(4-halophenyl)-3-(dimethylamino)-1H-pyrrole-2,5-dione 3a-c.Installation of an amino functionality at C-3 position in 3a-c
should increase nucleophilicity at C-4 position. The compound 1-(4-halophenyl)-3-(dimethylamino)-1H-pyrrole-2,5-dione 3a-c on
Vilsmeir Haack Formylation with bromine in DMF at 0°C for 30 min. to furnished compound 1-(4-halophenyl)-4-(dimethylamino)-
2,5-dihydro-2,5-dioxo-1H-pyrrole-3-carbaldehydes 4a-c with good yield. (Scheme-1).

Further condensation of 1-(4-halophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-carbaldehydes 4a-c with
thiocarbanohydrazide hydrochloride in ethanol in presence of acetic acid at 50°C furnished orange coloured solid compound (1E)-
1-((1-(4-halophenyl)-4-(dimethylamino)-2,5dihydro-2,5-dioxo-1H-pyrrole-3-yl)methylene)thiocarbohydrazide 5a-c with 78 %
yield. [25] All the synthesized compounds were well characterized by spectral and analytical techniques. (Scheme 2)
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Scheme 1: Synthesis of substituted 2,5- dihydro 2,5-dioxo-1H-pyrrole-3-carbaldehydes, 4a-c
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Scheme 2: Substituted 2,5dihydro-2,5-dioxo-1H-pyrrole-3-yl)methylene)thiocarbohydrazide, 5a-c

The IR spectra of 4a showed the characteristics conjugated aldehyde carbonyl stretching frequency at 1708-1711 cm-1, (C-Cl)
stretching at 1619-1630 cm™* and (H-C=0) at 2782- 2795 cm-1. The 1H NMR spectrum (CDClIs) of this solid showed broad singlet
at 3.83 § for six protons of two methyl group. The multiples appeared at 7.25-7.60 & corresponded to four aromatic proton of
benzene ring and a broad singlet at 9.73 & corresponding to a proton of H-C=0 group. *C NMR spectrum (CDClIs) of this solid
showed singlet at 41.7 and 51.9 & corresponded to the carbon of two methyl group. The aromatic carbon appears at their respective
position. The signal appeared at 165.68 and 169.80 6 corresponded to two carbonyl carbon of amide group. The signal appeared at
183.30 & corresponded to carbonyl carbon of aldehyde.

The compound 5a obtained was characterized by spectral and analytical data. The orange solid showed sharp bands at 1758, 1697,
3393, 3385, 1613 & 1278 cm* corresponding to C=0, C=0, N-H, N-H, C=N and C=S respectively in its IR spectrum. The *H NMR
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spectrum (DMSO-dg) of this solid showed broad singlet at 3.68 6 for six protons of two methyl group. The broad singlet appeared
at 3.45 § corresponded to two protons of —NH> group. The singlet at 7.18 & for one proton of N=C-H group and singlet appeared at
8.20 6 corresponded to two proton of —NH> group. The doublet appeared at 7.41 6 and 7.60 6 corresponded to four aromatic proton
of benzene ring and a broad singlet at 11.55 & and 11.23 § corresponding to a proton of two N-H group. The 3C NMR spectrum
(DMSO-ds) of this solid showed signal at 44.80 and 53.7 & corresponded to the carbon of two methyl group. The aromatic carbon
appears at their respective position. The signal appeared at 163.28 and 169.55 & corresponded to two carbonyl carbon of amide
group. The peak appears at 178.25 & corresponded to carbonyl carbon of thiocarbamide.

IV EXPERIMENTAL.:

General procedure for synthesis of 4a-c:

1-(4-halophenyl)-1H-pyrrole-2,5-dione 1a-c (0.01 mol) in DMF (8mL) was vigorously stirred at room temp. The mixture of
bromine (0.011mol) in DMF was added drop wise at 25 °C and stirred for 1-3 hrs. with constant stirring, white solid separated was
then filtered, washed with cold water, dried and recrystalised using ethanol to obtain compound 2a-c. [25]

To a solution of trans-3,4-dibromo-1-(4-halophenyl)pyrrolidine-2,5-dione 2a-c (0.01mol) in DMF (10 mL), N,N-dimethylamine
(0.03 mol) was added drop wise at 10 °C and stirred for 30 min. The reaction mixture was poured over crushed ice. The golden
yellow solid separated was filtered and recrystalized from ethanol to obtained compound 3a-c respectively.[26]

Vilsmeier Haack adduct prepared from DMF (0.012 mol) and POCI; (0.05 mol) at 0°C was added to a solution of 3a-c (0.01 mol)
in 2ml DMF, reaction mixture was then stirred at 0-5°C for 30 min. The reaction mixture was poured into cold water. The yellow
product separated on neutralization with aqueous NaHCOj3 solution was filtered, washed with cold water, dried and purified by
column chromatography, to obtained compound 4a-c respectively.[27]

Synthesis of 1-(4-chlorophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-carbaldehydes, 4a

M.P. (°C):187-189, Yield (%):83, Color: Yellow solid; IR(KBr)( v): 2795, 2782, 1711, 1708, 1630, 1619 cm™*;*H NMR (CDCls)
8:3.83(S,6H,2 xCH3 ), 7.25- 7.60(m,4H,Ar-H),9.73(S, 1H, CHO),**C NMR (CDCls) 8:41.70, 51.90, 57.77, 97.18, 127.71(2C,S),
129.23(2C,S), 133.91, 148.06, 165.68, 169.80,183.30, MS(m/z,%); 294 [M+] and 296 [M+2]; Analysis Calculated for
C13H11CIN20,S Calcd: C(56.45),H(3.97),N (10.26),Found: C(55.64), H(4.51),N(11.68).

Synthesis of 1-(4-bromophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-carbaldehydes, 4b

M.P. (°C):194-196, Yield (%): 81, Color: Yellow solid; IR(KBr)( v):2888, 2790, 1785, 1737, 1675 cm™;'H NMR (CDCl3) 6:3.71(
S, 6H, 2 x CH3 ),7.25- 7.55(m, 4H, Ar-H), 9.83(S, 1H, CHO),**C NMR (CDCl3) &: 45.60, 50.10, 57.78, 97.66, 126.90(2C,S)
129.43(2C,S) 133.70, 148.60, 163.85,169.88, 185.10,MS (m/z,%); 339 [M+] and 341 [M+2]; Analysis Calculated for
C13H11BrN20-S; Calcd: C(48.32), H(3.43), N (8.67), Found: C(48.08), H(3.63), N(8.86).

Synthesis of 1-(4-flurophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-carbaldehydes, 4c¢

M.P. (°C):176-178, Yield (%): 84, Colour: Yellow solid; IR (KBr) ( v):2878, 2780, 1780, 1727, 1673 cm?, 'H NMR
(CDCl3)5:3.73(S,6H,2 x CH3 ),7.20- 7.50(m,4H,Ar-H), 9.81(S, 1H,CHO),"*CNMR(CDCls) & 42.60, 48.70, 58.73, 98.16, 126.70
(2C,S), 129.63 (2C,S), 133.90, 148.20, 163.45, 169.58, 182.10, MS (m/z,%): 277 [M+] and 279 [M+2]; Analysis Calculated for
C13H11FN,O,S Calcd: C(47.37),H(3.51),N (8.61),Found: C(49.08), H(3.65),N(8.89).

General procedure for synthesis of (5a-c)

The compound 4a-c (0.01mol) in ethanol (10ml), catalytic amount of acetic acid was added. The reaction mixture was stirred for
20 min. till we get clear solution. To this mixture thiocarbohydrazide hydrochloride solution (0.01mol) was added while stirring.
The temperature of reaction mixture was maintained at 50 °C for 20 min. The orange solid separate out; the solid separated was
collected and then filtered to afford compounds 5a-c respectively.[28]

Synthesis of 1-((1-(4-chlorophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-yl) methylene)thiocarbohydrazide,
5a

M.P. (°C):188-189, Yield (%):76, Colour: Orange solid; IR(KBr)(v): 1755, 1699, 3391, 3388, 1618, 1276 cm™;*H NMR
(500MHz,DMS0-ds) 5:3.68( S,6H,2 x CH3 ),7.18(S,1H,=C-H),7.41-7.60(dd,4H,Ar-H), 8.20(S,2H,NH2), 3.45(bs,1H,N-H),
3.41(bs,1H,N-H) ppm; 3C NMR (125 MHz,DMSO-ds) 5:44.80, 53.70, 97.83,127.75(2C,S) 129.53(2C,S), 129.76,
133.96,148.26,163.28, 169.55, 178.25 ppm MS(m/z,%); 366[M+] and 368[M+2], Analysis Calculated for C14H15CINgO,S Calcd:
C(50.08),H(4.20),N (20.86),Found: C(49.86), H(4.43),N(21.03)

Synthesis of 1-((1-(4-bromophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-yl) methylene)thiocarbohydrazide,
5b

M.P. (°C):202-204, Yield (%): 74, Color: Orange solid; IR (KBr) (v): 1763,1695 ,3389, 3392, 1644, 1278 cm™; H NMR
(500MHz,DMSO-ds) 8:3.78( S, 6H,2 x CH3 ), 7.18 (S, 1H,=C-H),7.40-7.55(dd, 4H, Ar-H), 8.28(S, 2H, NH2), 11.53 (bs,1H,N-
H)ppm, 11.50 (bs,1H,N-H)ppm *C NMR (125 MHz,DMSO-dg) §:47.65, 56.09, 97.56, 127.46(2C,S) 129.66(2C,S), 129.68, 133.91,
148.36, 163.56, 169.57, 182.82 ppm MS(m/z,%); 411[M+] and 413[M+2], Analysis Calculated for Ci4H1sBrN¢O.S Calcd:
C(50.58), H(4.34), N (22.82), Found: C(48.88), H(4.46),N(21.66)

Synthesis of 1-((1-(4-fluorophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-yl) methylene)thiocarbohydrazide,
5c

M.P. (°C):180-182,Yield (%): 78, Colour: Orange solid; IR (KBr) (v): 1755, 1688, 3378, 3383, 1635, 1288 cm™; *H NMR
(500MHz,DMSO-ds) 5: 3.81( S,6H,2 x CH3 ),7.23(S, 1H,=C-H), 7.36-7.53(dd, 4H, Ar-H), 8.25(S, 2H, NH2), 11.21 (bs, 1H, N-H)
ppm, 11.36(bs, 1H, N-H) ppm; 13C NMR (125 MHz,DMSO-ds) §:46.56, 51.09, 97.85, 127.71(2C,S), 129.23(2C,S), 129.63, 133.91,
148.06, 163.58, 169.51, 182.12 ppm MS(m/z,%); 349[M+] and 351[M+2]; Analysis Calculated for Ci4sHisFNgO,S Calcd:
C(50.08),H(4.20),N (20.86),Found: C(49.86), H(4.43),N(21.03)
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V CONCLUSION:

Herein we synthesized novel thiocarbohydrazone derivatives of disubstituted N,N-dimethyl maleimides with 78 % yield. The main
advantage of our protocol are clean, easy operational and simplicity of reaction. Here we describe the synthesis of
thiocarbohydrazide derivatives of 1-(4-halophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-carbaldehydes 4a-c
by nucleophilic condensation of 1-(4-halophenyl)-3-(dimethylamino)-1H-pyrrole-2,5-dione 3a-c by Vilsmeier Haack Formylation.
The compound 1-(4-halophenyl)-4-(dimethylamino)-2,5-dihydro-2,5-dioxo-1H-pyrrole-3-carbaldehydes 4a-c were further reacting
with thiocarbohydrazide hydrochloride to obtained thiocarbohydrazones (1E)-1-((1-(4-halophenyl)-4-(dimethylamino)-2,5dihydro-
2,5-dioxo-1H-pyrrole-3-yl)methylene)thiocarbohydrazide 5a-c with good yield. All the synthesized compounds were well
characterized by spectral and analytical techniques and are new addition to the family of heterocyclic compounds.
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ZATH dadel gTHTord Rocday, ATy, EHaE=aT qadt  ATdra g =0
AT I SfagrTa gral. SAgmTa AT TSI T H9Y AeTAT AT Ag<d gid SragEmd
ATHTT 949 g S Hg<dld ATg ATHT ad9 AT=AT SATaF o Tehia? F qATaoay
AT T AFATA=AT TRIAEL A<hi= qaqa Aior [Horg Jferam saeage & U
FST AT Gt aaq FaT faaara oiadr Haior &A=t Jad 9 ageradarar
o= Sfa® T smifas wJenmdia gfraa amroe sfag™ T giesids siae™ oS
HUATHTST TATALOTETEl G STEUTAT YT TGl ®¢ ATAT II@0Md gaid T3,
AT s3or T gEamEmET e qEET S, S5, WU ST Tad i
Hred.

AT STtae o ST ST A0TTeAviT Saerd STed ATAT A¥ATH STAGTETd helT STTaT 79T
o= =R [ET A A T gt T, gHSene [ Aaere a1 et
AU AT Hael SAEATHAT STl THA (FadT qTETaT F STAgTETaT e dael Sfagraane
AT AN, TAHRTATT HIFAT STEaAT=T qrAToe Tqeae=r a Faem=r awme g5
s geFETE SgmER STy AR, J9d g1 [ae=r afasrsg geF g =
s Remide 99 oes qveue GagT=aT Feqgq= T a7 Ag. THA AT ghd 045
HET ‘THIATS IT TeRTHT SATEAT FLATAT ST ‘SIS S TS AT TAT=AT Hadqid 2
FAd AT TS ST MEaE Stad §9ui=aT Iihddia 99 gafad qehi=ar
T HELTHT ST¥ITH F2US qieedy 2.

[MER=T START A4l SOETsr Aa AqTar FedEd wamr T aar
SRR ST fa® ANRIHT qifsd a deTeea (adweurd Hew=r fawht araqe
e Sqa T gied Ia1a<yT iU gid ITHe aqeqdt TedT STUAi=ar STt € gramT
oA a7 TR AT SHa df S§ETd VAT effeh fHATor SA7er 3.

9 & RTeY ATHAT e FHA T FAHNEHT FAFHT TATFLOMTAT GThT IHFT ‘T qele
BT g TFas q9TaY0 Aol YT I AT STar. Heidie aaar=r afomy qr=et
ST Tgdia grar SETEUTy HIFaT a&dE1dt SRIT, AT T el AT AT Fcf (s =T
TIAAT . ATLAT STEATHRIAT Uldgriersh QIeAT=AT SeTe [Iad THRE aeqdi= e
JTerel. UAT=AT S FHiclsl, TIAcd AN AN s, [raaems ST=id J19d Siad 9
TEhRTATT G TRIEAAT JT=AT TLEITas [ AUFTaT THTT TR0 ITI<h 33 1. |4,
T STAETH AT Hlgl T STAL AE6H EAFTL ATISATd.3al. [#7e Feha =T oiq arfor
AEEAd] qLET B8 AT AT 3L AHRE ROl eeel STarq (&g Jehd=a1 grar=r
TN FRTATAT AH T FHTCOT QTEAT T AL, UA. LT TTHT dled da< e I Bl 1 J9mq
ZhH AT AT d. THe TE=AT AT HIgAsiael MY T AT A9 g7 T2 ATqqer qed qob
RO 2.9, TA (AT ageedta AT Jard 9ol qeEddt qat IS, 99 d 39al 99
@ AT FgEad o T 91d 98 AN, ATS gl &0 qF ATl gadd T+ JaTe,
STAAIE SATAHS ST SaATd dad AT,

Ufdgras dAlfecd, dfed Alfgcd, RIS, AT sdid Iol Siad o J14l

STHEATa AT FTaa Iodd MESATT ATaST TH R T R =T 2T IaT.
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THEq ATAT StaAresar Ferr=T of9 e @9y 391 aeoar qafte affRedr =37
AT STEATa SO TIROMTH AT [HEeT=T gTHT q19ar S(tad faehesia wearT
T I, e A 9989 9 AT gg<d ATl G ATAST d9E G467 I
FeaT feaara T SiRea= Tads aiard agioen It gf Seeear et T
TATAT=AT FE=T=T AT =T qisaT e,

ST UTAg T ATaaT=aT e Feradr Icaeiid are ST a%q aTeq =T TH1E9r grar ot
UTAgTe aregd SIIuaT=l  Sagqr=l TSl g, FI0 AT a6 aTeq G896 i T
graT fGga Iama. JETeq G 79 F QIS g [HEiT F#i /g o4,
AEHTE FEATAT STHT A HILUT g T8 TTHAT S{Tae STo0Sia (M= L0 F ae
FIOT T IOF Heg<aTaT Ag, FBUA TTASHE Uregravde e fFE a1 Aram Madenrfors
ST FA1F F TeX Hled AT GIET el 2. ARAdal TH95 Tal 9@ SIdgase a1
grewET feraTor weaET fige J4ara.

TATALUTHE =T FaATAT (AT FLAT TATHE gl Hg<dl™ Jadrd. TATaCoT=a1

SHITHTT 2T, j(l\ﬂhqudl(%l, AHIARITE, HI‘I(I(aﬂlﬂ, af&am d Qd<a ATESHT SUAN

gl TEa g™ A TS aearaiay ARds qaeia? gomal aaaial

Ta=ITe AT STTa.

TR TTAe a@dTd <@id VTSI JATE0iT Jadr=T siagr™ offgdl S,
AT, IaT. HRTETE TRITdges qaaeoT Ji=aT AT @@ TSTH1 SATorel HiHd.
TEET TSTIT=AT M= ToRaT 19 et aUigat G AT, IT Tiohdd Hrad SEAfFIse
FATATALITT FAHBAT AT ATAAT ATRLATS Te@d TSTT [RATT AT, FTIA-STT-3NFATES
=t a1 AIST THTOTT ATATHS AT AT GIIhed =41 I AT aihed i 72

ZATATETT F TATALUNT T&A A AT, TH ATegAT@TAT el STfeqeara steeret qrofisiia o
FATTAT T HATAT , FTAASTT AT S AT ATEAHT THTUTHSS ATTHTATT ATE SATAT.

AETE AT T TARIAT AFAT ST Tgureia S(dgIe =T TEIL THATATAT ST
FLATET, AT SHAAT TR T AqRR e S IIAAT SIOTAT THIHS STITTHEY

ATHSTAT o FATLAT T FATLAT.

1.1+ 7Tt 7+t Man and Nature in Mughal India a1 ma s| i afEedi=
HETA FHTBTT ST TGl AT AT F SATIR HagRA dadd eaed &9 ol 3. IT
HIIT T ISELU U MAdhiedT=AT Asiieh=d] SaTd deh-Ar=ar qrerq Heumr
Bezoar ATATAT HIeAATH @ET. AT THAHT dTGAT STATT TIATAT hed ¥ af Heod
Tegdl.

e Q=T AT SadTd /IO g99 G0 AEEY SToiHTETET. e grar
ATATEl AT TATENT STAZTH A@HTd HaT AT.ATHIT FTSTA TLT=AT ATRTHTAEA
ATgcATasd T GATHETET T a&dT =T &l 9T Algdl (Hod ATFar Te=aT v rasd
AT TIATAL ATHAT .

e

T AT YT @Il Hewy Hedr Adid.
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Abstract:

The present paper is an attempt to evaluate malnutrition among children in tribal areas.
For this purpose, 210 tribal children from the 0-5 age group have been selected from villages in
Nashik District. The authors use data from the Primary Survey 2022 to present age-specific
patterns of child mortality among the tribal population. The analysis shows four clear findings.
First, a disproportionately high number of child deaths are concentrated among the tribal
population, especially in the 0-5 age group and in those tehsils where there is a high concentration
of the tribal population. Second, the gap in mortality between tribal children and the rest really
appears after the age of one. In fact, before the age of one, tribal children faced more or less
similar odds of dying as other children. However, these odds will significantly reverse later. This
calls for a shift in attention from infant mortality or in general under-five mortality to factors that
cause a wedge between tribal children and the rest between the ages of one and five. Third, the
analysis goes contrary to the conventional narrative of poverty being the primary factor driving
differences in mortality outcomes. Fourth, poverty and malnutrition exacerbate the risk of infants
and children contracting various infection diseases like diarrhea and pneumonia, and heighten the
probability of death, particularly among children with low birth weight. There is a close
relationship between malnutrition and child death. In Nashik district, 24 percent of children die
per 1000 live births before five years of age.
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Introduction:

The aim of this paper is to examine
the extent of malnutrition among tribal
children in Nashik district. Thirty years ago,
the world made a commitment to protect and
fulfil children’s rights as enshrined in the
Convention on the Rights of the Child.
Among the most fundamental of these rights
is the right of every child to survive (United

Nations, 1989). While substantial progress in
child survival has been made since then, the
failure to fully meet that commitment
reverberates today for millions of children: In
2018 alone, 5.3 million children died before
reaching their fifth birthday. Globally, out of
the total children aged under-five years,
almost 165 million were stunted (height for
age) and 52 million were wasted (weight for
height). The prevalence of underweight has
decreased from 26.5 percent to 17.6 percent
in 1990-2015 (De Onis M, 2004). The United
Nations International Children's Emergency
Fund (UNICEF) world-level estimates for
wasting were 7.5 percent. Malnutrition is a
major cause of child mortality and is widely
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recognized as a public health problem in
developing countries including India. India
has a very high burden of childhood stunting
as 61 million (37 percent) of the 165 million
stunted children aged under five years
globally are Indian children (De Onis M,
(2012). Approximately 43 percent of children
are underweight (weight for age); one, out of
every five children is wasted, and almost half
of the children are stunted. Under the
Millennium Development Goal -1 (MDG-1),
one of the key indicators was to reduce the
proportion of malnourished children through
the reduction in poverty and hunger and to
halve the prevalence of underweight children
by 2015. Goal 2 of Sustainable Development
Goals (SDGs) aims to end hunger and all
forms of malnutrition by 2030. Nearly,
almost half of all deaths in children of age
under 5 are attributable to under nutrition,
resulting in an unnecessary loss of around 3
million young lives worldwide every year
(UNICEF, 2018).

Various factors are responsible for
malnutrition;  different  authors  have
addressed the issues of Malnutrition of
Children. Found that the proportions of
children having low birth weight are at
higher risk among women who are not
educated. Nutrition status has been found to
be positively associated with infant feeding
practices. It is found that children who take
exclusive breastfeeding have fewer chances of
malnutrition (Rathaur VK, 2018). The
optimal use of nutritious food feeding is
healthy for child growth and development
(Chaudhary SR, 2018). Infectious diseases
like diarrhea, pneumonia, and measles
increase the risk of mortality among those
children who are stunted, underweight and
wasted children (Black RE, 2013). Practices
of personal hygiene and sanitation are
fundamental to avoid stunting among
children and are useful for the growth and
development of children (Rah, 2015). The
prevalence of malnutrition was found to be
high among the tribal population due to their
poor condition. Parents working in
agriculture, and non-agricultural areas
similarly who are below the poverty line and
having Antyodya card and no schooling these
are factors that lead to high malnutrition
among the children (Kamath SM, 2017).
Evidence suggests that the level of stunted
children has declined from 52 percent in
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1992-93 to 38 percent by 2015-16 but the
prevalence of wasted had increased from 17
percent to 28 percent during this period, as
reported in National Family Health Survey
(NFHS 4). Moreover, in 2016, India
accounted for 62 million stunted children, 40
percent of the global share of stunting in
Maharashtra (UNICEF, 2018).

Over the last few years report of
death of tribal children due to malnutrition
has been pouring in the Maharashtra state.
This has become a recurring phenomenon
despite the governmental and NGOs effort to
eradicate the problem. For instance, deaths
of tribal children in Melghat, Dharni block of
Amravati district, the tribal areas of
Chandrapur, Yavatmal, Thane, Amravati,
Nashik and Gadchiroli in recent years have
created a cause of concern (Sonowal C.d,
2010).

While considering the above aspects,
we decided to conduct a study on the
prevalence of malnutrition in different tribal
tehsils of Nashik district and what socio-
demographic and economic factors are
responsible for it. The current study also
aims to explain the factors contributing to
child malnutrition in the study area. The
contributing factors that clarify this
childhood malnutrition are most glaring in
comparative and nationally representative
ways and may support policymakers in their
endeavours to diminish it. Very few studies
have emphasized the mounting childhood
under nutrition in different countries
including India. To our knowledge, there
exists no available literature explaining the
child malnutrition in Nashik district.

Study Area:

Nashik district is a tribal dominated
district in Maharashtra state. It is one of the
growing districts despite uneven topography
and dynamic nature. It is located in the
north-west of Maharashtra state. The study
region extends from 199 33 to 200 52" North
latitudes and 73° 16 to 74° 56 East
longitudes (Fig. No.1). The study region
spreads over 15530 square kilometres, and
ranks fifth in Maharashtra state, accounting
for 5.04 percent area. The population of
Nashik district is 6,107,187 as per Census
2011. Nashik is the 4th most populous district
out of the total 35 districts in Maharashtra
and it 1s the 11th most populous district in
India.
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Fig. 1:

Objective of the Study:

The present study aims to assess the
health status of tribal children in tribal
communities. Therefore, following objectives
have been considered for this study.

1. To assess child malnutrition status of
target population.
Data Sources and Methodology:

On the basis of information on
occurrence of malnutrition cases among the
tribal children, seven tribal tehsils, namely
Igatpuri, Trimbakeshwar, Peth, Surgana,
Dindori, Kalwan and Baglan of Nashik
district were selected for the study.

Out of seven tehsils, the tribal
villages, where the tribal population is 100
percent, have been taken into consideration.
Twenty-one tribal villages were chosen for
sample collection. For the study, various
villages in tehsils such as hills, plains,
Riverside, roadside, forest, and so on are
chosen. Villages with households with
children from O to 5 years of age were
preferred for the study of malnutrition. 210
children were assessed for this study. A
personal meeting and interview method were
also adopted for getting socio-economic
information from the head of the family.

From each of these selected villages,
ten families were selected for in-depth
studies. The criteria for selecting such
families were based on the presence of less
than 5 years old children and expectant
mothers and also the presence of
malnourished children as revealed by the

Location of Toibal Tahsil

-
-

.Study Area '

local Anganwadi workers’ records. It is worth
mentioning that the level of malnourishment
was based on Anganwadi workers’ data.
Some of those data were cross-examined and
were found to be similar to our assessment.
Therefore, extensive measurements were not
carried out. The prevalence of
malnourishment was universally accepted.
Consequently, the influencing factors were
studied in detail to get a conclusion on the
issue.

The selected households were
surveyed using random sampling survey
method schedules. The schedules included
space for demographic data like age, sex,
education, occupation, seasonal migration,
age at marriage, land holding pattern etc.
Anthropometric indices like weight for age
and weight for heights, etc. were considered
for determination of stages and status of
malnutrition among the children. Based on
preliminary data collected with the help of
household survey schedules, some families
were selected for intensive case studies and
interviews. Observations based on certain
criteria were carried out to gain insight into
the problems defined for the study.

Height and weight measurements
were recorded following the standard
techniques. The weight was measured using
Salter’s scale with light clothing and without
shoes. Zero error was checked and adjusted
before measurements. The height of the child
was recorded with the help of non-stretchable
measuring tape. The new WHO Child
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Growth Standards for children under 5 years
(2006) were used as reference for median.
Nutritional status of children were assessed
according to weight for age, height for age,
weight for height and BMI for age and sex by
Standard Deviation classification
recommended by WHO. Children below -2 SD
of the reference median on any of these
indices were considered as undernourished
and termed as underweight, stunted and
wasted respectively. Children below -3 SD
were considered to be severely
undernourished. All the children whose
weights were more than 85ttt percentiles
(BMI) for the age and sex were considered as
overweight and more than 95t percentiles
(BMI) for the age and sex were considered
obese.

The Z - Score Method has been
applied to find out tribal child malnutrition
status among scheduled tribes in the study
area.

To calculate the tribal child
malnutrition status, the Z-score values of
different parameters (as per the WHO
guidelines) have been computed using the
following formula. Score value of the
parameter X for the ith tahsil =

Xi—X

2= Srpx

X10

Whereas;
Xi =X parameter of itk tahsil
X = Mean value of X tahsils
STD= Standard Dewviation of X
Parameter

The z-score (more commonly referred
to as a standard score) is a very useful
statistic because it; Allows us to calculate the
probability of a score occurring within our
normal distribution, Enables us to compare
two scores that are from different normal
distributions and Z-scores are a way to
compare results from a test to a ‘normal
population. Results from tests or surveys
have thousands of possible results and units.
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However, those results can often seem
meaningless (Deviant, 2010).
Results:

Table No. 1 and Fig. No. 2, 3 and 4
shows the malnutrition status among the
tribal children in study region of Nashik
district. As shown in Table No.1 and Fig.
No.2, 60 children (28.5 percent) children lie
in Moderate Acute Malnutrition grade
(severely underweight)(-2SD). In the study
region MAM tribal children are found in the
Kalwan and Dindori tehsils. This Moderate
Acute Malnutrition 1s known as MAM.
Children in this group are more vulnerable to
1llness and have increase threat of death or
they could move to next severe acute
malnutrition (SAM) where risk of death is
higher. 62 children (29.5 percent) lie in Mild
Malnutrition Grade (underweight) (-1SD)
where they are close to normal growth but
far from adequate weight. In the study region
MMG tribal children are found in the
Igatpuri and  Trimbakeshwar  tehsils.
Require weight for the age group 0 to 5 to
obtain normal growth ranges between 2.56
kg to 14.8 Kg but unfortunately only 90
children (42.8 percent) out of 210 children
fall in this Normal growth group (not
underweight).

The data presented in Table No.1
and Fig. No.2 shows that, height (wasting) of
tribal children. Out of 210 sample 14.3
percent (30) children were found in -3SD
group which indicates (severely wasted)
Severe Acute Malnutrition (SAM). In the
study region SAM tribal children are found
in the Igatpuri tehsil. 58 percent (122)
children are in -2SD category which reflects
(wasted) Moderate Acute Malnutrition
(MAM).In the study region MAM tribal
children are found in the Kalwan, Dindori,
Peint and Trimbakeshwar tehsils. Only
Surgana and Baglan tehsils 27.6 percent (58)
children were found normal according to
their height for age.

Table No. 1 : Malnutrition status of tribal children in study region of Nashik district
(Z score in percent)

Sr. No. Tahsil Name Under weight Wasting Stunning
1 Baglan 14.84 14.58 14.91
2 Dindori 12.23 13.61 12.34
3 Igatpuri 12.64 12.22 12.62
4 Kalwan 12.51 14.05 12.46
5 Peint 15.76 14.01 16.58
6 Surgana 17.99 17.31 16.81
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7 | Trimbakeshwar 14.02 14.21 14.29
Total 100 100 100

Source: Computed by Researcher

Findings in Table no.1 and Fig. No.
4 reveal that the 30 (14.4 percent) Children
fell in -3SD category (severely stunning)
Severe Acute Malnutrition (SAM).In the
study region SAM tribal children are found
in the Dindori tehsil.92 (43.8percent)
children come in -2SD category (stunning)
Moderate Acute Malnutrition (MAM).In the
study region SAM tribal children are found
in the Igatpuri, Trimbakeshwar and Kalwan
tehsils. The 90 (42.8percent) children shows
normally nourishment.

Table No. 2 and Fig. No. 5 reveal
that the 28.57 percent children in study area
were observed as Severe Malnutrition grade.

In the study region Severe Malnutrition
tribal children are found in the Igatpuri and
Dindori tehsils.29.52 percent children in
study area were observed as Poor
Malnutrition grade. In the study region Poor
Malnutrition tribal children are found in the
Kalwan and Trimbakeshwar tehsils. Overall
nutritional status depicts that only 41.90
percent children have Neutral grade.

As per the above results, tribal child
malnutrition was found to be statistically
significant. The higher proportion of
malnutrition was also seen among children
whose mothers were illiterate as compared to
those with educated mothers.

Table No. 2 : Malnutrition status of tribal children in study region of Nashik district
(Under weight, wasting and stunning)

Malnutrition Status Z score in percent
Sever 28.57
Poor 29.52
Neutral 41.90
Total 100

Source : Computed by Researcher

Nashik District
Malnutrition Z Score (Underweight

Underwwelght

- Severely Underweighn

—
] Undarweight

- Not Underweight

Ohade Sovwrne: Comgpatod By Kescar ber

Fig. No. 2 : Malnutrition status (underweight) of tribal children
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Nashik District
Malnutrition Z Score (Wasting)
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Fig. No. 3 : Malnutrition status (wasting) of tribal children

Nashik District
Malnutrition Z Score (Stunning)
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Data Source: Compated By Rosoarchnee

Fig. No. 4: Malnutrition status (stunning) of tribal children
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Fig. No. 5 : Malnutrition status of tribal children

Malnutrition has chronically
remained a major public health problem
among tribal child population in study region
of Nashik district. Nutritional status among
children below five years is betterin other
eight tehsils than study regions (seven
tehsils) of Nashik district because of all
demographic and socioeconomic indicators
are better than the study regions of Nashik
district. The study, in general, revealed that
malnutrition is an important public health
problem  where the  prevalence of
underweight, wasting and stunning was
14.33, 14.30 and 14.29percent, respectively.
Place of residence, household, economic
status, woman's employment and woman's
age are important determinants of nutrition
among women. We found that under
nutritionist heavily concentrated among
tribal region. Socio-economic status like
limited access to health services, household
food insecurity and the likelihood of poor
environmental conditions such as access to
clean water, sanitation, and hygiene increase
the likelihood of illness. Women of low
economic status have the highest prevalence
of under-nutrition, which may be due to food
insecurity in these households that
negatively impacts the nutritional status of
women as well as child. It was also observed
that educational status of the mother
positively affected the nutritional status of
children. Educated mothers are more aware
of their child's health and have a superior

shot of wutilizing the health services as
compared to the illiterate ones. This study,
also revealed that underweight was
significant lyhigher among children whose
mothers were illiterate compared with
children whose mothers had secondary and
higher education. Mothers education level
was associated with progressively effective
management of limited household resources,
lower fertility, improved health promoting
behaviour, better utilization of health-care
services, and child- caring practices.

The present study also found an
association between food restrictions and
special food fed and malnutrition among the
tribal children. A higher percentage of sweets
and chocolate consumption among the tribal
children was observed among malnourished
children as compared to normal children. The
higher risk of malnutrition among tribal
children who ate more sweets or chocolate
might be due to the lack of intake of
nutritious food which is required for growth
of the child.

Conclusion

In the present study the prevalence
of underweight, wasting and stunning was
found to bel4.33, 14.30 and 14.29percent,
respectively. Malnutrition was found to be
higher among the children of illiterate
parents; children belonged to Scheduled
Tribes, born with low birth weight, having
higher birth order, more number of siblings,
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those with incomplete immunization status

and inappropriate feeding practices.

Recommendation

Maternal education had significant
effect on child’s nutritional status. So, there
is a strong need for their formal and informal
education regarding available services for
their children and make those services
acceptable too. The compromised nutritional
status of the mother is a direct determinant
in producing a low birth weight baby, thus
encouraging the improvement in the
nutritional status of women during ANC
period is essential. Faulty feeding practices
worsens the nutritional status of children.

Therefore, mothers need to be educated

regarding the benefits of exclusive breast

feeding during initial 6 months of life
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1. Introduction

In recent years, fractional differential equations are becoming a
significant implement in the analysis and modeling of scientific problems in a
broad array of fields such as physics, engineering, biology, finance, economics
and earthquakes study etc. [2, 6, 9, 11, 10, 17]. There has been increasing
attention in the description of physical and chemical processes using
equations involving fractional derivatives and integrals. The study of
fractional differential equations has been a highly focused in recent years.
But most of the fractional differential equations do not have exact solutions.
Traveling wave analysis is the most significant approach to study linear and
non-linear partial differential equations. This study leads to various types of
solutions such as soliton solutions, periodic solutions, kink solutions, cuspons
solutions, compacton solutions, peakon solutions etc. [18]. The traveling wave
solutions of fractional order partial differential equations are useful to
analyses the mechanisms of phenomena as well as further application in
various fields. Though, finding traveling wave solutions is not a
straightforward task at all, therefore researchers are preferring finite

difference schemes.

The finite difference approximations for derivatives are one of the
simplest and the efficient method to solve fractional order partial differential
equations [1, 3, 14, 13, 16]. Therefore, in this connection we develop the
Crank-Nicolson finite difference scheme for space time fractional traveling
wave equation and obtain its solution using Python programme. Recently,
many researchers have shifted from compiled languages to interpreted
problem solving environments, such as MATLAB, Maple, Octave, R etc. [5,
12, 15]. The Python is now rising as a potentially competitive replacement to
MATLAB, Octave, and other similar environments [4, 7]. The popularity of
Python is because of simple and clean syntax of the commands, incorporation
of simulation and visualization, interactive execution of commands with
instantaneous feedback and lots of built-in functions available and work
efficiently on arrays in compiled code. Now a days, researchers are using
Python due to its simplicity, wealth of available support and the NumPy
package, which provides contiguous multi-dimensional array structures with

a large library of array operations.
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The plan of the paper is as follows: In section 2, the Crank-Nicolson finite
difference scheme is developed for space-time fractional traveling wave
equation. The section 3 is devoted for stability of the scheme and the question
of convergence is proved in section 4. The last section is devoted for Python
programme and numerical solution of the space-time fractional traveling

wave equations.
We consider the following space-time fractional traveling wave equation

oV _ 2V

,tel0, T, xel0, L 1<a<2,1<B<2 (1.1)
ot onP

subject to the initial conditions:
Vi, 0) = f(x), 2 V(x, 0) = gx), x < [0, L] (1.2)
and boundary conditions:
V(0,t)=0,V(L,¢£)=0,¢ >0 (1.3)

where V(x, t) is the displacement of wave at position x and time ¢, and C is

the velocity of wave. The Caputo time fractional derivative of order o is
defined as follows [8],

6“ _ m o— 16 V(x C)

where m is a integer such that m —1 < o < m. The right shifted Grunwald-

Letnikov space fractional derivative of order  is defined as follows [8],

o'V

ot M;oo HB Zm V(x — (1 —Dh, t).

2. Finite Difference Scheme

In this section, we discretized the space-time fractional traveling wave
equation (1.1)-(1.3) using Crank-Nicolson finite difference scheme. Let
L

x =1th,i=0,1,2, ..., M and ¢, =nkn=0,12,..., N, where h:M
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and k= l Let V/* be the numerical approximation of V(x, ¢) at point

M

(th, nk), where h and k are spatial and temporal sizes respectively. We

discretized the Caputo time fractional derivative as follows:

[aavj T I( : jtnﬂ by - O 2 PVl ©) dc
(2, tne1) 0

ot I2-a) a2

]+1)k 82V(xi, bhyl — n)
r(z (x) Z I 8n2+ dn

Vn Jj+1 Vn j Vn j-1
F(2 3 Z[ 2 * +O(k)J

(j+1)k
% J.Jk nl—(xdn

k2 o Vn Jj+1 2Vn—j +Vn—j—1
i i
CE 0.) B2

+ O(k)]
(1P =77
F(g__aa) Zn:(vin—j+l _ ZVin_j 4 Vln_J_l)((J n 1)2—(1 _ j2—a)
Jj=0

kZ—a n

B =a) O G +177% =)

j=0

-a & , ; .
_ m Z(Vin—jﬂ _ 2Vin—] " Vin_J_l)((j " 1)2—0L _ j2—oc)
j=0

2—a

k
- r8-o)

(n+1)>"*0O(k)

As (n + 1)k is finite, then above formula can be rewritten as
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(a“vj _
" )i, tar)

oo VAT =2V VI (G - 0 @)
j=0

where
b =(j+1)P -2 j=012..,n

We use the right shifted Grunwald formula to discretized the space
fractional derivative as follows [8]:

6'3 1 i+1
aTBV =5 D Vi + OR) (2.2)
=0

where

wj l=0,1,2,...,M.

r
T TP +1)’

which called the normalized Grunwald weights. They can be found by the

recursive formula:

wyo=1Luw = wl_l(l - #j

Now, putting (2.1) and (2.2) in equation (1.1), we obtain the Crank-
Nicloson type numerical approximation of space-time fractional traveling

wave equation (1.1) as follows:

AN (n—j+l n-j n—j-1y_ 2 _1
R

1+1 i+1

+1
Z w Vit + Z wVitin
1=0 1=0
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n 2 o | i+ i+l

i _i i CTB-a)k
DbV = v vty - SO S ity S g
j=0 =0 =0

We simplify the above equation and obtain
n
1 -1 —j+l -j —j-1
Vin+ _2Vin+Vin +zbj(vin j+ _2Vin]+VinJ )
j=1

i+1 i+1

+1
=7 szVi'fm + szVi'fm
1=0 1=0

2 o
2hP
i+l n ] ) ]
Vin+1 _ rzwlvi}fﬁ—l _ 2Vin + Vin—l _ ij(vin—ﬁ—l _ zvin—j + Vin—]—l)

j=1 Jj=1

i+1
+ rZlei’le (2.3)

=0

The initial conditions are approximated as follows:

V(x;, 0) = f(x;) implies VO = f(x;),i=12,..., M -1 (2.4)
and
1 -1
0 L 1 _y.
Ev(xi’ to) = g(x;) implies # = g(x;)
Vit =V —2kg(x;),i=1,2 ..., M —1. (2.5)

Also, the boundary conditions are approximated as follows:
V(0,t,) =0 implies V) =0,n=1,2, ..., N -1
and

V(L, t,) =0 implies Vjy =0,n=1,2,..., N-1
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We put n = 0 in equation (2.3) and using equation (2.5), we obtain

1+1 1+1
1 r 1 0 r 0
Vi-3 ;}:szi—m = Vi +kg(xi) + 5 ;lei—m

andfor n=1,2, ..., N -1, we get

i+1 n—1
Vin+1 _ rz wlvzrflril _ 2Vin _ Vin—l _ ij(vin—]+1 _ 2Vin_] + Vin—]—l)
1=0 J=1
i+1
= 2b, (V= V0 + k() + 1Y w0, Vi
=0

The complete discretized space-time fractional traveling wave equation
with initial and boundary conditions is written as follows:

i+1 1+1
r r
V! - 3 Zleil,m = VP + kglx;) + 3 Zwlviglﬂ (2.6)
1=0 =0
for n =0,
i+1 n-1 ) ) )
Vin+1 _ rz wl‘/;ri-}—}_l _ 2Vin _ Vin—l _ ij(‘/in—j+1 _ 2Vin—j + Vin—]—l)
1=0 j=1
1+1
=25, (V= V0 + kgl + 1)V, @.7)
=0
initial condition:
VO = f(x;),i=1,2 .., M-1 (2.8)

boundary conditions:
V'=0,Vjy=0,n=12,..., N-1 (2.9)

The discretized finite difference scheme (2.6)-(2.9) can be written in
matrix form as follows:

for n =0,
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AV = (2T -AWV° + R (2.10)
for n > 1,
n-1
(24— DV = (4= by)T - 24" + > (2b; — bjy — by, )V
j=1
— b, V' +(2b, — b, 1 )V° + 2b,kg(x;)1, (2.11)
initial condition:
VO = flx;),i=1,2,...,M-1 (2.12)
boundary conditions:
Vi=0,Vl;=0,n=12 .., N-1 (2.13)

where V7 =[V{", V&, ..., Viy 1 I%, F =[kg(x;), kg(xp), ..., kg(apy ), T is

an identity matrix of order (n —1)x (n —1) and matrix A is defined as follows

r . .
1-Zwy,  j=i
~Lw j=i+1

A = (@) mapm-) =7 270
r . .
“gWijy, JSi-l
0, j>i+2

Lemma 2.1. The coefficient b;, j =1, 2, ... satisfy

(@ b; >0

(i) b; > bj 4

Lemma 2.2. Grunwald-Letnikov coefficients w; satisfy:

@ wyg =1, w =P, wy = B(BQ_ 1)
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(iii) Z?zow, <0,n>1.
3. Stability

Let V" and V) are exact and approximate solutions of the equation

(1.1)-(1.3) respectively and & be the error at each mesh point (x;, ¢,,), then
=Ty
From equations (2.6)-(2.7), we obtain for n = 0,

i+1 i+1

1 r 1 o, 7r 0
&~ 5 Zw18i—1+1 =& tg Zwlﬁi—m (3.1)
1=0 =0
for n > 1,
1+1 n-1
n+l n+l n n-1 n—j+1 n—j n—j-1
g; - rZwlsi_lH = ZSi - & - Zb](sl J - 28i J + Si J )
1=0 =1
1+1
1 0
- 2bn(8i — & ) + I‘Zwlflln_l_ﬂ. (3.2)
=0

Theorem 3.1. The solution of Crank-Nicolson finite difference scheme
given by (2.6)-(2.9) developed for equation (1.1)-(1.3) is unconditionally stable.

Proof. We denote the error vector by E" = (e, €}, ..., e}y 1)’ for

0 < n < N. Also, we assume that

|8n | - 1<Iiliz]1é(_1l Sln | = " E" ”oo’ for n = 0’ 1’ 2’ e N.

Using mathematical induction, we will prove that | E" | < K| E° | .
for n=0,1, 2, ..., N, where Kj is a positive number independent of 4 and k.
Now, using Lemma (2.2) and equation (3.1), we obtain

i+1
1 1 r 1
e [<lel -5 > wil el |
1=0
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i+1

1T 1
<le —gzwzﬁpm |
10

1+1
o r 0
<lei -5 E wigi_141 |
1=0

. i+1 . i+1

0 0 0

| & |+§Zwl|g%_,+1|s[1+§zwl]|g | < K| & |
1=0 1=0

1 0
I E" ], < Kl E” |
Suppose that
0
| E9 1, < K| E7 ||,
for ¢ < n and Kj is independent of 2 and k.

Using Lemma (2.2), we have 2-b >0, b;_; —2b; >0, 2b, —b,_1 > 0.

Consider,
1+1
e < =) wl el |
=0
i+1
<[ el =y welihy |
=0
n-1 ) ] ) i+1
<l 2ef et = ) bilel T - 2el T eI — 2, (et &) + 1Y wiEl
1=0 =0
n—1 )
<[@=b)ef + ) (2b; = bjy ~bj1)ef T — bysh + (26, — by )8l
=0

i+1

n
+ rz Wig; 1.4
=0
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n—1
< @bl el [+ Y (b1 +bjr —2b))| €T [+ by &} | + (@b, ~ )| o |
j=1

i+1

rry wl ey, |
=0

n—1 i+1
< [2 —by+ D (bjy +bjur — 25) + by +2by by + rZwl] | €0 |
j=1 =0

i+1
< [2(1 — b)) +2(2b, —b, 1)+ rZle |0 | < K| ¥ |

1=0

Therefore, | E"™™ |, < K| E'|,, where K; is a positive constant

independent of A and k. Hence, by mathematical induction, for all

n=12 ..., N, we have
0
| E* I, < K| E” |,

This completes the proof. o

4. Convergence

In this section, we discuss the question of convergence. Let ‘71" be the
exact solution of space-time fractional traveling wave equation (1.1)-(1.3) and

¥ be the local truncation error for 1<i < M. Then, from (2.6)-(2.9), we

have
1+1 1+1
7 =V'- % Zlei1—1+1 ~ V0 — kelx;) - % Zlez'91+1 =O(h + k) (4.1)
1=0 =0

andfor 1<n< N -1,

i+1 n-1
TL(L+1 _ Vin+1 _ rzwlvir—z_l:l—l _ 2Vin " Vin—l " ij(vin—ﬁ—l _ 2Vin—] n Vin—]—l)
=0 =)
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. - 1+1 .
+ 26, (V! = V0 — kg(x)) ~ 7Y w V", = O+ ) (4.2)
=0

Theorem 4.1. Let V" be the exact solution of (1.1)-(1.3) and V" be the

numerical solution of finite difference scheme (2.6)-(2.9) at each mesh point

(x;, t,). Then there exist a positive constant Ko independent of h and k such

that
| V" =V | < Ky(h +k),1<n < N.
Proof. Let e/ be the error at each mesh point (x;, ¢,,), then
Lef 1= 177 -V |

Now, we denote the error vector by e* = (e}, el, ..., % 1)}

1<n <N and local truncation error vector by t* = (1}, %, ..., vay_1)" for

time level n. From equations (4.1)-(4.2), we get

i+1
ol T
€ _§Zwlel I+1 = e +35 Zwlel I+1 + IL (4.3)
for n >1,
i+1 n-1
n+1 n—j+1 n—j n—j-1
—rZwlel 11 =2e] —e' = )y bi(eVT —2e + ')
j=1
i+1
+2b, (e} —eP) + rZwlel”_Hl + L (4.4)
=0

Using mathematical induction, we will prove that | e" | < Ky(h + k).

For n =1, we have

i+1

1 1 r 1
lei | <|e; |—§sz| €14 |
10

Advances and Applications in Mathematical Sciences, Volume 22, Issue 2, December 2022



PYTHON: POWERFUL TOOL FOR SOLVING SPACE-TIME ... 515

i+1

1 1
<le _szleiflﬂ |
1=0

1+1 1+1

o r 0 r 0

<le —§§ wzei—1+1+fz1|$[1+§§ wl}ei |+l <]t | < Ka(h+Fk)
1=0 =0

Therefore, | e' | < Ko(h+k), where K, is independent of & and k.

Suppose that
| e [l < Ko(h + k),
for ¢ < n and K, is independent of 2 and k. Consider,
i+1

e < et =) il e |
=0

i+1
<[ el —r> welihy |
=0

n-1
<[ 2eft = el = 3 by(e I 26 ) = 2b, (el ef)
=0

i+1

+ rZ wie;’ ;1 + 7:2”1
=0

n-1
<[(2-b)ef + ) (2b; ~bjg ~bj1)el ™ —byel + (2B, by _1)e!
=0

i+1
+ rz wyel 7,1 + T
=0

n-1 i+1
<@=by)| el |+ Y by +bja — ) € |+l e} [+ 7Y wil ey | +]
j=1 1=0
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n-1 i+1
< [2 ~ by + ) (bjoy + bjyy — 2b) + by + rZwl]K’g(h +R)+|
j=1 =0
i+1
< [2(1 —by)+2(2b, —b,_1)+ ’"ZleKé(h +k)+| ol | < Ko(h + k)
=0

Therefore, || e"™ | < Ko(h + k).

Hence, by mathematical induction, for all n =1, 2, ..., N, we have

| e* |, < Ka(h+F)

This completes the proof.

5. Python Programme

In this section, we develop the Python programme-CN for Crank-Nicolson

finite difference scheme (2.6)-(2.9) to solve space-time fractional traveling

wave equation (1.1)-(1.3) numerically. We compute ‘Zn at each grid point

(x;, t,,) using the scheme (2.6)-(2.9). The algorithm is given below:
1. Compute Vio =fl(x;),1=0,1,2, ..., M.
2. Compute Vil, 1=0,1,2,..., M.

3. Compute V/*'!, foreach n=1,2, ..., N-1,i=0,1, 2, ..., M.

Now, we develop the Python programme-CN for complete discretized

scheme (2.6)-(2.9) as follows:
Inputs:
f - initial displacement
g - initial velocity
C - velocity of wave
L - spatial length

T - end time
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h - space step size

k - temporal step size

a - fractional order o of time derivative

b - fractional order B of space derivative

t1l - time level, at which solution has to be estimate

Output of Python programme CN is the approximate value of vector
Vi(x;, t1).

import math

import numpy as np

import scipy.linalg

def CN(f,g,C,T,L,a,b,h k,t1):

r=(C**2*math.gamma(3-a)*k**a)/(2*h**b)

N=int(round(T/k))

M=int(round(L/h))

t=np.linspace(0,N*k,N+1)

x=np.linspace(0,M*h,M+1)

V=np.zeros((N+1,M+1))

for 1in range(0,M+1):

VIOI[1]=f(x[i])

A1l = np.zeros((M-1, M-1))

A2 = np.zeros((M-1, M-1))

b1l = np.zeros(M-1)

b2 = np.zeros(M-1)

w = np.zeros(M+1)

w[0]=1

for 1in range(1,M+1):
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w(l]=w[l-1]*(1-((1+b)/))
for 1 in range(0,M-1):
A1[][i]=1-(x/2)*w][1]
for i in range(0,M-2):
A1[i][i+1]=-(x/2)*w][0]
for i in range(1,M-1):
for j in range(0,1):
A1[][]=-(/2)*w[i-j+1]
for i in range(1,M):
s=0
for 1 in range(0,i+2):
s=s+w[l]*V[0][i-1+1]
b1[i-1]=VI[0][i]+k*g(x[i])+(x/2)*s
VI[1][1:M]=scipy.linalg.solve(Al, b1)
VI[1][0]=0;V[1][M]=0
for i in range(0,M-1):
A2[i][i]=1-r*w[1]
for 1 in range(0,M-2):
A2[i][i+1]=-r*w][0]
for 1 in range(1,M-1):
for j in range(0,1):
A2[i][j]=-r*w[i-j+1]
for n in range(1,N):
for 1in range(1,M):
s1,s2=0,0
for j in range(1,n):
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s1=s1+((+1)**(2-a)-j**(2-2))*(V[n-j+1][i]-2*V[n-j] [i]+V[n-}-1][i])
s1=s1+2%((n+1)**(2-a)-(n)**(2-2))*(V[1][i]-V[0] [i]-k*g(x[i]))
for 1in range(0,i+2):
$2=s2+w[1]*V[n] [i-1+1]
b2[i-1]=2*V[n][i]-V[n-1][i]-s1+r*s2
V[n+1][1:M]=scipy.linalg.solve(A2, b2)

V[n+1][0]=0;V[n+1][M]=0
t1=int(t1/k)
return(x,V[t1])

Numerical experiment 1. We consider the following space-time

fractional traveling wave equation:

OV 9PV
=C*—,(x,t) e Q=10,1]x[0, 1] (5.1)
ot* oxP )

with initial conditions:

V(x, 0) = sin(2nx), % V(x, 0)= 0, x €[0,1] (5.2)

and boundary conditions,
V(0,¢t)=0,V(1,¢t)=0,t (0, 1] (5.3)
The exact solution to this problem for o = 2, f = 2 and C =1 as follows:

V(x, t) = sin(2mnx) cos(2nt)
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Figure 1. Periodic solution of traveling wave equation.

Using the python programme-CN, we estimate the value of V(x, t) for
any time level ¢,. Let &(h, k) be the maximum error between exact and

numerical solutions with temporal and spatial grid sizes k and h respectively.

The temporal and spatial order of convergence are computed using

temporal order = logz(i(h};—%ek))j, spatial order = log2(8£(2:,kk))).

In Table 1, we obtain the maximum error and order of convergence in
temporal direction at time ¢ =1 with A = 2710

Table 1. Maximum errors and temporal orders of convergence at

t=1h=210

k Maximum error Order
975 0.264489 -
96 0.142758 0.89
97 0.074186 0.94
98 0.037816 0.97
979 0.019091 0.98
9-10 0.009592 0.99
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In Table 2, we obtain the maximum error and order of convergence in

spatial direction at

Table 2. Maximum errors and spatial orders of convergence at

x =0.9999, k = 2710,

h Maximum error Order
92 0.999371 -
9-3 0.706478 0.50
94 0.382055 0.88
95 0.194462 0.97
96 0.097388 0.99
91 0.048439 1.00

x = 0.9999 with k = 2710,

From Table 1 and 2, we observe that the proposed finite difference
scheme is first-order accurate in temporal as well as spatial direction. The
order of convergence obtained in the numerical results agreed to the
theoretical analysis. In Figure 2, we compare the exact and numerical
solutions obtained by the Crank-Nicolson scheme and observe that the

numerical solution is enormously agreed with the exact solution.

1.00 - —— exact solution
=== numerical solution

.75

.50

0.25

.00 A

Vix, t)

10.25 -

-(1.50

-0.75

-1.00

' ' T T v '
Do 0.2 0.4 0.6 0.5 1.0
X

Figure 2. Comparison between exact and the numerical solutions with the

parameters h = 2_6, k= 2_9, t=1C=1.
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i — a=2 f=2
0.75 +t a=195 =195
""" a=1.90 =190

a.50

Q.25

:; .00

—0.25 1
—0.50

0.754

100

D.O 02 0.4 0.6 0.8 1.0

Figure 3. Comparison of the numerical solutions with the parameters

h=29%k=92°¢t=-1C=1.

From Figure 3, we observed that the obtained solutions are stable and
sufficiently approximate to the exact solutions and therefore, we conclude
that the proposed scheme gives accurate results and stable solutions. Hence,
Python is a powerful tool to obtain the numerical solutions of space-time

fractional traveling wave equation.

Numerical experiment 2. We consider the following space-time

fractional traveling wave equation:

ok VA i v
=C*"—,(x,t) e Q=10,1]x[0, 1]
ot oth

subject to initial conditions:

9o

V(x, 0)=0, =

V(x, 0) = 2rCsin(2nx), x € (0, 1]
and boundary conditions,
V(0,t)=0,V(1,t)=0,t (0, 1]

The exact solution to this problem for a=2,B=2 is V(x,t)
= sin(2mnx)sin(2Cnt). In Table 3 and 4, we obtain the order of convergence in

temporal and spatial directions respectively.
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Table 3. Maximum errors and temporal orders of convergence at

t=0.75h =28

k Maximum error Order
96 0.106548 -
917 0.055491 0.94
9-8 0.028306 0.97
979 0.014285 0.98
9-10 0.007166 0.99
911 0.003580 1.00

Table 4. Maximum errors and spatial orders of convergence at

x =0.9999, k = 2710

h Maximum error Order
92 1.107705 -
93 0.723289 0.61
94 0.383607 0.91
975 0.194308 0.98
96 0.097193 0.99
917 0.048326 1.00

From these tables, it can be seen that the proposed finite difference

scheme is first-order accurate in temporal as well as spatial direction.

In Figure 4, we obtain the numerical solutions using proposed finite

difference scheme for different values of ¢ for oo = 1.9, B = 1.8.
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¥
|

)
T

=

Figure 4. Behavior of the numerical solutions with the parameters

0=19p=18h=2%FL=29 Cc=1

From Figure 4, we observe that solutions obtained by proposed scheme
are stable and converges appropriately to the solution obtained at ¢ =1. In

Figure 5, we obtain the numerical solutions for different values of o and B at
t=0.17.

1.00 4

0.75

0.254

0.00

Vix t)

0.254

=D.751 === =195 =190

----- a=190, #=1485

—1004

o 0.2 04 0.6 o8 1.0

Figure 5. Behavior of the numerical solutions with the parameters

h=2% k=27 C=11¢=0.7.

We observe that solutions obtained by proposed scheme are converges to the
solution obtained for o = 2, B = 2.

6. Conclusions

(1) We develop the Crank-Nicolson finite difference scheme for space-time
fractional traveling wave equation.

(1) Furthermore, we proved that the developed scheme is unconditionally
stable and convergent.
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(1)) We successfully develop a python programme for space-time

fractional traveling wave equation and obtain the numerical solutions of the

test problems and estimate the error.

(iv) Also, we found that the finite difference scheme is numerically stable

and the results are compatible with our theoretical analysis.

(v) Finally, we conclude that Python is a powerful tool for obtaining the

numerical solutions of space-time fractional traveling wave equation because

the numerical results are very close to the exact solutions.
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Abstract

Recently, the treatment of central nervous system (CNS) diseases is a major problem in
modern clinical world. Now, there are many drugs available that treat symptoms rather than the
disease, therefore, new drugs and new techniques of treatment are needed. In human,
cerebrospinal fluid (CSF) is easily accessible fluid that can be used to predict the drug
concentration in CNS target site. This process can be represented by mathematical model of drug
concentration equation with the help of integer order partial derivatives, but fractional order
modeled scribes the drug concentration at CNS target site more precisely. Therefore, the purpose
of this paper is to develop the fractional order Crank-Nicolson finite difference scheme to solve
the time fractional drug concentration equation, formulated with Caputo fractional derivative.
Also, we prove that the scheme is unconditionally stable and convergent. As an application of
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this scheme, numerical solutions of fractional order drug concentration equation in the central
nervous system is examined to verify the stability and these solutions are simulated graphically
using Python.

1. Introduction

Fractional calculus is a newly developed branch of mathematics which
deals with the study of derivatives and integrations of arbitrary order. In
recent years, many areas of applied science and technology have used
fractional order approach to describe certain phenomena and processes.
Fractional order mathematical models describing the physical phenomena
are appears in many applications of sciences, such as the fractional diffusion
equation [24], fractional subdiffusion equation [31], fractional wave equation
[6, 24], fractional Boussinesq’s equation [28], fractional heat equation,
fractional viscoelastic theory [2], etc. The arbitrary order mathematical model
provides better physical analysis rather than integer order model, because it
provides results at any inter-mediate stage by considering all the inputs
starting from initial stage rather than only previous stage [12]. Many
dynamical models of physics, engineering, biomedical, fluid dynamics,
hydrology, etc. [4, 3, 7, 12, 15, 18, 19, 21] are modeled by fractional order
partial differential equations. Now a days, due to its tremendous applications
in various fields, a remarkable attention has been given to find its exact and
approximate solution. Due to non-local nature of fractional derivative, many
fractional differential equations do not have exact solutions. Therefore, to
solve the fractional differential equations, numerical techniques are more
demanding. To develop numerical methods for solving fractional differential
equations, which are accurate and timely efficient is the primary challenge to
researchers. We observed that the fractional derivatives in Caputo sense is
more feasible to analyze the physical problem and it allowed to deal with
integer-order initial and boundary conditions [7]. Finite difference method is
one of the more effective and commonly used method to solve fractional
differential equations. In the literature [9, 10, 11, 14, 17, 20, 23, 25, 26, 28],
finite difference method is successfully used to obtain the numerical solutions

of fractional differential equations.

Now a days, Pharmacokinetics is the branch of Pharmacology which
study the drug absorption, distribution, metabolism and excretion in human
body [13]. In Pharmacology, one of the significant challenge is the
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development of drugs targeting disease of the central nervous system (CNS).
Due to medical ethics, direct measurement of brain concentration 1is
restricted and due to presence of bloodbra in barrier (BBB), the prediction of
target site concentration of CNS drug is more complicated [32]. Many
researchers [9, 29, 30, 32] in pharmacology has developed a physiologically
based pharmacokinetics modeling describing a drug concentration in CNS.
The Advection-Diffusion equation describes the evolution of a concentration
profile due to diffusion and advection simultaneously [1]. A mathematical
modeling describing the drug concentration in CNS based on Advection-
Diffusion equation is studied in [5]. In this context, we study the fractional
order drug concentration equation in the central nervous system.
Furthermore, we develop the Crank-Nicolson fractional order finite difference
scheme for fractional order drug concentration equation and obtain its
approximate solution. There are many numerical techniques developed for
solving fractional differential equations using mathematical softwares [6, 10,
16]. We observed that, Python is a high level multi-purpose programming
language having large number of mathematical tools. Recently, Python is
used for teaching as well as research in various branches of applied
mathematics. Therefore, in this connection we develop Python programme to
obtain the numerical solution of the drug concentration equation by the

proposed scheme.

We organized the paper as follows: In section 2, we develop the fractional
order Crank-Nicolson finite difference scheme for time fractional drug
concentration equation. Section 3 is devoted for stability of the solution
obtained by the scheme. In section 4, convergence of the scheme is discussed
up to the length. In section 5, the approximate solution of the time fractional
drug concentration equation is computed and it is simulated graphically by
Python. We consider the time fractional drug concentration equation with

initial and boundary conditions as follows

o 2
0%c(x,t) o oc(x, t) . p? c(

xZ’t),O<0L31,OSxSL,OStST (1.1)

at” Ox ox
initial condition: ¢(x, 0)=0,0<x < L (1.2)
boundary conditions: ¢(0, ¢) = g(¢), % =0,t>0 (1.3)
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where c(x, ) is the drug concentration in CSF space at time ¢ and place x, v

is the flow velocity and D is the diffusion coefficient. We discretized time
fractional order derivative in the Caputo sense.

The Caputo derivative of order o is defined as follows [22, 23]

0%c(x, t)
at?

i
- r(11_ o) J-o (x -7 * _ac(gr’ 2 dr,0<a<1 (1.4)

where I'(-) is the gamma function defined as

[(a) = I: e *x*dx, (1.5)

2. Finite Difference Scheme

In this section, we develop the fractional order Crank-Nicolson finite
difference scheme for time fractional drug concentration equation (1.1)-(1.3).
For this, we define x; =iAx,i=0,1,2,3,..., M and ¢ = kAt

k=0,1,23,..., N, where Ax=% and At=%. Let  c(x;, t1,),

1=0123,..., M and £=0,1, 2,3, ..., N, be the exact solution of time

fractional drug concentration equation (1.2)-(1.3) at mesh point (x;, t;) and

let clk be the numerical approximation at point (x;, ¢,). The time fractional

drug concentration equation with initial and boundary conditions (1.1)-(1.3)
1s discretized by using the second order accurate central difference formula
for space derivative and finite difference formula for the time fractional

derivative for each interior grid point (iAx, kAt). At time level ¢ = t;,,1, the

Caputo time fractional derivative of order o is discretized as follows

6%] 1 J‘ tk+1 _q 0c(x;, 8)
a ra- v 0s
{at (x5 tpe1) t=a)fo

Jtl

k
1 tjv1 ol C c?
= mZJ =) C{LA—H +0(At) |ds
j=0""
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k Jj+l J
__ 1 G —9
T T - )4 i A HOw
]:

t; 1
[ 77 e - 9as
t

J

¢l

k ] +1 _ )
- T a)Z{ L % + O(At)

a L . a
o ,Zo I T ][+ 1) -

[(k D) (k=)
1-a)(ae)* !

7

(a7 Z[d“ T+ O(An)]b;

"T@-a)

“TE-

k .
(At) ™ );bj[ci]“ k- 1]+1“((A2t) ZbOAt)

where b; = (j+ 1) - "%, j=0,1,23, ..., k.

Since, kAt < T is finite, the above equation can be written as,

% _ (g™ [k _ck]+ (At) b. [ck J+_ k—j]+ O(A?).
( j(x the1) z

ot” 2-o
2.1
Furthermore, the space derivatives g—; is disretized as follows
(@j _ i —dly + O(Ax) (2.2)
(itp)  2A%
The space derivative Sxig 1s discretized by using second order central

difference scheme as follows
2 2
( % J _ Sl 4 5%k
2 2
0™ )(x, th1)
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2
(Sx_gj = 2A1x2 [l — 2+l 4 b 4 cf ) — 2cF + f ]+ O(Ax?) (2.3)
(s th41)

where §, is the central difference operator.

Now, using equations (2.1), (2.2) and (2.3) in equation (1.1), we obtain

1_((%15) a)[k+1 k4 At) )Zb [k ci—j]

- & k D k+1 R+l . k4l | R Rk
= m[cm - ¢]+ oA [cif1 =267 + 5T + ¢l — 267 + ¢l

k
This gives, [cf*! - clk]+Zb e

+ D%[clyr1 2k 4 kil + ek —ack + ¢k

A)°r2-o) . _ p@A)'r2-o)

By taking p =v OAx .

, we get

[eft - k] + Zb [kt — ] = ek - 4]

k+1 20k+1 k+1

+ [ +Chq +Cl 1~ 2C +CL+1]

—ref @+ 2r) e = e = (e w)eE + (= 20)eE 4 (- )ty

k
Zb] AL (2.4)
j=1

After simplification, for £ =0, 1, 2, 3, ..., N, we obtain
—ref i+ @ 2n) e =t = (e ek - (-2 = Byl (- ek
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k .
- Z(bj — b))l + by (2.5)
=1
Now, put £ = 0 in equation (2.4), we get
—ref @+ 2r)d el =)+ 1 =20) + (r - el (2.6)

Finally, the initial condition c¢(x, 0) = 0(0 < x < L) is approximated as

follows:
=0,i=123, .., M. 2.7)
Also, the boundary conditions ¢(0, t) = g(¢) and % =0(t >0) are
approximated as follows
c(0, t,) = g(ty) implies c§ = g(t;), k=0,1,2,3,..., N (2.8)
and
50((13; te) _ 0 implies C?W+12;;ﬁ4—1 _0
This gives,
hri=ck 1, k=0123, .., N. (2.9)

Thus, the complete discretized time fractional drug concentration
equation with initial and boundary condition is as follows

—ret + (@ +2r)e —rety = (r )y + (1 -2r) + (r = p)edq, for k=0

(2.10)
—ref 4+ (U 2r)ef T = el = ety - 20 = b))+ (- ey
k
+ ) (b = bja)el T 4 byef, for k=1 (2.11)
j=1
initial condition: ¢ = 0,i=1,2,3, ..., M (2.12)

boundary conditions: ¢§ = g(t,), chpay =cfy 1, £=0,1,23 ..., N (2.13)
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_ M)T@2-a)
pL=uv OAx ,r=D AL?

j=1,2,3..and £=0,1,2,3,...,N,i1=1,2,3,..., M.

(At)*T(2

where — a) ) b] = (] + 1)1—(1 - jl_a7

Therefore, the discretized fractional order Crank-Nicolson finite
difference scheme (2.10)-(2.13) can be expressed in matrix form as follows

ACt =B + 8%, for k=0 (2.14)
k-1 _
ACH! = FCF + Z(bj ~b;,1)C* T + 5,C0 + SF, for k21 (2.15)
j=1
initial condition: ¢ =0,i=1,2,3,..., M (2.16)

boundary conditions: ¢& = g(t,), chpoy =y 4, £=0,1,28 ..., N (2.17)
where C* = (cf, &, &, ..., &), S* = ((r + wg(ty) + rgtysy). 0, 0, ..., 0) is

a constant matrix,

1+ 2r -r
-r 1+2r -—r
A = -r 1+2r -r
-r 1+4+2r -r
—-2r  1+2r
1-2r r-p
r+u 1-2r r-p
B= r+p 1-2r r-p

r+u 1-2r r-up
2r 1-2r

and
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1-2r-f; r—p
r+p 1-2r-b; r—p

F= r+u 1-2r-8; r-p

r+p 1-2r-4; r—u
2r 1-2r-b;

3. Stability

In this section, we discuss the stability of solution of the fractional order
Crank-Nicolson finite difference scheme (2.10)-(2.13) developed for the time
fractional drug concentration equation (1.1)-(1.3) with initial and boundary

conditions.

Lemma 3.1. The eigenvalues of MxM tri-diagonal matrix

are given as

ST
Ag = a+2@cos(m} s=1,23 ... M

wherea, b and c are either real or complex numbers [25].

Lemma 3.2. If 1j(A), j =1,2,3,4,..., M —1 represent eigenvalues of a

matrix A, then following conditions are hold
@) *;(4)>1
G | A™ ly <1, where || - |y is the second norm of matrix.

Proof. By the Gerschgorin’s circle theorem [25], if A is a eigenvalue of a
square matrix [aij] then A is in at least one of the following disc
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M
|A-ayl< D ayl=1,23 .., M 3.1)
=1, I#j
Thus, each eigenvalue X of a square matrix [a;;] satisfy at least one of the

following inequality

M
BEDI (3.2)
=1
M
BEIEE Y (3.3)
i=1, i#j

Now, we use inequality (3.3) to prove the condition (i) for the matrix A as
[MA) [ 2|Q+2r)+(-r)|=1+r>1
| ho(A) [ 2 [ +2r) + (1) + ()| =1

| 5(A)[ 2 [ +2r)+ (=r) + (-r)| = 1

| Ap(A) | 2 [ (@ +2r) + (1) + (r)[ =1
Thus, [2;|>1,j=1,2,3,..., M.
To prove condition (ii), we have
Al, = (A)]
1A, 12}2’54' ri(A) |
Therefore, from condition (1), we get
I Ay = 1.
Hence,
-1
A ]y <1

This complete the proof. o

Lemma 3.3. The discretized fractional order Crank-Nicolson finite
difference scheme with initial and boundary conditions (2.10)-(2.13) is
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solvable for each time step unconditionally.

Proof. To prove the solvability of equations (2.10) and (2.12), it is enough
to prove that matrix A is invertible [8, 27]. We observed that, the first and
last row of matrix A is diagonally dominant. For other rows, the diagonal
element is 1+ 2r and the sum of the absolute values of the non-diagonal
element in the same row 1is,

) +] ()| = 2r.

Hence, for each row, we have 1+ 2r > 2r. Thus, matrix A is strictly
diagonally dominant. Hence, matrix A is invertible. This shows that the
solvability of the finite difference scheme. o

Lemma 38.4. If A ,(B) and A4(F) represents the eigenvalues of B and F

respectively, then following conditions are hold
Q) | 2B <L |Ag(F)|<1,58=1,23,....,. M
G | Blly <L || Fly <1,8=1,23,..., M.

Theorem 3.5. The solution of the fractional order Crank-Nicolson finite
difference scheme (2.10)-(2.13) for time fractional drug concentration equation
(1.1)-(1.3) is unconditionally stable.

Proof. To prove the developed finite difference scheme is unconditionally
stable, we will prove that

0
[C" |y < K| C” |y, n=1,23,...

where K is positive integer independent of x and &.

For n =1, from equation (2.14), we obtain
C' = A'BCY + 47180
2N CH ly <A I Bl €° lly +1 A7 ) S° 1
<] €%y +11 8°
< €Y, + Ky C° |, where | S° |, = Kj, a constant.
Thus, result is true for n = 1.
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For n < k, let us assume that

k 0
| €% lly < K C* -

Now, for n = k + 1, from equation (2.15), we obtain

k-1 .
ckl = ATLRCk Aflz(bj — b)) Ct g0 + ATISK
j=1
k-1

. k k k—j K
S CE Ty < CF g+ D (B = bl €y + byl €O fly + [ S
j=1

= CF ly + @1 = bo)| €7 [y + (B = B CF 2 [y + ot (Bpy = Bp) ] C )
+ by €Oy + 1 SF I
< K| €0y + [0y — o) + (B — b) + ..+ (By — b I C° y + B3| C° |y + K
<[Ky +by + (1 - Kp)by ]| C° [, + K3 C° |,
= K[ C° |,
Hence, by induction, for all n, we have
| €™y < K| €,

where K is a positive number independent of x and ¢.
Therefore, this shows that the scheme is unconditionally stable.

This complete the proof. o

4. Convergence

In this section, we discuss the convergence of the scheme. Let Q be the

region [0, L]x[0, 7] We introduce the vector, C* = (@(xy, tg), (xy, &),

c(xg, tg), ..., c(xpy, tk))T of size M +1, which represent the exact solution of

the time fractional drug concentration equation (1.1)-(1.3) at time level ¢.

Advances and Applications in Mathematical Sciences, Volume 22, Issue 2, December 2022



CRANK-NICOLSON METHOD FOR TIME FRACTIONAL DRUG ... 419

Let ©° = (tf, 5, <&, ..., i) be the vector of truncation error at time level

t,. Since C* is the exact solution of the equation (1.1)-(1.3), we have

AC' = BC® + 8% + ¢, for k= 0. (4.1)
k-1

ACH = FC* + Z(bj ~0;,1)C* + 5,C0 + SF + L for k21 (4.9)
j=1

Lemma 4.1. The coefficient bj, j=0,1,2, 3,... satisfy the following

conditions
@) bj >0

Theorem 4.2. The fractional order Crank-Nicolson finite difference
scheme (2.10)-(2.13) for time fractional drug concentration equation (1.1)-(1.3)
is unconditionally convergent.

Proof. We set, EF = C* — CF = (e, b, e, ..., k) be the error vector

in the solution at time level ¢;. Furthermore, we assume that
leff | = max| el |=| EF |, and tf = max| ] for1=1,23, ..
Then, using equation (2.10), we obtain
lef | =] —ref_q +(1+2r)ef —refyq |
S(r+wlely [+@-2r)]e [+ —wl el [+ |

< 1-2r+r- 0 1
(r+p+1-2r+r ”)12}23‘4' e |+122XMI T |

0 1
= B |, + max ||

L EY), < | E° !
||, < B, + max ||
Now, from equation (2.11), we obtain
e | = | = rel o+ (1 2r)el - ekt
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k-1
<@ep)lefy|+@-2r—by)|ef |+ -wlek [+ D (b ~bj)l e |
j=1

+bgl ¢ [ +] 1|

=(r+w)lefy |+ @-2r—b)|ef |+ (r-wlef |+ By —by) e
+(by —bg) eF 2 |+t (bpy —bp)| € |+ bl e | +] TF

=[r+ W)+ @ -2r =)+ (=Wl ef | +[(Br - bp) + (by —bg) + .. + (B — b))

k k k+1
e |+ byl ef | + max| T
ler’ | +bgl e | 1sile i

k k+1
= E ||w+lg}g§4| LR

This is true for every k, therefore we have

Ek+1 < Ek k+1
| E* ), <] B ], + max) < |

Hence, by induction, we get

En+1 < || E® n+l
| B, < B, + max )| < |

As | E° | =0, implies | E" | = 0.

Therefore, | E"*! || < max| /" |.
1<isM

Since 11233{) 7 5 0 as (Ax, At) > (0, 0), implies that | ™| —0
uniformly on Q as (Ax, At) — (0, 0).

Therefore, this shows that for any x and ¢, as (Ax, At) — (0, 0), the vector
C™" converges to C".

Hence, this complete the proof. o

5. Python Programme
In this section, we develop the algorithm for solving the discretized
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scheme (2.10)-(2.13) using Python programme. Here we compute clk at each

mesh point (x;, ;) using the proposed scheme by Python. The algorithm for
the scheme (2.14)-(2.17) is as follows

(1) Define g(¢,) foreach £ =0,1,2, 3, ..., N.

(i) Compute the matrix A, B and F.

(iii) Compute C° and S, then compute C'.

@1v) Compute S'. Then using Cl, compute 2.

(v) Compute S*. Then compute C**1 for each k = 2,3,4,..., N.

Now, we develop the python programme DCE for complete discretized
scheme (2.14)-(2.17) as follows:

Inputs:
g - boundary condition at x=0.
C - drug concentration
L - spatial length
T - end time
D - diffusion coefficient of drugs
mu - p
a - fractional order o of time derivative
t1 - time at which solution to be estimated.

Output of Python programme DCE is the approximate value of vector

Clai, tr.).
1mport scipy
from scipy import *
import math

from math import *
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def g(k):
return(c(0,t))
import numpy as np
def DCE(g,v,L,T,dx,dt,D,a,t1):
r=dt**a*D*math.gamma(2-a)/(2*dx**2)
mu=v*dt**a*math.gamma(2-a)/(2*dx)
N=int(round(T/dt))
M=int(round(L/dx))
t=np.linspace(0,N*dt,N+1)
x=np.linspace(0,M*dx,M+1)
A = np.zeros((M+1, M+1))
A0, 0] = 1+2*r
A0, 1]=-r
A[M,M-1]=-2%*r
A[M, M] = 1+2%r
for i in range(1, M):
Al i-1]=-r
Afi, 1] = 1+2*r
Afll, i+1] =-r
B=np.zeros((M+1,M+1))
B[0,0]=1-2%r
B[0,1]=r-mu
B[M,M-1]=2%r
B[M,M]=1-2*r
for i in range(1,M):
B[i, i-1] = r+mu
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B[, i] = 1-2*r

B[i, 1+1] = r-mu
F=np.zeros((M+1,M+1))
F[0,0]=1-2%r-((1+1)**(1-a)-1**(1-a))
F[0,1]=r-mu
FIM,M-1]=2*r
FIM,M]=1-2*r-((1+1)**(1-a)-1**(1-a))
for 1in range(1,M):

F[i, i-1] = r+mu

F[i, 1] = 1-2*r-((1+1)**(1-a)-1**(1-a))

F[i, i+1] = r-mu
C=np.zeros((N+1,M+1))
SO=np.zeros(M+1)
SO[0]=(r+mu)*g(t[0])+r*g(t[1])
b0=B@C[0]+S0
C[1]=scipy.linalg.solve(A,b0)
S1=np.zeros(M+1)
S1[0]=(r+mu)*g(t[1])+r*g(t[2])
b1=F@C[1]+S1
C[2]=scipy.linalg.solve(A,b1)
for k in range(2,N):

ek=(k+1)**(1-a)-k**(1-a)

Sk=np.zeros(M+1)

Sk[0]=(r+mu)*g(t[k])+r*g(t[k+1])

sum=np.zeros(M+1)

for j in range(1,k):
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sum=sum-+((j+1)**(1-a)-**(1-a)-(+2)**(1-a)+({+1)**(1-a))*C[k-j]
bk=F@C[k]+sum-+ek*C[0]+Sk
C[k+1][:]=scipy.linalg.solve(A,bk)
t1=int(t1/dt)

return(x,C[t1])

6. Numerical Solutions

In this section, we obtain the approximate solution of time fractional drug
concentration equation (1.1)-(1.3) by a developed fractional order Crank-
Nicolson finite difference scheme (2.10)-(2.13).

6.1 Test Problem 1. Steady State Concentration

In pharmacology, the steady state of drug is an important fundamental
concept. Steady-state is a situation during which the concentration of drug in
the body is stable. In the treatment of CNSdisease, understanding of steady-
state is important for choosing the right dose and determining the dosing
interval to achieve a desire steady-state concentration. This is the situation
corresponds to where maintenance dose is given in order to keep the drug
concentration constant in the brain ECF [5]. If the concentration in brain
ECF remains constant, then we will obtain the drug concentration in the CSF
changes along the CSF space by the following drug concentration equation

o 2
aca(i’t):—vécg;’t)-l-Dag(xz’t),0<ocﬁl,0§x£8,t20
t X

initial condition: ¢(x, 0)=0,0 < x < 8

oc(8, t)

pranls 0(t > 0).

boundary conditions: ¢(0, t) = 3,

The exact solution of the problem for o =1 is given as [5]

- Yo 5) B3

With the help of Python programme DCE, we calculate the drug

concentration c¢(x, ) for anytime #,. The numerical solutions of the time
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fractional drug concentration equation obtained by developed scheme for
a =1.0,0.9,0.8 with the parameters v =0.5,D =0.7, Ax =0.01 and
At = 0.001 is represented graphically in Figure 1. Furthermore, we simulate
the numerical solution of the time fractional drug concentration equation for

different values of x in Figure 2. The exact solution and numerical solution
for oo =1 with the parameters v = 0.5, D = 0.7, Ax = 0.01 and Af = 0.001

at time ¢ = 2 are shown in Table 1. We observed that the magnitude of the

error of exact solution and numerical solution is of O(A¢ + (Ax)?).

—_ =1
— @=09
— a=08

@t=2 (b)t=3

Figure 1. Drug concentration profile with the parameters v = 0.5,
D =0.7, Ax = 0.01, At = 0.001 and a = 1.0, 0.9, 0.8.

— =l =
—a=9 "

5 — =B /______..-—-——'_'_._
=

(ax=1 b) x =2

Figure 2. Numerical solution of steady state concentration for x = 1and
x=2 with the parameters v=05 D=0.7T=5 Ax=0.01 and
At = 0.001.
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Table 1. Comparision of exact solution and numerical solution for

a=1t=20v=05,D=0.7 Ax =0.01 and At = 0.001.
x Exact Solution Numerical Solution Error elk = Eik _ clk I
0.0 | 3.0 2.993907278649013 0.006092721350987151
0.5 | 2.6456568378800114 2.637640626024081 0.0080162118559306
1.0 | 2.210862045444807 2.2016244916677286 0.009237553777078578
1.5 | 1.7395672793993147 1.7300687648213946 0.009498514577920059
2.0 | 1.2820481022496093 1.2732489286656066 0.008799173584002729
2.5 | 0.8812918247063797 0.8739078798391523 0.007383944867227377
3.0 | 0.5631456958949884 0.5575140861890188 0.0056316097059696535
3.5 | 0.33360708628476354 0.3296952147891131 0.003911871495650421
4.0 | 0.1828205165043782 0.1803422974511022 0.0024782190532759985
4.5 | 0.09251994640668684 0.0910867844617443 0.0014331619449425431
5.0 | 0.04317739107570287 0.042420349641816124 | 0.0007570414338867459
5.5 | 0.018560555515715397 | 0.01819513741539206 0.00036541810032333574
6.0 | 0.007342283849504758 | 0.007181092835093199 | 0.00016119101441155938

6.2 Test Problem 2. Elimination Phase

The elimination phase of drug is the case corresponds to the drug being

present in the CSF in the lateral ventricles at some concentration ¢, [5]. At
t = 0, the injection is stopped and the elimination begins. This case is

relevant for concentration-time profile on coarse time scale. Since the drug
aggregation happens quite fast in the case of intravenous injection, it will not
visible on such a time-scale and we will see only elimination phase in the
plot. This phenomenon is study by the following time-fractional drug

concentration equation

o%c(x, t)

o
%e(x, t) _ Y oc(x, t) N 2
ox

ot ox D

,0<a<,x<6,t>20

initial condition: ¢(x, 0)=0,0 < x < 6
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... —t 6C(6, t)
boundary conditions: ¢(0, t) = 3e™", — - 0t = 0).

The exact solution of the problem for o =1 is given as [5]

3 % x —yt (U;iv))x x+ yt
clx, t) = Se¢|e erfe STDr +e erfec SThi

Dt

where y = Vv? —4D. The numerical solutions of the time fractional drug
concentration equation obtained by developed scheme for o =1.0, 0.9, 0.8
with the parameters v=1 D=02 Ax =0.01 and A¢=0.001 are
represented graphically in Figure 3 by Python programme DCE.
Furthermore, we simulate the numerical solutions of the time fractional drug
concentration equation for different values of x in Figure 4. In Table 2, we
compare the exact solution and numerical solution of the time fractional drug

concentration equation for o =1 with the parameters v =1, D = 0.2,

Ax = 0.01 and At = 0.001 at time ¢ = 2. Moreover, we observe that the error
in the calculation is of O(At + (Ax)?).

g=1

(@t=1 Mb)t=2

Figure 3. Drug concentration profile with the parameters v =1, D = 0.2,

Ax = 0.01, At = 0.001 and a =1.0, 0.9, 0.8.
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(a) x =0.2 () x =0.5

Figure 4. Numerical solution for drug elimination for x = 0.2 and x = 0.5
with the parameters v =1, D = 0.2, ¢t =5, Ax = 0.01 and A¢ = 0.001.

Table 2. Comparision of exact solution and numerical solution for
a=1Lt=2v=1D=0.2 Ax =0.0land Az = 0.001.

x Exact Solution Numerical Solution

Error elk =| Eik - cik I

0.0 | 0.40600584970983805 0.4108789821823356 0.004873132472497543

0.5 | 0.690643252642077 0.6969777675627705 0.006334514920693479

1.0 | 0.9910421336946248 0.9965539539700895 0.005511820275464707

1.5 | 1.147116277674832 1.1484516174662687 0.0013353397914366294

2.0 | 1.0385500472139912 1.0343063307369158 0.004243716477075443
2.5 | 0.72077795551975 0.7133503723003761 0.007427583219373868
3.0 | 0.37847592991323475 0.3718015170776765 0.006674412835558252
3.5 | 0.14906463756342395 0.14515526386486594 0.003909373698558011

4.0 | 0.04377805649358062 0.04219236700542997 0.0015856894881506461

4.5 | 0.009547713552140515 0.009091836821831855 | 0.0004558767303086599

5.0 | 0.0015417744244616016 | 0.001447866329388511 | 9.390809507309065e-05

0.0 | 0.40600584970983805 0.4108789821823356 0.004873132472497543

0.5 | 0.690643252642077 0.6969777675627705 0.006334514920693479

6.3 Test Problem 3. Drug Aggregation

The drug aggregation corresponds to the case in which drug is given
continuously over a longer period of time [5]. The drug reaches the CSF at
time ¢ = 0 and no drug was present in the brainECF and CSF before that.

The injection is continued long enough in order to reach the steady state
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concentration and is not stopped within the period of time considered. This
phenomenon is study by the following time-fractional drug concentration

equation

%e(x, t) _ Y oc(x, t) D o%c(x, t)
at” ox ox*

,0<a<1l,x<51t20
initial condition: ¢(x, 0)=0,0 < x <.
.. —t 50(5, t)
boundary conditions: ¢(0, t) = 3", e 0t > 0).

The exact solution of the problem for o =1 is given as [5]
3 x — vt (%) x + vt
cx, t)=—=]|erfc +e erfq ——

() 2 f(Z«/Dt) fc(z«/Dtj

—et e(v;];;)xerfc(—x — yt) + e(vgly))xerf rEN ytj
2JDt 2JDt

where y = Vo? —4D. With the help of developed python programme DCE,

the numerical solutions of the time fractional drug concentration equation for
a=1.0,0.9, 0.8 with the parameters v=1 D=0.2, Ax =0.01 and

At = 0.001 is represented graphically in Figure 5. Furthermore, we simulate
the numerical solutions of the time fractional drug concentration equation for
different values of x in Figure 6. In the Table 3, we compare the exact
solution and numerical solution at time ¢ = 3 for a =1 with the parameters
v=1 D =02, Ax = 0.01 and At = 0.001. We observe that the magnitude of

the error between the exact solution and numerical solution i1s of

O(At + (Ax)?).
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Figure 5. Drug concentration profile with the parameters
D =0.2, Ax =0.01, At = 0.001 and o =1.0, 0.9, 0.8.

30

Figure 6. Numerical solution for drug aggregation for x =1 and x = 2 with

U. KHARDE, K. TAKALE and S. GAIKWAD

@t=2

— gml

(a) x=1

b)t=3

() x=2

the parameters v =1, D = 0.2, Ax = 0.01 and A¢ = 0.001.

Table 3. Comparision of exact solution and numerical solution for

a=1Lt=3v=1D=0.2 Ax =0. 01 and Af = 0.001.

Exact Solution

Numerical Solution

k
I

Error eik = Eik -

0.0

2.8506387948964083

2.8486584009974187

0.0019803938989895187

0.5

2.717400152250943

2.7140190061622556

0.003381146088687448

1.0

2.495369092986084

2.490061111986018

0.005307981000065798

1.5

2.1654336714236244

2.157966519981535

0.007467151442089204

2.0

1.7376742713960167

1.7284649530934093

0.009209318302607405

2.5

1.2617161036485738

1.251930562993927

0.009785540654646763
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3.0 0.8126564196023055 0.8038171392485197 0.008839280353785783
3.5 0.4565234712200368 0.44980441741804056 0.006719053801996222
4.0 0.22062447196653884 0.21636491470986893 0.004259557256669905
4.5 0.09072778152906447 0.08873837701972355 0.001989404509340917
5.0 0.03147838582653009 0.040396872611049295 | 0.008918486784519203

7. Conclusion

(1) We successfully develop the fractional order Crank-Nicolson finite
difference scheme for the time fractional drug concentration equation in the
central nervous system.

(i) The stability and convergence of the developed scheme are both
Investigated.

(i11) Furthermore, we successfully develop the Python programme for the

time fractional drug concentration equation in the central nervous system.

(iv) The performance and efficiency of the developed scheme is

numerically tested using some numerical experiments. We observe that the

error in the calculation is O((A£)2™® + (Ax)?).

(v) Finally, we conclude that Python is a very powerful tool for obtaining
the numerical solutions of the time fractional drug concentration equation.
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Crank-Nicolson Finite Difference Scheme = M)
for Time-Space Fractional Diffusion e
Equation

Kalyanrao C. Takale and Veena V. Sangvikar ( Kshirsagar)

Abstract This paper aims in developing the Crank-Nicolson type of finite difference
scheme for space-time [tactional order diffusion equation (TSFDE) with a non-linear
term. The proof for scheme to be unconditionally stable and also convergent is been
discussed. Further, an application in terms of nomerical solution is solved and graph
simulated using Mathemalica,

Keywords Finite difference scheme - Caputo derivative + Space-time fractional
diffusion equation * Stableness of scheme « Convergence © Mathematica software

1 Introduction

Recently, fractional order partial differeminl equations have been widely used by
resenrchers to represent any physical phenoming and study its minute and diversed
applications in science and technology, fluid mechanics, control systems, hiology,
viscoelasticity, physics, dynamical systems, ete, [4, 12, 14, Major benefit that the
fractional derivatives provide is thatof being o best estimate for minute elaboration of
memaory as well as hereditary properties of different processes and involved materials
[f3, 9, 13]. But, it is very difficult 1o tackle partial differential equations of fractional
order for exact solution. Researchers find variety of essential dynamical systoms,
cxhibit fractional order behavioor which conld change with space. time or both
space-time and henee the anabytical solution becomes difficult. This provoked many
researchers o develop numerical methods,

We consider the space-time fractiona] heat-transfer/diffusion equation. The space-
time fractional equation of dilfusion 15 oblained using the standard equation of dif-
fusion by replacing second order dedvative in space vardahle by fractional derivative
of order 8, 1 = # = 2[3. 13] and the first order derivative in time vadable by frac-

K. C Takale
Department of Mathematics, NSC Byioo Science College. Nashik, MS, India

W. W Sangvikar {Bshirsagary (550
School of Muthematics and Sttisdes, MIT World Peace University, Pune, M, Tnidia
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tional derivative of order @, 0 = o < |, Thus, we develop the time-space fractional
Crank-Nicolson linite difference scheme for diffusion equation with a non-lincar
SOUTCE Lerm.
The following space-time {ractional equation of diffusion (TSFDE) with 4 non-
Inear term is considered.
a7 (x, 1) At (x, 1)

e E T, Foagi), 0= W =)
o d—=  fitfx), D=x=L, 1 il

initial condition = Uix,0) =d¢x), h=x =L (2
boundary conditions : U0, )= U, WL, ty=Ug 0= =T (31

where diffusion coefticientd = 0,0l =a = |, | = # =2,
Below are few definitions of fractional dervatives which would be useful for our
subsequent development of scheme [7, <11, |3].

Definition 1.1 The definition of Capute time [ractional derivative of order o, ({) =
= 1his

| PRy HE . )

L (x ) i o iy D]
*I”" N AlNa, 1}

S i o=]

Definition 1.2 The definition of Grunwald-Letnikov space froetional derivative of
order 8. {1 < f < 2} i3

M :
s Fij—A) )
= —— i — - —Lx =f= 1.1}
ixf l"f—ﬂ-:l-‘-fl-*:uh'” e Nij+1) : J

Mx |

where (L) 1s the gamma function,

The paper is plunned in the following way: In Secr. 2, the Crank-Nicolson finite differ-
ence scheme is advanced for one dimensional ume-space frecuonal order equation
of diffusion. The schemes stability 15 discussed i Sect, 3 and the convergence is
proved in Seet. 4. o the last session we have the numerical solution of the ime-space
fractuenal equation of diffusion which 18 graphically represemed using Mathemarica
software,

2 Finite Difference Scheme

We now develop fractional order Crank-Nicolson type finite difference scheme for
time=space fractional equation of diffusion [8, 153-19]. We consider following time-
space fractional diffusion eguation having non-linear reem along with initial and
boundary conditions.
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PO AL, 1)
mE il

+ fill ), h=x=L, t =10 4y
initial condition : x, M =¢ix), d=x <L (5
boundary conditions : UL = Uy and L. f)=Up, 0=t =T a1

where 00 = o = 111 = # < 2and d is diffusivity constant. For the implicit numerical
approxinaton scheme, we defing i = ﬂ"',‘,;"'—‘ =+andt = % the space and tme
sleps respectively, suchthat ry = krik =0, L. Nbethe integrationtimel < 1, = T
and x) =x; +1h foe i =00, ... N. Bet Uy g5), # = 1,2, ...N, k= 1.2, ...n. be
the exact solution of the [roctional partial dilferential equation (4)—{6) ot the node
pomt {1, 1. Let Uf be the numerical approximation o U, i ) We diseretise the
tme fractional derivative of equation (4) by the following scheme:

[l 2B o "D | fr:.. | HUI:I,-.E_EJE
e Ml—w)ty (L —EPT ]
e N
_ 1 ‘S-i:Uf.?fjif_,'+|l—U{.Ij.IJl [ Hrﬁ
Tl =) T (tip) — EW
Fel) 3
& lE—j+1ir
1 z['r[*tl'~f.f+|?_['rf-’-’i~'[j’ r]rr]'
T —a) r "
fmli k—fiv "
I _ ) i+
. | Z ARG I I Rl P v f dy
Fil —w) 3 T : i
l—s k .
T [P TS TR I 8 6 T | g il
- 3 [ Ty
-0 3
il O RN | Eoe
= + = r{:z = E}[Ui.l’r‘. g )— Uf:r,.l',; .|'_]+

P {
T w
e — flEM - I,
T !EHI byl (g, tog ) = Ut n. )]

where b; = (j + 10 — 170 j=1,2, ..k
For L8WD 0 pP1r(x, 1), we use the shifted Griinwald finite différence for-

Hat
il an all tme levels as follows
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U )
T 2DV U (2. tygy)

] i-+1

3 gn Ul = (= DAt ] + 007

hlﬂ J=id

Here the Griinwald normalized weights are defined by

rj-=A

__ M=l et
T—Ary+n 7

gro=1. gp, =

O substituting Grionwald estimates in the superdiffusion eguation (4) o oblain
the Crunk-MNicolson type numencal approximation, the obtwned finite differcnce
gouation js

— — i
e ; T 2 L i

]‘r"—ull{}‘.” _U;'!_n*_ MEMIU.. =, j|:? L"F.lr'r.lll'!"i.n‘i.nf-':']"'-ﬁi
L 2 P E

(n
where f* = (U}, x;. 1) and the above operator which is a fractional partial differ-
ential, is defined as

I i+1
gl = i Z.'!.'ﬁ..uﬂ."-m ()

1=l

Therefore, from (2.4 amd (2.5) we get

- 1+ 1
T "

My B e L4 by, d 4 e = i i
i G R e DU U B T BETSTLIENES DECHL RS
e =1 el

i . , drefia—o) L4 Iil
L..r;_| —4t E_J,JW. =H_gio = IE‘N l't".:_*.-l.z | E-’zf‘-l"l-'llj'—;l FERR . —rrLr.*
=1 i=0 =4

bl & PR F) i+l i i+l
‘T & - Ly I ! b+ ; O i
TR T S 1 [ — U = Y ap g U+ X ap U )+ T2 =i

J=1 =l =il
dri (2 ) o

T —
where ¢ = T Feri=01.2, .N.k=0,1.2,..

Adter further simplification, we get

IS =1
1 - L
(=g UEH 3 U = 0=y US4 Y My = byt
j=ib =1 i=I
i+
" i ol
FrON gt U4 TR - ]
J=0.7l
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The approximation to initial condition is as L",“ =glx ), i =0, 1.2, ... The approx-
imautions to boundiry conditions are ds Uﬂ; =Up, Uy =Ug £=1,1,2..Hence,
the complete discretised scheme to IBYP (4)-6) 15

i+l 14|
tspat! —r 3 gt a=t—pot+r 3 getl o2 —apl for k=0
=l i=l =, =1
(L
i+ -1
it —r B g =0 == b0 b= bt
fmil, I=1i

i+
+ X el ueml = rTiZ= )l for k=

e (1

{11y
indtial condition U:’ =iz}, i =0. L2,.. {12)
boundary conditiony : Uy = U, L-’l:.- =L, £=0,1,2.... (13}

where r = "L!._j—‘,:%;” gro=1, ga1 = (~f). g5 = “—_]—I:ﬁ-i-'-ﬁ—'_i_—ﬁ and b; = (f +

Iy — gl j =0, 1,2, .., k. The finite-difference Egs.( 10) to ( |3) are expressed
in the matrix form as:
AU' = BU" + T2 —alf] (14}

k—1
AU = BUS 4+ Y ) = bpa U5 40U + T2 —alfF + D (15)

=l

where UY = (U, U, . U5, k=0,0.2... N A=(t;) isa(N — 1) ordered
siquare matriy of coefficients

[ (14 rf) {—r) b
(=riepz (1 4rf) {(—r)
(—rigas (—Flgaz O 4+rH) (—r)

\—r)gam—1 (—r)8gm2 (=) 8am—3 s+t ooe (1421}

B = (b bis a(N = 1) ondercd square matrix of coeflicients
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[ (1= —rf) r \
Fgu.a (I =By —rf) "
f&g3 8.2 (1 —by —rf) r
B=
\ Fpmen F&pm-2 rBam=3  trec (1 = by —rf)

and [ is o constant column matrix given by

( reaally + U™ )
regatUS 4 Uy

repalUy + U5

D= :
F'Hlﬁl,’q'—|1blit. +U[E.I I.I'
\ rgp (UG + U Y+ ey + U
where p=fdtloel o = SIS b= (4N, =

Ml 2wk,

The system above is of algebraic equations which will be solved using some
minthematical software ol preferably Mathematica,

Next, we work on stability of solution that would be obiained from the developed
time-space fractional Crank-Nicolson finite difference scheme (100 13) for the timi-
space fractional diffusion equation (TSFDE) (461

3 Stability

Lemma 3.1 fori=12. ..,
cients b and gy ; for | =1,
(i1 = by, j =0, 1, 2

(i) by =1, b; = 0,j=0,1, 2.

o
I'F-f-i'J San= 1, B = —ﬁ- B = ”"f # 1 P_i]H.Il'._I =0
=1

N k= |,2.-..,-I"lr.ﬂ-"’n"j I, 1 = ||"| Ezfﬁl’rﬂq{ﬂi-
1,2, ... seitisfy

"
fivi We have 3 gy o <% forany positive integer n.
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Defimition 3.1 For £, being some initial rounding error arbitrarily, if there exists
¢ & positive number, independent of i and 7 such that || £5|| < ¢ E"| or | E*| = ¢,
then the difference approximation is stable.

Theorem 3.2 Solution obfatred from e Crank-Nicedson finite apprroximarion
sefieme defined By 100030 05 nconditionally stable,

Proaf We ussume that L}f 154 veelor of exact solulion of TSFDE (416}, Denote,
E:' == L"I-" - L-’f for i=0,1,..N; k=01, .. where E'=0 ond E* =
(eh. 5, . eh )7, Furthermore, we assume thal

B = max |t = 1B s fori=1,2,..
|

Therctore, from Eq. (100, we get

(BN}
R L S
fmll, el
ikl
= =i+ 3 gl TOTR2 = @) T b sy ] — IO x|

Falin

< (9T — LI Gy — UD)

< |6l & 2210

=40+ TL1|E

= [E e A1+ TEIE"Ix

ko 18
We assume that, |Ef| = | E¥ e = (1 + L) | B = T [ EY | .
From Eq.(11) we get

i+l
ET =W wrfint = 3 enintlil
J=lh j 20

I+l (]
:-F“_hl_‘rﬂ:'r.l'Fr E .H,ll.-"ll__,”—i-zl'h,—irr,|h’;l '+h‘,r:"'+

[N f=l
PO = | IO B by i = ST )
< A1 = ey i i = e Eb i | oL =
<Al —dn +in — b byl EF |+ TLLES
< {l 4+ rENE]|
<]+ e LY EY

o, IIEJA-I"\ = E,-Llh-Il’_EI.-II_ML

Hence, by mathematical induction this shows that the Crank-Nicolson finite approx-
imation scheme defined by (101013} is unconditionally stable.

Proceeding further to the next section, we discuss the converzence of the approx-
imate scheme.
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4 Convergence

Theorem 4.1 Let the problem (4=6) has smoatl solagon Ux, Iﬁef.::"'}hﬂ{ﬂ}.
Ler UF be the numerical approximate computed from (100-(13). Then there exists
a pesitive comsteant C imdependent of {0k b and o such thar [0 00 — Ufl =

cO(P* +hY) fori = 1,2.N =1L k= 1,2,..N.
Proof Define ¢f = Uy, 1) = U/ for i =0, 1, .N; k=0,1,..N. Where E" =
0and EY = (¢, €5, ... ¢y)". Furthermore, we assume that [¢f] = max |e}| =
By F
s
1B %: forl=1.2:. and T} = | nax kl?‘,*l then using 3 gy, =0 and
LR 1=
i+1
3 gz, = 0, from Eq.{ 10), we get
J=1
Pl
|‘|’|| = {1+ '-"”": - Z £n .""-'I—.l-'-lI
Joetl, j il
i+l
<l —rillell e 3 skt
], o]
T2 — e F IO by & o — FTE & dll + 173
= el £ T2 — e L Ot — UP ) 1T
< el + Ll 11
= (4ol + 11
= g/ | = (L+ L)) | + e Ot + 1Y)
= JE e < (14 tLILEY |5 4 cO0® + 07
Assume that

IEY |« < (14 tL¥ | EY s 4+ 0O + h?)

From Eq.{11). we get

i+1
| | Exl
e = = B anpeti
Jell i
|!_l J.v"!
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-

Fig: 1 The diffusion profile with 1 =005, A =01 a=07 f=17 W) e=08 =
L A(red) and ¢ =08 7= L% green)

Henee, by induction we prove | E¥ |l < (1 + t LY E¥ e + ¢O(2? + 47), for all
k=12 .M

Therefore, we observe that for any v and 1, as (b, r) — (0.0}, Uf converges
L7 (., 1 ). Hence proof completed (Fig. 1.

5 Numerical Solutions

We now obluin the numerical solution of one dimensional time-space fractional
diffusion equation by the discrewe scheme developed in Egs. ( L0 [3 ). The [ollowing
time-space fractional diffusion equation with initial and boundiry conditions and a
nof-linear e is considered,

AU () @ ()
T

Fsinll; Dex<l,D=sa<l,l==<2,1>10
fnitial condition : Ulx D) =sinza, 0=y < |
boundary condivions : U0, ny=U; =0, Ul,eh=Up=10, t =0

with the diffusion coefficient d = 1.

The numerical solution is obtained at ¢ = 0.05 by considering the parameters
T = (L0005 and /i = 0.1, which are simuolated vsing Mathematica Software for three
different valoes of o and £ that is, o = b7, § = L 7{blue). next o = 0.8, =
L8 (red) and next oo = 0.9, 8 = L. % green) followed by the solution graphically.
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Conclusions

(1} We have successlully developed the Crank-Nicolson fractonal order linite differ-
ence scheme for ime-space fractional diffusion equation in o bounded domiin.

{ii) We observe that the developed scheme is unconditionally stable,

(i) Anulysis shows clearly thut the finite difference schems 15 numerically skable
and the results are compatible with our theoretical analysis, Therefone, these solution
technigues can be applicable to other fractional partial differential equations,
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Abstract: The Basic Practical Chemistry course's objectives are to give students a thorough understanding
of practical chemistry's underlying principles and to help them hone their fundamental experimenting skills.
The in-person lab sessions are regarded as one of the most crucial components of the course for students to
engage in because many students enter the course with little or no prior lab experience. Recently, academic
activities all around the world came to a halt as a result of the COVID-19 epidemic, and all in-person events
were cancelled as a result of strict health laws.

In contrast to theory-based courses, which continued to be taught even during the pandemic through online
teaching methods, there were very few alternatives available to keep practical-based courses running during
the pandemic due to the inherent difficulties of effectively delivering practical-based content through online
teaching methods. Open educational resources (OER) were used to develop a collection of virtual chemical
simulations and animations to help students learn during the pandemic lockdown. Through the university's
learner management system and specially developed MOOC:s, it was made available to students online.

Key Words: COVID-19, Pandemic, Virtual Chemical Laboratories, Animations and Simulations.

Introduction:

The global COVID-19 pandemic epidemic that started in 2020 was unexpected and difficult to manage. All
teachers worldwide were required to hold their classes online due to the COVID-19 pandemic. Students are
completing their courses online while the majority of the instruction has been outsourced off campus. Despite
this, the lab class/chemistry practical, one of the most essential elements of higher scientific education, has
turned out to be challenging. 2

The relocation of experiments and laboratory activities was demanded because science and chemistry teachers
had to synchronize the instruction of both theoretical and practical knowledge. The rise of information and
communication technologies (ICTs) has opened up a range of options for students learning practical chemistry
fundamentals through online classes. Schomann (2003)
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Objectives:

The relevance of theoretical (content) and practical (process) development is focused more than in other
academic subjects, such as chemistry. 4 Improving the practical components of the course curriculum while
also teaching students experimental methodologies, observations, presentation skills, and laboratory
techniques is all vital, right? Students' comprehension of chemistry is greatly influenced by experimental
chemistry labs. 5 The discovering process seems to be what gives science its fundamental excitement, and
laboratory experiments illustrate the interconnections between theory and practice. Aspiring scientists benefits
from lab sessions in the development of both practical abilities and a grasp of the intellectual culture of the
discipline. Without being given an opportunity to apply theoretical concepts in a lab setting, many students
might not understand entirely some theoretical concepts. 6 Undergraduate chemistry courses must also include
laboratory-based practical components in order for students to gain practical experience and knowledge of
chemistry-related experiments. In general, practical chemistry techniques that can be seen and done in a lab
are simpler to understand. Technology is therefore not used all that commonly while teaching practical
chemistry material.

Methodologies:

All stakeholders in higher education obtained surveys on the benefits and drawbacks of virtual or online
learning that were created in a Google form. In this study, responses are gathered and analyzed. On the basis
of this, this part explores and discusses some of the perspectives of various stakeholders.

Even if technology is necessary for remote education, it is essential to think about how it can be utilized to
impart knowledge to make sure it is successful. Evaluating whether or not an unique tool could be used to
educate practical chemistry online was the study's main objective as a consequence. 7

While online course delivery has historically been utilized in fields of education where it is easy to execute,
it has historically been used very infrequently in fields like practical chemistry.

Thanks to advancements in technology within the last few years, users can now imitate chemistry lab
experiences digitally, without having to be present. Virtual reality simulations, according to the authors, are
important in education because they provide students with realistic models that they can interact with to get
real-world experience and a stable environment where they may repeat exercises without fear of being hurt.
2 Unquestionably, the current COVID-19 pandemic has changed the world's educational system, causing a
swift shift away from traditional classroom-based instruction and toward a new type of online learning. As a
result, technology was successfully used in the distribution of materials at the university level during the
recent COVID-19 pandemic, according to a number of recent investigations.

Despite the widespread misperception that online education would enable academics to continue teaching
regardless of their social constraints, a number of institutional, technological, and perceived barriers may limit
the broad use of online content delivery systems. 8

The use of a virtual lab for education and assessment has significant downsides, and there is a scarcity of
student support for it. Such restrictions have been attributed to basic impediments including a lack of required
infrastructure, a technical skill gap, or even a lack of participant interest and drive. 9 Therefore, if technology
is to allow effective information sharing, it is crucial that any potential restrictions be discovered and
preventative measures be made to lessen their impact.

Researchers have examined students' performance in physical and virtual lab settings in research
investigations. Students can benefit from virtual laboratories regardless of where they are when they
participate. 10 Additionally, they contribute to reducing the amount of chemical waste generated. All of the
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experts suggest taking measures when adjusting or conducting additional study. Similar challenges arise for
lab teachers due to the requirement to maintain social distance in crowded laboratory classes, even though
restrictions are becoming less strict.

Fig 1: Student, teacher, and parent perspectives on the advantages and disadvantages of the virtual

laboratory
Number of Positive Responses
100%
80% |
60% ’
40% '
20%
0%
Students Teacher Parents
improves the students digital literacy
B Interactivity can increase students' motivation for studying.
m Students develop the necessary practical skills.
Conclusion:

Following the first wave of the COVID-19 epidemic, academic activities were immediately resumed, and the
students were welcomed back into the college to take part in the regularly planned laboratory-based practical
sessions. 11 It was predicted that students who had used information and communication technologies (ICTs)
to become familiar with the theory and procedures of the experiments covered in the session would complete
the laboratory activity with more competency.

It is stated that, even while digital technologies have their place in the laboratory, they shouldn't completely
take the place of the important activities. It should go without saying that laboratory activities must include
both traditional labs and computer-assisted activities. Don't rely solely on one or the other.
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Abstract-

Powdered spinel zinc ferrite powder sample was synthesized by using sol-gel method. Structure of
spinel zinc ferrite was confirmed by using X-ray diffraction. Average crystalline size and lattice
parameter of powdered sample is calculated using X- ray diffraction.
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Introduction

Ferrite nanoparticles are a large group of
magnetic particles have drawn a lot of
attention of many researchers due to its
extensive uses in variety of disciplines from
biomedical to industry. Ferrite nanoparticles
are particularly used for biomedical
applications due to its physiochemical
properties like surface functionalization
feasibility, high surface to volume ratio [1].
properties like strong magnetic anisotropy,
high coercivity at room temperature,
moderate saturation magnetization, good
mechanical hardness, chemical stability &
high resistivity makes the family of ferrites is
promising material for various industrial
purpose such as sensors, memory devices,
refrigeration, quality filter circuit, high
frequency transformers, wide band
transformers, high frequency -electronic
circuitry, microwave applications, multilayer
chip conductor [2]—[4].

Spinel ferrites have face centered cubic
structure and characterized by MFe2O4
formula where M denotes the divalent metal
ions like Zn, Cu, Al. Spinel ferrites can have
normal spinel structure, inverse spinel
structure or mixed spinel structure. In spinel
structure, all metal ions occupy tetrahedral
sites, whereas all Fe*? occupy octahedral
sites. In inverse structure, all metal ions
occupy octahedral site while Fe*3 ions are
distributed over both tetrahedral &
octahedral sites [5]. Among family of

ferrites, zinc ferrite (ZnFe204) having normal
spinel structure is imperative due its wide
applications in data recording media,
adsorption, sensors, photo catalyst, lithium
ion batteries, magnetic resonance imaging
(MRI), biomedical applications [6]—[8] as it
shows low saturation magnetization, high
resistivity properties. For synthesis of zinc
ferrite, many methods like co
precipitation[9], hydrothermal [10],
combustion [11], ball milling [12] , sol gel [13]
are used.

In this paper, we reported synthesis of zinc
ferrite using sol gel method & structural
properties of zinc ferrite are determined
using X-ray diffraction.

Materials & methods

Materials

For synthesis of zinc ferrite analytical grade
zinc nitrate (Zn (NO3)3.6H20), & ferric
nitrates (Fe (NO3)3.9H20), reagents are used
without further purification. Double distilled
water is used throughout the synthesis &
citric acid is used as reducing agent.

Method

For preparation of zinc ferrite, separate
solutions of zinc nitrate & ferric nitrate are
prepared in stoichiometric amount in double
distilled water. These solutions were mixed
into beaker & beaker is kept for constant
stirring with heating at 150°C. Citric acid is
added into beaker as a reducing agent. After
3 hours, solution is converted into viscous gel
due to evaporation. Then, the gel was heated
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to 250°C to self -sustaining combustion to
produce burned brownish zinc ferrite fluffy
powder. This burned fluffy brownish powder
is kept for annealing in furnace for 900°C for
4 hours & used for further characterization.

Results and Discussion

Structural properties

X-ray diffraction (XRD) pattern of zinc ferrite
powder is shown in figure 1. From X-ray
diffraction pattern, phase, crystalline size
and lattice parameter of the powdered
sample is obtained. The XRD pattern shows
spinel structure having Fd3m space group
having peaks due to (111), (200), (311), (222),
(400), (422), (511) planes that fit with JCPDS
card no.82-1049. Average crystalline size is

calculated using Debye-Scherer formula
= Boc.:je where A 1is the wavelength of X-ray

radiation, B is full width half maxima for
most intense peak, 8 -Bragg’s angle for the
most intense peak. Lattice parameter is
calculated by using formula
a=dpgVh? +k%?+1?> , where dy; is inter-
planner spacing & hkl are Miller indices.
Using given formula calculated value of
lattice constant & average crystalline size are
8.48 °A and 27.12 nm.
Conclusion
In the present paper, zinc ferrite is
synthesized using sol-gel method & spinel
structure of zinc ferrite is confirmed by using
X-ray diffraction. From X-ray diffraction,
calculated values of lattice constant and
average crystalline size were found out to be
8.48 °A and 27.12 nm.
References
[1] S. D. & G. Dini, “Applications of cobalt
ferrite nanoparticles.pdf,” p. 18, 2019.
[2] B. K. Kuanr et al.,, “Frequency and
field dependent dynamic properties of
CoFe2-xAlx04 ferrite nanoparticles,”
Mater. Res. Bull., vol. 76, pp. 22-27,
2016, doi:
10.1016/;.materresbull.2015.11.033.
[3] R. Srivastava and B. C. Yadav,
“Ferrite materials: Introduction,
synthesis techniques, and applications
as sensors,” Int. J. Green Nanotechnol.
Biomed., vol. 4, no. 2, pp. 141-154,
2012, doi:
10.1080/19430892.2012.676918.
[4] M. M. Eltabey and S. A. Gharbia,

Rahul Upalaikar

ISSN - 2347-7075

(5]

6]

[7]

(8]

(9]

[10]

[11]

[12]

“Enhancement of the magnetic
properties of Ni — Cu — Zn ferrites by
the non-magnetic Al 3 + -ions
substitution,” J. Alloys Compd., vol.
509, no. 5, pp. 2473-2477, 2011, doi:
10.1016/;.jallcom.2010.11.056.

J. B. Goodenough and P. E.
Tannenwald, “Oxide magnetic
materials,” Solid-State Electronics, vol.
7, no. 7. pp. 556-557, 1964. doi:
10.1016/0038-1101(64)90095-4.

R. M. Borade, S. B. Somvanshi, S. B.
Kale, R. P. Pawar, and K. M. Jadhav,
“Spinel zinc ferrite nanoparticles: An
active mnanocatalyst for microwave
irradiated solvent free synthesis of
chalcones,” Mater. Res. Express, vol. 7,
no. 1, 2020, doi: 10.1088/2053-
1591/ab6c9c.

X. Biotech, “Evaluation of the Zinc
Ferrite Nano particles for Bio-
applications,” vol. 46, no. August, pp.
2-17, 2017.

K. Wu, J. Li, and C. Zhang, “Zinc
ferrite based gas sensors: A review,”
Ceram. Int., vol. 45, no. 9, pp. 11143—
11157, 2019, doi:
10.1016/j.ceramint.2019.03.086.

L. C. Sonia, M. Victory, and S.
Phanjoubam, “A Comparative Study of
the Properties of Zinc Ferrite
Nanoparticles Synthesized by
Different Techniques for Nanofluid
Preparation,” Integr. Ferroelectr., vol.
204, no. 1, pp. 100-111, 2020, doi:
10.1080/10584587.2019.1674978.

R. Rahimi, M. Heidari-Golafzani, and

M. Rabbani, “Preparation and
photocatalytic application of
ZnFe204@Zn0O core-shell
nanostructures,” Superlattices

Microstruct., vol. 85, pp. 497-503,
2015, doi: 10.1016/j.spmi.2015.05.047.
P. M. Prithviraj Swamy, S.
Basavaraja, A. Lagashetty, N. V.
Srinivas Rao, R. Nijagunappa, and A.

Venkataraman, “Synthesis and
characterization of zinc ferrite
nanoparticles obtained by  self-
propagating low-temperature

combustion method,” Bull. Mater. Sci.,
vol. 34, no. 7, pp. 1325-1330, 2011, doi:
10.1007/s12034-011-0323-x.

S. Bid and S. K. Pradhan,

167



IJAAR

[13]

Fgure 1

Intensity (cps)

Vol.3 No.2

“Preparation of zinc ferrite by high-
energy ball-milling and microstructure
characterization by Rietveld’s
analysis,” Mater. Chem. Phys., vol. 82,
no. 1, pp. 2737, 2003, doi:
10.1016/S0254-0584(03)00169-X.

A. Azam, M. Chaman, and A. H.

ISSN - 2347-7075

Naqvi, “Synthesis of zinc ferrite
nanoparticles by sol-gel method and
their  characterisation,” Int. .
Nanoparticles, vol. 2, no. 1-6, pp. 388—
393, 2009, doi:
10.1504/ijnp.2009.028773.

1.0e+004|
8.0e+003+

6.0e+003

4.0e+003- !
r

2.0e+003-| ,

s N M

Meas. data:Zn"e204_}ost

!

20 40

Rahul Upalaikar

2-theta (deg)

60 80

168



SPRINGER LINK

— Menu Q search

(% Login

D Cart

Home » The European Physical Journal Plus > Article

Regular Article | Published: 17 June 2022

Removal of Cd(II) and Pb(II) ions from
water solution by CoFe;O4/Al; 05
nanocomposite

Ashwini S. Varpe, Mrinalini D. Deshpande & Dipak R. Tope
& Ashok V. Borhade

The European Physical Journal Plus 137,
Article number: 705 (2022)

Abstract

In this study, the performance of magnetic CoFe;O
4/Al,O3 nanocomposite is evaluated towards the
removal of Cd(II) and Pb(II) metal ions from the
wastewater. The removal efficiency of CoFe;O4/Al,O
3 nanocomposite is compared with the bare CoFe, O,
nanoparticles. The CoFe;O4 and its composite with
Al Og3 is synthesized via sol—gel auto-combustion
method. The as-prepared samples are characterized
by fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM), transmission electron
microscope (TEM) and vibrating sample

magnetometer (VSM) analysis. As compared to bare
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nanoparticles, the decrease in particle size, enhanced
specific surface area and porosity, higher
magnetization, lowering of the band gap, and
uniform distribution with spherical shaped structure
is observed in CoFe;04/Al,03 nanocomposite. To
probe the nature of the adsorbent, various
experiments are performed by considering the
reaction parameters like contact time, adsorbent dose
and concentration of Cd(II) and Pb(II) ions. During
optimization process, it is observed that for bare
CoFe; 04 nanoparticles, the maximum removal
efficiency is found for Cd(II) ions 75% and for Pb(II)
ions, it reaches upto 43%. In composite form, the
removal efficiency for Cd(II) ions increases upto 88%
and for Pb(II) ions, it is 77%. The enhanced removal
efficiency is observed for the CoFe;04/Al; 03
nanocomposite due to smaller particle size and
increased surface area as compared to that of CoFe,O
4 nanoparticles. The effect on removal efficiency is
also studied with the variation of temperature. The
isothermal adsorption results are well fitted to
Langmuir model. The high adsorption capacity of
CoFey04/Al;,03 nanocomposite as compared to CoFe
204 makes it promising candidate for removal of

heavy metal ions from aqueous solution.
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Abstract

An efficient one pot four component 1H-pyrazolo [1,2-
b] phthalazine-5,10-dione derivatives was synthesized
by using benzaldehyde, phthalic anhydride, hydrazine
hydrate and malononitrile in presence of SiO;
composite PbCrOs as a catalyst. The composite
SiO2:PbCrOs catalyst was prepared by using
hydrothermal process. The XRD, TEM and BET
measurement  techniques  were used for
characterization of catalyst.

The present method offers several advantages such as
use of an inexpensive catalyst, high product yield, short
reaction time, mild reaction condition and reusability
of the catalyst.

Keywords: SiO. composite PbCrO4 as a catalyst, 1H-
pyrazolo [1,2-b] phthalazine-5,10-dione, phthalic anhydride,
hydrazine monohydrate, malononitrile.

Introduction

Strecker?! discovered multicomponent reactions (MCRS) in
1850 and they are becoming more important in the synthesis
of various heterocyclic compounds, as well as having great
potential for the synthesis of drug-like heterocyclic
molecules. MCRs are a type of multicomponent reaction that
may be utilized to make physiologically active molecules
and they have become a contentious issue in organic and
pharmaceutical chemistry.

Further research in the synthesis of heterocyclic compounds
via MCR technique and environmentally friendly
methodologies is essential in the drug development process.
The synthesis of novel heterocyclic compounds has attracted
researchers’ attention in recent decades due to their large
variety of applications. Heterocyclic compounds are
abundant in nature and are necessary for life to exist.

Among a wide range of heterocyclic compounds, nitrogen-
containing heterocyclic compounds are abundant in nature
and their use in medicines, agricultural chemicals and
biomaterials is gaining significant attention*810-12, 1H-
pyrazolo[1,2-b] phthalazine-5,10-diones are nitrogen-
containing heterocycles with anticancer, antibacterial,
antifungal, anti-inflammatory, anticonvulsant, cytotoxic,

https://doi.org/10.25303/2705rjce1250131

antiviral, antitumor, anticoagulant, antibiotic and

antihypoglycemic properties®?914.16.18.20.22.23

Cardiotonic'* and vasorelaxant?? properties have also been
discovered in phenazine derivatives. As a result, it is
essential to design a simple approach for 1H-pyrazolo [1,2-
b]phthalazine-5,10-diones.

The following conditions were used to synthesise 1H-
pyrazolo [1,2-b]phthalazine-5,10-diones from one-pot three-
component condensation of phthalhydrazide,
malononitrile/ethyl  cyanoacetate and benzaldehyde:
[Bmim]OH under microwave irradiation at 100 W power
and 45°CY7, triethylamine in ethanol at 50°C for 1 hour and
ultrasonication at 50 KHz and 350 W output power!® and p-
TSA inionic liquid [Bmim]Br as solvent at 100°C”.

One-pot four component reactions involving phthalimide,
hydrazine hydrate, malononitrile/ethyl cyanoacetate and
benzaldehyde were also reported using basic ionic liquids
such as 1,8-diazabicyclo[5,4,0]-undec-7-en-8-ium acetate'®,
pyrrolidinium acetate!® and triethyl amine as a catalyst®.
However, conventional techniques have a number of
limitations including prolonged reaction times, high
temperatures, adverse reaction conditions, the use of toxic
and costly catalysts and catalyst recyclability. As a result,
there is scope to create environmentally friendly ways for
producing 1H-pyrazolo [1,2-b]phthalazine- 5,10-diones.

In this study, we discuss the synthesis of functionalized 1H-
pyrazolo[1,2-b]phthalazine-5,10-dione derivatives as a
development of our study on multicomponent reactions'3,
Under reflux conditions, 1H-pyrazolo[1,2-b]phthalazine-
5,10-dione derivatives were produced through a four-
component condensation process of hydrazine monohydrate,
phthalic anhydride, malononitrile and aromatic aldehydes
with SiO, composite PbCrO4 as catalyst (Scheme 1).

Material and Methods

Lead oxide (PbO, Sigma-Aldrich, 99.99 %), chromium
oxide (CrOs, Sigma-Aldrich, 99.90 %), silicon dioxide
(SiOz, Merck, 99.00%) and sodium hydroxide (NaOH,
Merck, 99 %) were purchased and used without purification.
Similarly, organic chemicals were purchased and used
without purification
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General procedure for synthesis of PbCrQO, as catalyst:
In this procedure, an equimolar mixture of PbO (1mol) and
CrOs (1mol) was ground to a fine powder using a mortar and
pestle for 20 minutes before being calcined at 300°C for 3
hours. After milling, the resulting powder was calcined at
400 °C for a second time after every two-hour interval.

For 12 hours, the temperature of the Muffle furnace was
designed to increase at a rate of 10°C/min from one
temperature to the next. The material was cooled and ground
using a mortar and pestle after being heated at 400°C for 1
hour. The ground material was then heated for another 12
hours at 600°C. Finally, PbCrO. polycrystalline powder was
produced. The generated catalyst was utilized to characterize
and synthesize SiO, composite PbCrQO4 catalysts.

Synthesis of SiO,:PbCrQO;, catalyst: In a buffer solution,
the required amount of SiO; (1 mol percent) and synthesized
PbCrO4 powder (1 mol percent) were mixed to make the
SiO2:PbCrO;4 catalyst. This reaction mixture was stirred for
1 hour and then placed in a steel-lined Teflon autoclave and
heated at 120°C for 24 hours. The precipitate was filtered,
rinsed with distilled water and dried for 12 hours at 100°C.
The polycrystalline product was placed immediately in the
furnace for 4 hours of calcination at 300°C. The obtained
catalyst was used for characterization and synthesis of
phthalazine-5,10-dione derivatives.

o o
o + | 210 4+ |
NH2 =
o)
1 2 3

+ <

Res. J. Chem. Environ.

General Procedure for the synthesis of 1H-pyrazolo[1,2-
b]phthalazine-5,10-dione derivatives: Phthalic anhydride
(1 mmol), hydrazine (1 mmol), an aromatic aldehyde (1
mmol) and malononitrile were heated for 15-50 minutes in
an oil bath at 120°C. TLC was used to observe the response.
After the reaction was completed, the reaction mixture was
cooled to room temperature before being poured into ice
water. The resulting product was filtered and rinsed with
warm water with several times, then the catalyst was
separated from the chemicals using ethanol. Various
analytical methods were used to characterize the resulting
products which were recrystallized.

Characterization: Various analytical methods were used to
characterize the pure compounds. The XRD pattern was
recorded at a scan rate of 0.17° 20 S using a multifunctional
X-ray diffractometer (Philips-1710 diffractometer with
CuKa, = 1.5406). The scanning electron microscope (SEM)
was used to scan the material with a high-energy electron
beam. Electron micrographs were taken using a Schottky
electron gun on a Hitachi SU 70 FESEM. TEM with SAED
on a Phillips CM-200 microscope was used to investigate the
structure and particle size of the produced materials. The N2
adsorption—desorption isotherm was used to determine the
BET surface area on Quantachrome Autosorb Automated
Gas Sorption System Autosorb-1, NOVA-1200 and Mercury
Porosimeter Autosorb-1c.

o
CN
Catalyst
CN
o NH,
4 5(a-l)

Scheme 1: Synthesis of phthalazine-5,10-dione derivatives.
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Figure 1: XRD analysis of a) PbCrOs b) SiO2:PbCrO4 catalyst.
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Spectral Data
3-amino-5,10-dihydro-5,10-dioxo-1-phenyl-1H-pyrazolo
[1,2-b]phthalazine-2-carbonitrile (5a): M.P.: 276-278 °C;
Solvent system: Hexane : Ethyl acetate (9:1), Rf value: 0.58
cm; 'H-NMR (400 MHz, DMSO-ds) 8 ppm: 7.79-7.63 (10
H, m, H-Ar and NHy), 6.65 (1H, S, CH); 3C-NMR (125
MHz, DMSO-ds) 6 ppm: 167.56, 158.19, 143.43, 141.65,
139.23, 135.73, 131.21, 128.43, 126.21, 125.64, 123.12,
122.87,121.09, 62.97, 60.52; EIMS: 316 (M+1) m/z.

3-amino-1-(4-chlorophenyl)-5,10-dihydro-5,10-dioxo-1H
-pyrazolo[1,2-b]phthalazine-2-carbonitrile (5b): M.P.:
270-272 °C; Solvent system: Hexane : Ethyl acetate (9:1), Rf
value: 0.39 cm; 'H-NMR (400 MHz, DMSO-ds) 6 ppm:
7.98-7.65 (10 H, m, H-Ar and NH,), 6.08 (1H, S, CH); 3C-
NMR (125 MHz, DMSO-ds) 6 ppm: 170.23, 166.34, 153.32,
142.56, 138.54, 136.87, 134.43, 133.43, 132.78, 130.67,
129.54, 127.21, 124.65, 59.45, 54.87; EIMS: 351 (M+1)
m/z.

3-amino-1-(2-chlorophenyl)-5,10-dihydro-5,10-dioxo-1H
-pyrazolo[1,2-b]phthalazine-2-carbonitrile (5c): M.P.:
250-252 °C; ; Solvent system: Hexane : Ethyl acetate (9:1),
Rf value: 0.44 cm; *H-NMR (400 MHz, DMSO-dg) & ppm:
7.85-7.63 (10 H, m, H-Ar and NH2), 6.08 (1H, S, CH); *C-
NMR (125 MHz, DMSO-ds) 6 ppm: 168.45, 162.42, 152.45,
142.87, 139.97, 136.37, 134.87, 134.90, 132.28, 130.52,
129.78, 126.95, 124.32, 61.53, 58.47; EIMS: 351 (M+1)
m/z.

3-amino-1-(4-flurophenyl)-5,10-dihydro-5,10-dioxo-1H-
pyrazolo[1,2-b]phthalazine-2-carbonitrile (5d): M.P.:
262-264 °C; ; Solvent system: Hexane : Ethyl acetate (9:1),
Rf value: 0.48 cm; *H-NMR (400 MHz, DMSO-dg) & ppm:
7.87-7.78 (10H, m, H-Ar and NH2), 6.07 (1H, S, CH); **C-
NMR (125 MHz, DMSO-ds) 6 ppm: 170.35, 163.65, 152.56,
141.87, 138.35, 136.72, 132.43, 129.23, 127.89, 126.65,
124.38, 123.87, 122.20, 61.73, 59.38; EIMS: 336 (M*) m/z.

3-amino-1-(4-bromophenyl)-5,10-dihydro-5,10-dioxo-1
H-pyrazolo[1,2-b]phthalazine-2-carbonitrile (5¢): M.P.:
266-268 °C; Solvent system: Hexane : Ethyl acetate (9:1), Rf
value: 0.37 cm; *H-NMR (400 MHz, DMSO-ds) 8 ppm:
8.03-7.94 (10H, m, H-Ar and NH2), 5.98 (1H, S, CH); 13C-
NMR (125 MHz, DMSO-dg) 8 ppm: 169.54, 154.52, 143.17,
139.97, 135.78, 133.45, 131.32, 129.47, 128.13, 126.64,
124.59, 123.54, 122.27, 61.73, 60.38; EIMS: 396 (M+2)
m/z.

3-amino-1-(4-N,Ndimethylphenyl)-5,10-dihydro-5,10-
dioxo-1H-pyrazolo[1,2-b]phthalazine-2-carbonitrile
(5f): M.P.: 222-224 °C; Solvent system: Hexane : Ethyl
acetate (9:1), Rf value: 0.32 cm; 'H-NMR (400 MHz,
DMSO-dg) & ppm: 8.09-7.89 (10H, m, H-Ar and NH>), 6.10
(1H, S, CH); C-NMR (125 MHz, DMSO-ds) & ppm:
176.76, 165.80, 154.35, 147.70, 143.80, 139.76, 136.72,
133.87, 131.23, 130.12, 129.34, 127.54, 124.27, 65.23,
62.12; EIMS: 360 (M+1) m/z.
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3-amino-1-(4-ethylaminephenyl)-5,10-dihydro-5,10-
dioxo-1H-pyrazolo[1,2-b] phthalazine-2-carbonitrile
(59): M.P.: 244-248 °C; Solvent system: Hexane : Ethyl
acetate (9:1), Rf value: 0.41 cm; 'H-NMR (400 MHz,
DMSO-dg) & ppm: 7.86-7.69 (10H, m, H-Ar and NH2), 6.22
(1H, S, CH); *C-NMR (125 MHz, DMSO-ds) & ppm:
169.67, 165.43, 154.12, 147.21, 143.76, 137.54, 133.62,
129.66, 129.13, 127.64, 126.59, 125.54, 123.27, 65.43,
62.54; EIMS: 359 (M+1) m/z.

3-amino-1-(3-Nitrophenyl)-5,10-dihydro-5,10-dioxo-1H-
pyrazolo[1,2-b]phthalazine-2-carbonitrile (5h): M.P.:
266-268 °C; Solvent system: Hexane : Ethyl acetate (9:1), Rf
value: 0.43 cm; 'H-NMR (400 MHz, DMSO-ds) & ppm:
8.05-7.65 (10H, m, H-Ar and NH,), 6.23 (1H, S, CH); 13C-
NMR (125 MHz, DMSO-ds) 6 ppm: 175.54, 162.76, 156.54,
146.85, 139.97, 135.57, 132.69, 132.36, 129.73, 128.64,
128.59, 128.14, 122.27, 63.23, 60.31; EIMS: 362 (M+1)
m/z.

3-amino-1-(3-thiophene)-5,10-dihydro-5,10-dioxo-1H-

pyrazolo[1,2-b]phthalazine-2-carbonitrile  (5i): M.P.:
244-246 °C; Solvent system: Hexane : Ethyl acetate (9:1), Rf
value: 0.28 cm; 'H-NMR (400 MHz, DMSO-ds) & ppm:
8.03-7.65 (10H, m, H-Ar and NH2), 6.21 (1H, S, CH); 13C-
NMR (125 MHz, DMSO-ds) 6 ppm: 168.43, 163.58, 149.24,
143.32, 141.23, 139.32, 136.62, 134.78, 132.89, 130.43,
128.32,127.54,124.43, 64.87, 62.43 EIMS: 351 (M+1) m/z.

3-amino-1-(4-pyridine)-5,10-dihydro-5,10-dioxo-1H-

pyrazolo[1,2-b]phthalazine-2-carbonitrile  (5j): M.P.:
230-232 °C; Solvent system: Hexane : Ethyl acetate (9:1), Rf
value: 0.31 cm; 'H-NMR (400 MHz, DMSO-ds) § ppm:
7.83-7.59 (10H, m, H-Ar and NH2), 5.87 (1H, S, CH); 3C-
NMR (125 MHz, DMSO-ds) 6 ppm: 178.34, 169.43, 154.65,
147.83, 141.90, 139.43, 135.22, 133.45, 132.34, 130.64,
127.59,127.43,124.28, 64.73, 60.65 EIMS: 318 (M+1) m/z.

3-amino-1-(4-methyl  phenyl)-5,10-dihydro-5,10-dioxo-
1H-pyrazolo[1,2-b]phthalazine-  2-carbonitrile  (5k):
M.P.: 253-255 °C; Solvent system: Hexane : Ethyl acetate
(9:1), Rf value: 0.45 cm; *H-NMR (400 MHz, DMSO-ds) &
ppm: 8.20-7.850 (10H, m, H-Ar and NH>), 5.98 (1H, S, CH);
13C-NMR (125 MHz, DMSO-ds) & ppm: 162.32, 158.23,
147.23, 136.34, 135.16, 133.54, 132.62, 130.66, 129.83,
129.14, 127.59, 127.54, 124.27, 63.23, 60.28; EIMS: 330
(M+1) m/z.

Results and Discussion

Hydrothermally synthesized products were calcined for 3 hrs
at 600 °C before being examined using the X-ray diffraction
technique. Both products have XRD pattern indicating that
they are polycrystalline in nature. The XRD pattern for pure
PbCrO, (Fig. 1a) reveals 20 as well as (hkl) planes at 25.6
(100), 28.4 (110), 33.5 (200), 34.5 (200) and 50.1 (200).
These peaks in the XRD profile match well to JCPDS data
(Card No. 270997) indicating that the crystals are cubic.
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Figure 1b shows the XRD pattern for SiO2:PbCrOa, the 20
with (hkl) plane of 25.9 (110), 28.7 (111), 34.5 (111), 35.5
(002), 42.4 (100), 50.3 (202), 56.3 (220), 62.4 (211), 67.85
(111), 76.54 (200). The XRD pattern demonstrates that there
is no amorphous phase present, indicating that the product is
strongly polycrystalline and cubic in nature.

TEM images and SAED patterns for nanocrystalline PbCrO.
and SiO,:PbCrO, products are presented in fig. 2a-b. The
majority of PbCrO;4 crystals are cubic in form as seen in fig.
2a. PbCrOy has a particle size of 187 nm which is determined
by TEM. The particle size of SiO.:PbCrOs measured by
TEM is 32.27 nm as shown in fig. 3b which also includes a
TEM image and an SAED pattern for SiO.:PbCrO4. The
TEM study clearly shows that the crystals are cubic in form
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which is compatible with the XRD analysis. Some of the
crystals are large and hexagonal, while the majority are cubic
in form as seen in the diagram. In catalysis, the material's
surface area is important.

The usual N adsorption/desorption isotherm and BJH pore
distribution of manufactured PbCrOs, SiO2:PbCrO, are
almost same in curve in the current study as shown in fig.
3a-b. A close examination of PbCrO4 has the greatest surface
area of 163.7 m?/g, with average pore volume (Vp) and pore
diameter (dp) of 0.0106 cc/g and 18.88 A respectively. The
average pore volume (Vp) and pore diameter (dp) for
Si02:PbCrO4 with surface area 187.9 m?/g were 0.0202 cc/g
and 16.73 A° respectively.

I 4T | i
Figure 2: TEM and SAED analysis of a) PbCrO4 b) SiO2:PbCrO4 catalyst.
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Figure 3: BET surface area of a) PbCrO4 b) SiO,:PbCrO4 catalyst.
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Catalytic results: The reaction conditions were modified in
order to get successful results. For the synthesis of
phthalazine-5,10-dione derivatives, phthalic anhydride (1.0
mol), hydrazine hydrate (1.0 mol), malononitrile (1.0 mol),
substituted benzaldehyde (1.0 mol) and SiO2:PbCrO4 (0.5
mol) were used (Scheme 1). The following reaction
variables were used to optimize the reaction conditions.

For the synthesis of phthalazine-5,10-dione derivatives in
methanol at reflux temperature, a blank reaction was carried
out using phthalic anhydride (1.0 mol), hydrazine hydrate
(1.0 mol), malononitrile (1.0 mol), substituted benzaldehyde
(1.0 mol) and SiO2:PbCrO4 (0.5 mol), which generated no
phthalazine-5,10- dione product even after 5 hrs. The
required phthalazine-5,10-dione was obtained in 25 minutes
using the same process with a catalytic amount of
SiO2:PbCrO..

We used synthesized SiO2, PbCrO4 and SiO2:PbCrO; for the
cyclization reaction of phthalic anhydride, hydrazine
hydrate, malononitrile and p-chloro benzaldehyde (1.0 mol).
SiO, decomposes the product whereas PbCrO, offered high

Res. J. Chem. Environ.

yield but took longer time than SiO2:PbCrOs. Table 1
summarizes the findings.

We examined various mol equivalents of the catalyst relative
to the quantity of phthalic anhydride to optimize the amount
of catalyst necessary for the cyclization (Table 2). The
cyclization rate was determined to be 90% when the reaction
was carried out using 0.5 mol equivalents. The cyclization
procedure was carried out in a variety of solvents including
DMF, MeOH, EtOH, CH3CN and CHCls, with these results
clearly indicating that methanol was the best option as
shown in table 3.

The rate of reaction was examined using electron-donating
and electron-withdrawing substituents on the aromatic ring.
As shown in table 4, electron-donating groups and electron-
withdrawing substituents have an impact on the reaction,
with electron-donating groups providing the corresponding
phthalic anhydride in high yield with less time (Table 4,
entries 5f, 5g, 5k and 5I), while electron-withdrawing
substituents required a longer reaction time with low yield
(Table 4, entries 5b, 5c, 5d,5e and 5h).

Table 1
Effect of catalyst on reaction time and yield.
S.N. Catalyst Time (Min) % Yield
1 SiO 50 46
2 PbCrO4 50 50
3 SiO2:PbCrO, 35 89
4 Si02:PhCrO. (30%) 50 65
5 Si02:PhCrO, (60%) 50 75
Table 2

Effect of Solvent and Temperature on reaction.

Entry solvent Temperature Time Yield of product %
1 Solvent Free R.T. 50 35
2 Solvent Free Reflux 50 89
3 MeOH R.T. 35 45
4 MeOH 70 35 78
5 MeOH Reflux 35 75
6 EtOH Reflux 35 85
7 CHsCN Reflux 35 56
8 DMF Reflux 35 59
9 CHClI, Reflux 35 48
Table 3
Effect of mole percentage of catalyst.
Entry Catalyst quantity () Yield of product %
1 0.2 56
2 0.4 67
3 0.6 74
4 0.8 89
5 1.0 86
6 1.2 78
7 1.4 65
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Table 4
Synthesis of 1H-pyrazolo [1,2-b] phthalazine-5, 10-dione derivatives using SiO,:PbCrO4 catalyst.
S.N. Substituted benzaldehyde Time (min) Yield (%)
5a H 50 78
5b P-ClI 35 89
5¢ O-ClI 45 85
5d P-F 40 81
5e P-Br 45 76
5f P-N,N dimethyl 50 83
59 P-Ethyl amino 40 85
5h M-NO: 35 79
5i Thiophene 3-Carboxaldehyde 40 81
5] 3-pyridine Carboxaldehyde 40 83
5k P-OH 60 71
Table 5
Reusability of SiO,2:PbCrO;4 catalyst.
Run Yield of product %

1 89

2 89

3 88

4 87

5 86

Furthermore, it has been shown that the electrical
characteristics of benzaldehyde's aromatic ring have an
impact on yield and reaction timings.

The catalyst was filtered, washed with methanol and then
calcined in an oven at 200°C for 2 hours to see if it could be
reused. The catalysts reusability was examined on multiple
times under identical reaction conditions. Table 5 shows that
the catalyst was determined to be stable and reusable after
five cycles with no significant decrease in activity.

A conventional leaching experiment was carried out to
demonstrate that the reaction is heterogeneous. At the
reaction temperature, the catalyst was filtered out and the
reaction was allowed to proceed without it. Even after 12
hours of reflux, there was no change in yield, showing that
no homogeneous catalyst was involved.

Conclusion

Finally, utilizing environmentally friendly nanocrystalline
silica composite PbCrQO4, we established a straight forward
and efficient four component procedure for the synthesis of
1H-pyrazolo[1,2-b]phthalazine-2-carbonitrile in one pot.
According to the findings of the catalytic activity studies, the
SiO,: PbCrOs catalyst has outstanding catalytic activity.
Most notably, this catalyst speeds up reaction rates and
increases product yields when used with solid supports.
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ABSTRACT

A simple one pot synthesis has been developed for the synthesis 1,4-dihydropyridine using an efficient and reusable silica supported MgO solid
catalyst by condensation of dimedone, ethyl acetoacetate, aldehyde and ammonium acetate in methanol as a solvent at room temperature. The
reactions could be carried out under mild reaction conditions with very good yield of polyhydroquinoline, up to 92%. This catalyst could be
recycled very easily, which makes this methodology environmentally benign.

Keywords: 1,4-dihydropyridine; Multicomponent reaction; Silica supported MgO; Recyclable catalyst

INTRODUCTION

1,4-dihydropyridine (1,4-DHP) and their derivatives have attracted considerable interest in recent times because of their promising biological
activities such as vasodilators, bronchodilators, Anti-atherosclerotic, anti-tumor, neuroprotective drugs, hepatoprotective and antidiabetic agents [1].
Moreover, 1,4-DHPs exhibits several medicinal applications which include neuroprotectant [2] and platelet anti-aggregatory activity [3]. Also they
have been reported for their applications in treatment of Alzheimer’s diseases [4] due to their cerebral anti-schematic activity and chemo-sensitizer
in tumor-therapy [5]. These examples clearly demonstrate the remarkable potential of 1,4-DHPs as a source of valuable drug candidate.

Dihydropyridines are particularly well known in pharmacology as L-type calcium channel blockers, used in the treatment of hypertension.
Compared with certain other L-type calcium channel blockers (for example those of the phenylalkylamine class such as Verapamil) which have
significant action at the heart, they are relatively vascular selective in their mechanism of action in lowering blood pressure.

In recent years, much attention has been focused on the synthesis of 1,4-dihydropyridyl compounds (1,4-DHPs), due to their significant biological
activity. Cardiovascular agents such as nifedipine, nicardipine, amlodipine and other related derivatives are dihydropyridyl compounds, which are
effective for the treatment of hypertension. 4-Aryl-1,4- dihydropyridines are analogs of NADH co-enzymes, which have been explored for their
calcium channel activity and the heterocyclic rings are found in a variety of bioactive compounds such as bronchodilators, geroprotective and
hepatoprotective agents. Extensive studies indicate that these compounds exhibit different medical functions, acting as neuroprotectants, antiplatelet
aggregators, cerebral antiischemic agents and chemosensitizers. For these reasons, polyhydroquinoline compounds not only have attracted the
attention of chemists to synthesize but also represent an interesting research challenge.
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Owing to the wide range of biological and medicinal activities, the synthesis of such compounds has become an important target in recent years. In
1882, Arthur Hantzsch [6] reported first synthesis of substituted 1,4-dihydropyridines by one-pot condensation of ethyl acetoacetate, aromatic
aldehydes and ammonia. The reaction was carried out in acetic acid at reflux temperature in ethanol for long period provide low to moderate yields.
Recently a number of methods have been reported for the synthesis of 1,4-dihydropyridine using alum, molecular iodine, [7] HCIO,4-SiO, [8],
TMSCI [9] ceric(IV)ammonium nitrate [10] L-proline [11] ionic liquids [12] expensive metal triflate Yb(OTf); [13] Sc(OTf); [14] scolecite [15],
ZnO-beta zeolite [16], Baker’s yeast [17] and solid phase organic synthesis technique [18] All reported methods has its own merits, while some of
these methods suffers from one or more drawbacks such as poor yields, longer reaction time, difficult work-up procedure and effluent pollution.

Hence development of clean, efficient and high yielding catalyst under mild reaction conditions for environmentally benign protocols is highly
desired. The possibility of performing multi-component reactions with a heterogeneous catalyst could enhance their efficiency from an economic as
well as ecological point of view. In continuation to our work on the applications of heterogeneous catalysts in organic transformations [19,21] we
report here a convenient and efficient method for the synthesis of 1,4-dihydropyridine derivatives using silica supported MgO catalyst (Scheme 1).

0 o R O
O Q9 Silica /MgO OEt
]
U+ + )J\/U\OEt + NHoAc ——calov, |
R™H 0 MeOH, 80 °C N
1(a-k) 2 3 4 a(ak)

Scheme-1: Synthesis of 1,4-dihydropyridine derivatives using silica supported MgO catalyst.
EXPERIMENTAL

All chemicals were employed are commercial products (Aldrich Chemical Co.) and were used without purification. All yields refer to isolated
products after purification. *H (300 MHz) NMR and *C (75 MHz) NMR spectra were recorded on Varian mercury XL-300 and Bruker
spectrometer instruments using TMS as internal standard. The solvent used for NMR spectra was CDCl; and DMSO-dg. Infra-red spectra were
taken on Shimadzu FTIR-408 on KBr pellet. The mass spectra were recorded on Shimadzu GC-MS QP trap 2010A mass spectrometer with an
ionization potential of 70 eV. Column chromatography was performed on silica gel (230-400 mesh) supplied by Acme Chemical Co.

RESULT AND DISCUSSION
Characterization of MgO nanoparticles
The XRD pattern of Silica supported MgO nanoparticles (figure 1) have fundamental peak due to diffraction of MgO on the plane 111, 200, 311,

222, 400, 331, 420 and 422. The XRD patterns of synthesized MgO nanoparticles show single phase system with average particle size of 47 nm
(Figure 1).
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Figure 1: XRD Pattern of Silica supported MgO.

The XRD pattern is in agreement with cubic structure of MgO nanoparticles (JCPDS card no. 02-1102). The SEM image (figure 2) decides the
morphology of MgO nanoparticles. The SEM image confirms the cubic structure of MgO nanoparticles, uniform shape and size. The elemental
analysis of MgO nanoparticles confirmed by EDAX spectrum , it shows the presence of Mg and O element in the synthesized sample material.



Shilpa L. Sangle, et al Der Pharma Chemica, 2022, 14(11): 8-13

120

= Silica supported Mg0O

90 -

60 -

E (mV)

30 -

0 0.3 0.6 0.9 1.2 1.5

meq amine/2m cataly st
Figure 2: Potentiometric titration of Silica supported MgO.
The TEM image (Figure 3a) reveals that nanomaterial is of cubic structure. The dark spot in the SAED micrograph (Figure 3b) can be alluded to

synthesized MgO nanoparticles as the SAED pattern. Such a spot reveals the occurrence of cubic MgO in the total agreement with XRD data. The
average size of MgO nanoparticles obtained by TEM was found around 47 nm (Figure 3).

3a 3b
Figure 3: TEM and SAED of Silica supported MgO.

The N, adsorption-desorption isotherms and BJH pore size distribution of MgO nanoparticles (figure 4) reveals that the samples have typical IV N,
adsorption-desorption isotherms with H; hysteresis. The BJH pore size distribution demonstrates that all the samples have a narrow pore diameter
range. Based on the N, adsorption-desorption isotherms, the specific surface area (SBET) of CdO nanoparticles obtained from BET method is 29.71
m?/g, the average pore volume (VP) and pore diameter (dp) were 0.04630 cc/g and 24.87 A° (Figure 4).
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Figure 4: BET Surface area of Silica supported MgO.

Catalytic results

In present work, we wish to report the one-pot multicomponent synthesis of substituted 1,4-dihydropyridines catalyzed by MgO nanoparticles as a
heterogeneous solid catalyst. In a typical run, dimedone (1.1 mol), aryl aldehyde (1.3 mol), Ethyl acetoacetate (1.0 mol) and silica supported MgO
(0.8 mol) nanoparticles were allowed to react in methanol at 80°C for 25 min. The reaction mixture was directly filtered and washed with methanol.
The recovered catalyst was dried and reused further in successive reactions. Filtrate was collected and evaporated under reduced pressure to afford
the product. The isolated products were characterized by IR, NMR and Mass spectrometry.

Spectral data of representative compounds

Ethyl 1,4,5,6,7,8-hexahydro-2,7,7-trimethyl-5-oxo-4-phenylquinoline-3-carboxylate (5a): *H NMR (300 MHz, CDCls): & 0.94 (s, 3H), 1.09 (s,
3H), 1.14 (t, J = 7.3 Hz, 3H), 2.13-2.34 (m, 4H), 2.37 (s, 3H), 4.05 (g, J = 7.3 Hz, 2H), 5.02 (s, 1H), 5.74 (s, 1H),7.03-7.34 (m, 5H); *C NMR (75
MHz, DMSO-dg) 6 14.2,19.1, 21.3, 27.6, 36.5, 37.3, 59.8, 106.0, 113.7, 126.3, 127.8,

128.0, 143.3, 147.1, 149.2, 167.3, 194.8; IR (KBr cm™): 3233, 3210, 3080, 1696, 1602, 1059, 692; m/z = 340 (M+H)".

Ethyl 1,4,5,6,7,8-hexahydro-2,7,7-trimethyl-4-(3-nitrophenyl)-5-oxoquinoline-3-carboxylate (5b): *H NMR (300 MHz, CDCly): & 0.96 (s, 3H),
1.04 (s, 3H), 1.22 (t, J = 7.3 Hz, 3H), 2.10-2.34 (m, 4H), 2.38 (s, 3H), 4.01 (q, J = 7.3 Hz, 2H), 4.96 (s, 1H), 6.32 (s, 1H), 6.74-7.38 (m, 4H); **C
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NMR (75 MHz, DMSO-d): § 14.18, 19.32, 21.1, 27.3, 33.1, 33.90, 59.5, 105.4, 112.3, 121.2, 122.8, 128.6, 134.8, 144.6, 148.3, 149.5,151.0, 166.9,
196.0; IR (KBr in cm™): 3303, 2954, 1683,1610, 1167, 759; m/z = 385 (M+H)".

Ethyl 1,4,5,6,7,8-hexahydro-4-(4-methoxyphenyl)-2,7,7-trimethyl-5-oxoquinoline-3-carboxylate (5g): *H NMR (300 MHz, CDCls): 5 0.96 (s,
3H), 1.06 (s, 3H), 1.22 (t, J = 7.2 Hz, 3H), 2.10-2.26 (m, 3H), 2.34-2.40 (m, 4H), 3.77(s, 3H), 4.02 (q, J =7.2 Hz, 2H), 5.08 (s, 1H), 5.85 (s, 1H),
6.71-7.24 (m, 4H); *CNMR (75 MHz, DMSO-d) & 14.3, 17.9, 26.3, 28.8, 32.4,35.0, 50.1, 50.4, 55.1, 59.2, 102.7, 109.5, 113.4, 128.3, 128.5,140.0,
144.9, 149.1, 156.8, 168.2, 193.8; IR (KBr in cm™):3281, 3199, 3080, 1708, 1607, 1224, 837; m/z = 370 (M+H)".

RESULTS AND DISCUSSION
In order to determine the most appropriate reaction conditions and evaluate the catalytic efficiency of silica supported MgO catalyst for the
synthesis of 1,4-dihydropyridine, initially a model study was carried out on the synthesis of 1,4-dihydropyridine (1,4-DHP) (Scheme 1) using p-
chloro benzaldehyde as a model substrate. The reaction was monitored by TLC technique using ethyl acetate-hexane (3:7 v/v) as a solvent system.
To evaluate and optimize the effectiveness of silica supported MgO with different catalyst, we tried MgO, SiO,, 25%, 50% and 75% Silica
supported MgO for the cyclization reaction of dimedone, ethyl acetoacetae and p-chlorobenzaldehyde. MgO, SiO, gave poor yield while 25%, 50%,
75% silica supported MgO gave good yield but required more time as compared to silica supported MgO (Table 1).

Table 1: Effect of different catalyst on reaction time and yield.

Entry Catalyst Time (min) Yield*
1 MgO 90 34
2 SiO, 65 79
3 SiO,/MgO 25 94
4 Siolmgo 30 89
S Sioi%go 50 81
6 Si()ZZ?:/;l)go 40 7

With increasing silica loading from 25% to 100%, cyclization substantially increases and it reaches a maximum (94%) at the silica content of 100%.
Therefore, it shows that 100 % silica supported MgO results in higher catalytic activity. Thus, it is obvious from our studies that silica supported
MgO was superior in the cyclization reaction with good yield in short reaction time. To optimize catalyst required for the cyclization, we carried out
reaction using various mole equivalents of the catalyst with respective dimedone (Table 2).

Table 2: Effect of mole percentage of silica supported MgO.

Entry |Amount of SiO,/MgO (mol) | Time (min) Yield*
1. 0.1 80 78
2. 0.4 40 89
3. 0.8 26 94
4. 12 25 87

It was found that when reaction was carried out with 0.8 mol, equivalent catalyst gives 94% vyield. Different solvents were studied such as DMF,
methanol, ethanol, acetonitrile, dichloromethane and among the methanol were found to be the best choice (Table 3).

Table 3: Effect of Solvent for 1,4-dihydropyridine using silica supported MgO.

Entry Substituent (-X) Time Yield
a. -H 25 95
b. 0 35 92
c. 0 35 93
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d. 2,3-OCHjs 30 91
e. -OH 20 90
f. -Cl 20 92
g. -Br 25 94
h. -F 25 92
i 0 40 89
j- -CH=CH-Ph 40 87
k. -N(CHs3), 50 86

In order to evaluate the generality of the process, several diversified examples illustrating the present method for the synthesis of 1,4-

dihydropyridine was studied (Table 4).

Table 4: Synthesis of 1,4-dihydropyridine in the presence of silica supported MgO.

Sr. no. Solvent Time Yield*
1 MeOH 25 94
2 EtOH 25 91
3 DMF 45 86
4 CH3CN 40 89
5 CH,Cl, 60 69

The cyclization reaction dimedone was checked by treating with wide range of substituted aldehydes bearing electron donating (such as hydroxy,
methoxy, methyl, N,N-dimethyl) or electron withdrawing (nitro, halides) was carried out in the presence of Silica supported MgO catalyst. The
reaction of aromatic aldehyde with electron donating groups and electron withdrawing groups reacted very well. Treatment of substituted
aldehydes with dimedone and ethyl acetoacetate in methanol with Silica supported MgO (0.8 mol) at 80°C temperature afforded 1,4-
dihydropyridine with excellent yield. The results obtained are illustrated in table 4. All the products obtained were characterized by IR, *H-NMR,

13C-NMR and Mass spectrometry.

The reusability of the catalyst was tested in the synthesis of DHPs as shown in Table 5. The catalyst was recovered after each successive run,
washed three times with acetone, dried in oven at 120°C for 3 hrs. Prior to use and tested for its activity in the subsequent run. The catalyst was
tested for 5 runs. It was observed that the catalyst found to very good reusability (Table 5).

Table 5: Results of the reaction run in the presence of recycled catalyst.

Sr.no Reaction run time Yield*
1 1 25 94
2 2 25 94
3 3 25 92
4 4 25 87
5 5 25 90

*All reactions (Table.1-5) are carried at 80°C using silica supported MgO

CONCLUSION

In conclusion, we developed an efficient and simple alternative method for the preparation of 1,4-dihydropyridine (1,4-DHP) using silica supported
MgO catalyst at 80°C. Prominent among the advantages of this new method are simple and easy workup procedure, short reaction time, good yield

and use of cheap, nontoxic and easily synthesized silica supported MgO catalyst.
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Abstract—A rapid, clean, and highly efficient method for the synthesis of dihydropyrano[3,2-c]chromene
derivatives by one-pot three-component condensation of aromatic aldehydes, malononitrile, and 4-hydroxy-
coumarin using novel MgMnO;@ZrO,@CoO core—shell nanocrystalline catalyst is described. The catalyst has
been synthesized by hydrothermal method and characterized by XRD, SEM, TEM, and BET surface area
analyses. The average particle size of the nanocrystalline catalyst was estimated by TEM scans at 50-60 nm.
The BET surface area of MgMnO;@ZrO,@CoO was found to be 31.61 m?/g, indicating that it has good
catalytic properties. The catalyst can be reused for five successive runs without significant loss in activity.
The advantages of the proposed method and catalyst are clean reaction, short reaction time, good yield, easy
purification, and reusability and financial availability of the catalyst.

Keywords: dihydropyrano[3,2-c]chromene derivatives, MgZrO;@Fe,0;@ZnO catalyst, reusable catalyst

DOI: 10.1134/S1070428023040152
INTRODUCTION

Multicomponent reaction (MCRs) are a powerful
tool for the synthesis of wide range organic molecules
by creating carbon—carbon and carbon—heteroatom
bonds in one pot [1-3]. These reactions have various
advantages such as simple procedures, high bonding
efficiency, low costs, and time and energy saving [4].
MCRs provide greater atom economy and selectivity
than traditional multistep syntheses, as well as quick
access to molecular complexity and diversity while
producing fewer by-products. As a result, MCRs are
becoming more vital in modern organic chemistry and
are being designed to efficiently produce medicinally
relevant scaffolds [5-7].

Heterogeneous catalysts are of great scientific and
commercial interest due to their stability, selectivity,
and high activity. There is little doubt that the catalysis
community keeps a close eye on the progress in nano-
technology [8—10]. In recent years, core—shell nano-
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particles have received a lot of interest because of their
nanoscale dimensions and unique properties. Core—
shell nanoparticles are more stable than pure magnetic
particles because the shell protects the magnetic core
nanoparticles from environmental degradation and also
prevents agglomeration [11-14]. The production of
nanoparticles of diverse materials (metallic, semicon-
ductor, and dielectrics) has generated much interest due
to their applications in catalysis, medicine, electronics,
and other domains. Materials scientists are always
exploring innovative ways to change the size and shape
of nanoparticles in order to suit the requirements of
their applications [15].

Pyrano[3,2-c]chromenes constitute an important
family of heterocycles with a variety of biological
activities, including antispasmodic, diuretic, anticoagu-
lant, anticancer, and anti-anaphylactic action [16, 17].
Furthermore, they have been used to treat Alzheimer’s
disease, vascular dementia, Huntington’s disease,
amyotrophic lateral sclerosis, AIDS-related dementia,
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and Down’s syndrome, as well as schizophrenia and
myoclonic seizures [18]. Aminochromene derivatives
also have a wide range of biological effects such as
antihypertensive and anti-ischemic properties [19-21].

The three-component condensation of 4-hydroxy-
coumrin, aldehydes, and malononitrile for the synthesis
of dihydropyrano[3,2-c]chromene derivatives has been
carried out under various conditions by using different
catalysts such as Fe;04@GO-naphthalene-SO;H nano-
catalyst [22], Fe;04@SiO,-polyacrylic acid nanocata-
lyst [23], MNPs@Cu nanocatalyst [24], ionic liquids
[25], DABCO [26], Mg(ClOy), [27], AcONH,4 [28],
DBU [29], diammonium hydrogen phosphate (DAHP)
[30], Na,HPO, [31], K,CO;3 [32], (S)-proline [33],
tetrabutylammonium bromide (TBAB) [34], 3-hy-
droxypropanaminium acetate (HPAA) [35], [bmim]Br
[36], and potassium phthalimide-N-oxyl [37]. These
catalysts have some drawbacks related to high costs,
high reaction temperatures, low yields, the use of
hazardous solvents, and the need for specialized equip-
ment, which produced negative results.

In view of the above results, herein we used
MgMnO;@ZrO,@CoO core—shell catalyst for the syn-
thesis of dihydropyrano[3,2-c]chromenes that have
a wide range of pharmacological, biological, and thera-
peutic effects using a simple and ecofriendly technique.

RESULTS AND DISCUSSION

The MgMnO;@ZrO,@CoO core—shell catalyst was
prepared as shown in Scheme 1. Initially, MgMnO;
nanoparticles were synthesized by the hydrothermal
process from equivalent amounts of magnesium
chloride (MgCl,) and manganese chloride (MnCl,) in
double distilled water in the presence of polyethylene
glycol, followed by treatment with aqueous sodium
hydroxide. Next, MgMnO;@ZrO, core—shell nano-
particles were obtained by dissolving MgMnO; and
710, [38] (1:2) and an appropriate quantity of poly-

ethylene glycol in double distilled water. Finally,
MgMnO;@ZrO, was treated with an equimolar
amount of cobalt(Il) oxide [38] in 2 M NaOH in the
presence of polyethylene glycol. The resulting nano-
catalyst was calcined for 6 h at 700°C.

XRD analysis. The MgMnO;@ZrO,@CoO core—
shell catalyst was characterized by XRD, SEM, TEM,
EDAX, and BET surface area analyses. Figure 1 shows
the XRD patterns of MgMnO3;, MgMnO;@ZrO,, and
MgMnO;@ZrO,@CoO. All diffraction peaks in the
XRD pattern of MgMnO; (Fig. 1a) were indexed to
a defect cubic spinel-type structure (JCPDS, 28-0625)
with well-ordered /4l planes. The diffraction peaks
(111), (220), (311), (222), (400), (422), (511), (440),
(533), and (622) were seen at different diffraction
angles of 18.07°, 30.97°, 36.08°, 36.61°, 44.34°,
53.88°, 56.17°, 64.50°, 74.18°, and 76.52°. The pres-
ence of ZrO, in MgMnO;@ZrO, was confirmed by its
XRD pattern (Fig. 1b) which displayed broad peaks at
28.29°, 30.37°, and 31.54°. According to the JCPDS
79-1771 card, the peak centered at 30.37° (101) is typi-
cal of the tetragonal crystalline phase, whereas those at
28.29° (111) and 31.54° (111) are representative of the
monoclinic phase (JCPDS 37-1484). These findings
point to a combination of tetragonal and monoclinic
crystalline phases that are seen in ZrO, materials
[39, 40]. Figure 1c shows the presence of ZrO, and
CoO phases in the MgMnO;@ZrO,@CoO core—shell
nanoparticle clusters suggesting that CoO was coated
on the ZrO, nanoparticles. The major peaks were found
at 36.92°, 44.78°, and 65.32°, corresponding to the
lattice scattering planes (111), (200) and (220) for
CoO crystal. Also, well-defined peaks assigned to the
face-centered cubic structures were observed, which
matched with the JCPDS card 071-1178 for cobalt
oxide [41, 42].

Scanning electron microscopy (SEM) analysis.
The morphology of the core—shell nanoparticles was

Scheme 1.

MgMnO3

MgMnO;@ZrO,

ZTOZ
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Fig. 1. XRD patterns of (a) MgMnO3, (b) MgMnO;@ZrO,, and (¢c) MgMnO;@ZrO,@CoO.

examined by field-emission scanning electron micros-
copy (FE-SEM). Figure 2a shows the FE-SEM micro-
graph of pure magnesium magnate particles generated
by the sol-gel process. As verified by the XRD data,
cubic and octahedral morphologies can be seen with
the crystal habit of spinel minerals. The MgMnO;@-
71O, crystals are larger than MgMnO; (Fig. 2b). The
crystals are cubic and rectangular with sharp edges.
The crystals of MgMnO;@ZrO,@CoO core—shell
nanoparticles are smaller and are cubic and rectangular
in shape (Fig. 2¢).

Energy dispersive X-ray spectroscopy (EDAX)
analysis. The elemental composition of MgMnO;
coated with ZrO, and CoO was investigated by using
energy-dispersive X-ray spectroscopy. Figure 2a re-
vealed the prominent peaks for magnesium at 1.2 keV
and manganese at 0.7 and 5.8 keV in the EDAX
spectrum, whereas zirconium was found at 2.1 keV in
MgMnOj; coated with ZrO,, as displayed in Fig. 2b on
the same scale as for MgMnOj3;. The EDAX spectrum
of MgMnO;@ZrO, covered with cobalt oxide con-
firmed the presence of the latter which gave peaks at

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol
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0.5, 7.1, and 7.8 keV due to Co (Fig. 2¢). Thus, the
presence of Mg, Mn, O, Zr, and Co with appropriate
proportions in the prepared core—shell nanoparticles
has been demonstrated.

Transmission electron microscopy (TEM) anal-
ysis. For further investigation of shape and size, TEM
analysis was performed for MgMnO; MgMnO;@-
7r0,, and MgMnO;@ZrO,@CoO (Fig. 3). It is known
that TEM analysis gives accurate information about the
morphology of nanostructures. The TEM analysis of
MgMnOj; nanoparticles revealed their cubic shape and
a crystal size of 40-50 nm (Fig. 3a). Figure 3b shows
a typical TEM image of MgMnO;@ZrO, core—shell
nanoparticles prepared from zirconium oxide precursor
with hexagonal structure which formed layers on the
surface of the MgMnOj; core after thermal degradation.
The particle size is 55-60 nm. Figure 3c shows the
TEM image of a double coated MgMnO; sample
confirming the presence of two kinds of coating layers
on the MgMnOj core. The ZrO, shell surrounds the
MgMnOj; core as a primary coating layer, while CoO
covers the ZrO, shell as a secondary coating layer. It is

No. 4 2023
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Fig. 2. SEM micrographs and EDAX spectra of a) MgMnOs , b) MgMnO;@ZrO,, and (¢) MgMnO;@ZrO,@CoO.

seen that CoO forms a full solid coating layer on
Zr0O,. The particle size of MgMnO;@ZrO,@CoO is
30-35 nm.

Brunauer—-Emmett-Teller (BET) analysis. Mea-
surements of the specific surface area, pore size, and
pore volume of core—shell nanomaterials are important
since their surface characteristics are responsible for
their interfacial behavior when they are used as
catalysts. The surface area (Sggt), pore size, and pore

volume of the synthesized catalyst were determined
according to the Brunauer—Emmett—Teller (BET)
method by measuring nitrogen adsorption. The N,
adsorption—desorption isotherms for MgMnOs,
MgMnO;@Zr0O,, and MgMnO;@ZrO,@CoO are
shown in Fig. 4. According to the BDDT classification,
the adsorption curves in Fig. 4a—4¢ correspond to
type III. The surface areas (Sggr), pore diameters (d,),
and pore volumes (V) are given in Table 1.

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 59 No. 4 2023
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Fig. 3. TEM images and SAED patterns of (a) MgMnO3, (b) MgMnO;@ZrO,, and (¢) MgMnO;@ZrO,@CoO.
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Fig. 4. BET Surface area analysis of (a) MgMnOj3, (b) MgMnO;@ZrO,, and (c) MgMnO;@ZrO,@CoO nanoparticles.

The prepared MgMnO;@ZrO,@CoO core—shell
nanocatalyst was used in the condensation of 4-hy-
droxycoumarin (1), malononitrile (2), and substituted
benzaldehydes 3a—-3j to obtain dihydropyrano[3,2-c]-
chromene derivatives 4a—4j (Scheme 2). To optimize
the conditions, the condensation of 4-nitrobenzaldehyde
(3b, 1 mmol), 4-hydroxycoumarin (1, 1 mmol), and
malononitrile (2, 1.1 mmol) was selected as a model
reaction. First, the catalytic efficiency of MgMnOs,

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol

MgMnO;@Zr0O,, and MgMnO;@ZrO,@CoO nano-
particles in the model reaction was studied. The results
showed that MgMnO;@ZrO,@CoO efficiently cata-
lyzed the reaction and that 0.3 g of the catalyst pro-
duced the best yield (Table 2). Neither decrease or
increase of the amount of MgMnO;@-ZrO,@CoO
affected the yield or reaction time.

Table 3 summarizes the results of studying the
effects of solvent and temperature on the reaction. The

59 No. 4 2023
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Scheme 2.
OH (0]
CN MgMnO;@ZrO,@Co0O
AN 7 H o reflux
+ + | =
CN I
(0) o) K
1 2 3a-3j 4a—4j

For R, see Table 4.

condensation of 4-nitrobenzaldehyde, 4-hydroxy-
coumarin, and malononitrile was carried out in chloro-
form, acetonitrile, N,N-dimethylformamide, methylene
chloride, ethanol, methanol, and water. When the reac-
tion was carried out under solvent-free conditions at
room temperature, no target product was formed even
after 20 min, but the yield of 4b was 68% under reflux

condition (Table 3; entry nos. 1, 2). When chloroform
was used as a solvent, the yield was extremely low at
the reflux temperature (Table 3, entry no. 3), the
reaction time being the same. The use of a more polar
solvent such as acetonitrile under reflux did not
improve the yield to a significant extent (Table 3, entry
no. 4). Likewise, no significant results were obtained

Table 1. BET surface area, pore diameter (Dp), and pore volume (Vp) of core shell nanoparticles

Catalyst BET surface area Sgpy, m%/g Pore diameter d),, nm Pore volume V), cm’/g
MgMnOs 18.43 10.32 0.004573
MgMnO;@ZrO, 15.25 3.385 0.03157
MgMnO;@ZrO,@CoO 31.61 3.386 0.07753

Table 2. Effect of catalyst on reaction time and yield of 4b in 20 min

Entry. no. Catalyst Amount of catalyst, g Yield of 4b, %
1 MgMnO; 0.3 57
2 MgMnO;@Zr0O, 0.3 68
3 MgMnO;@ZrO,@CoO 0.1 91
4 MgMnO;@ZrO,@CoO 0.3 97
5 MgMnO;@ZrO,@CoO 0.5 92
Table 3. Effect of solvent and temperature on the yield of 4b in 20 min
Entry no. Solvent Temperature Yield of 4b, %

1 None R.T. No reaction
2 None Reflux 68

3 Chloroform Reflux 29

4 Acetonitrile Reflux 43

5 Dimethyformamide Reflux 82

6 Dichloromethane Reflux 67

7 Methanol Reflux 88

8 Ethanol Reflux 97

9 Ethanol R.T. 34
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Table 4. Synthesis of substituted dihydropyrano[3,2-c]chromene derivatives 4a—4j using MgMnO;@ZrO,@CoO core—shell

catalyst (ethanol, reflux)

Compd. no. R Time, min Yield, % mp, °C
4a 4-Cl 20 91 267-268 [30]
4b 4-NO, 20 97 258-260 [30]
4c 4-OMe 35 92 243-245 [30]
4d 3-NO, 30 89 263-265 [30]
4e 4-Me 40 80 265-268 [30]
4f 4-Br 35 87 246-248 [26]
4g 4-OH 35 86 260-262 [24]
4h 4-F 35 87 260-262 [22]
4i 4-NMe, 30 91 214-216 [44]
4j 2,4-(OMe), 45 89 236-238 [43]

using methylene chloride or methanol (Table 3; entry
nos. 5, 7). Finally, ethanol was chosen as the best
solvent since it provided the maximum yield (Table 3,
entry no. 8). Thus, the optimal conditions were 0.3 g of
MgMnO;@ZrO,@CoO catalyst and ethanol as a sol-
vent under reflux; in this case, the reaction was com-
plete in 20 min to afford 97% of 4b.

The scope of the three-component one-pot con-
densation was explored using different substituted
aromatic aldehydes under the optimized conditions
(Table 4). Aromatic aldehydes with both electron-with-
drawing and electron-donating substituents gave high
yields of the corresponding dihydropyrano|[3,2-c]-
chromene derivatives. The best yield was achieved
with 4-nitrobenzaldehyde (3b).

Heterogeneous catalysts are advantageous since
they can be easily recovered and reused. The recycl-
ability of the catalyst was estimated by carrying out the
synthesis of 4b using recovered MgMnO;@ZrO,@-
CoO. For each cycle, after completion of reaction,
product 4b was isolated and identified. The catalyst
could be recovered by simple filtration and reused for
five successive runs times without a notable change in
the yield and reaction time (Fig. 5). Table 5 compares
the MgMnO;@ZrO,@CoO core—shell catalyst with
some previously reported catalysts in terms of reaction
time, yield, and conditions.

EXPERIMENTAL

Commercially available magnesium chloride
(MgCl,), manganese(IV) chloride (MnCly), poly-
(ethylene glycol), organic compounds, and solvents

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol

(anhydrous grade) were used without further purifica-
tion. Silica gel (80—120 mesh) was used for column
chromatography. The melting points were measured in
capillary tubes and are uncorrected. The IR spectra
were recorded on a Shimadzu IR Affinity FT-IR spec-
trometer. The 'H and 13C NMR spectra were recorded
on a Bruker spectrometer at 400 and 100 MHz, respec-
tively, using DMSO-dj as solvent and tetramethylsilane
as internal standard. The mass spectra (electron impact,
70 eV) were obtained on an Agilent Technologies
5975C GC/MS instrument.

The X-ray powder diffraction patterns were
obtained by using a Rigaku Ultima IV diffractometer
running at 25 kV and 25 mA with Cu K, radiation
(A 0.154 nm); Bragg’s scanning angle 20° to 80°. The
elemental compositions and atomic weight proportions
of MgMnO;@ZrO,@CoO were studied using a Bruker

100 -
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Number of cycle
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Product Yield (%)

o
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Fig. 5. Reusability of MgMnO;@ZrO,@CoO catalyst in the
synthesis of 2-amino-4-(4-nitrophenyl)-5-oxo0-4H,5 H-pyr-
ano|3,2-c]chromene-3-carbonitrile (4b).
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Table 5. Comparison of the catalysts for the synthesis of dihydropyrano[3,2-c]chromene derivative 4b
Entry no. Catalyst Time, min Yield, % Reference

1 DABCO 30 96 26
2 Mg(ClOy), 45 95 27
3 IL-Immobilized FeNi; 15 95 44
4 Trisodium citrate 35 88 45
5 4-Chlorophenylboronic acid 70 89 46
6 MgMnOs@ZrO,@CoO 20 97 Present work

X-Flash 613 equipment. The surface morphology and
characteristics of the material were analyzed with
an FEI Nova Nano SEM 450 scanning electron micro-
scope. The crystallinity, shape, and crystal type of
MgMnOj; and core-shell nanostructures were studied
using a JEOL/JEM 2100 transmission electron micro-
scope (200 kV, LaB6 electron gun, resolution 0.23 and
0.14 nm). The N, adsorption—desorption isotherm used
to calculate the BET surface area of the catalyst was
plotted using a Quantachrome NOVA-1200 Autosorb-1
automated gas sorption system and an Autosorb-1C
mercury porosimeter.

Synthesis of MgMnQO; Nanoparticles. A 2 M solu-
tion of sodium hydroxide was gently added with
vigorous stirring to a mixture of equivalent amounts of
magnesium chloride (MgCl,), manganese(IV) chloride
(MnCly), and polyethylene glycol as a surfactant in
100 mL of double distilled water. The mixture was
heated at 120°C for 24 h in a Teflon-lined steel auto-
clave, and the resulting gel was filtered off, repeatedly
washed with double distilled water, and dried at 110°C
to remove the surfactant.

Synthesis of MgMnO;@ZrO, core—shell nano-
particles. A 1 M NaOH solution was added dropwise
over a period of 1 h under continuous stirring to a mix-
ture of 1 mol of MgMnO3, 2 mol ZrO, [40], and 2 mL
of polyethylene glycol in 100 mL of double distilled
water. The resulting slurry was autoclaved for 24 h at
120°C, and the precipitate was filtered, washed twice
with double distilled water, dried for 5 h at 110°C,
and calcined for 6 h at 650°C to eliminate organic
impurities.

Synthesis of MgMnO;@ZrO,@CoO core—shell
nanoparticles. A mixture of MgMnO;@ZrO, (1 mol),
cobalt(Il) oxide (1 mol) [40], and 2 mL of polyethylene
glycol in 100 mL of 2 M NaOH was gently stirred for
2 h. The mixture was then heated for 24 h at 120°C in
a Teflon-lined steel autoclave in an oven. After com-
pletion of the reaction, the precipitate was filtered off,
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washed with deionized water, and dried for 4 h at
120°C. To make a fine powder, the dry product was
crushed using a pestle in a mortar, and the resulting
powder was calcined for 6 h at 700°C.

General procedure for the synthesis of dihydro-
pyrano[3,2-c|chromene derivatives 4a—4j. A mixture
of 4-nitrobenzaldehyde (1 mmol), 4-hydroxycoumarin
(1 mmol), malononitrile (1.1 mmol), and MgMnO;@-
ZrO,@CoO (0.3 g) in 10 mL of ethanol was refluxed
with constant stirring for a time indicated in Table 4.
When the reaction was complete (TLC), the mixture
was cooled to room temperature, transferred into
a beaker, and diluted with distilled water. The solid
product was filtered off and washed with distilled
water and cold ethanol to remove unreacted starting
materials and other organic contaminations. The cata-
lyst was separated from the product by filtration using
ethanol. The catalyst is insoluble in ethanol, and it
could be reused by simple filtration. Compounds 4a—4;j
were purified by recrystallization from ethanol.

2-Amino-4-(4-chlorophenyl)-5-oxo0-4H,SH-pyr-
ano[3,2-c|]chromene-3-carbonitrile (4a) was synthe-
sized from 4-chlorobenzaldehyde (3a, 1.1 mmol),
4-hydroxycoumarin (1.2 mmol), and malononitrile
(1.1 mmol); reaction time 20 min. Yield 0.98 g (91%),
dark yellow solid, mp 267-268°C. IR spectrum, v,
cm!: 778 (C-Cl), 1046 (C-0), 1231 (C-0), 1602
(C=0), 1650 (C=C), 1730 (C=0), 2245 (C=N), 3122
(=C-H), 3218 and 3310 (NH,). 'H NMR spectrum, 9,
ppm: 4.98 s (1H, 4-H), 7.43 d (2H, Hyom, J = 8.2,
7.4 Hz), 7.68 d (2H, H,om, J = 8.2, 7.4 Hz), 9.76 s (2H,
NH,). 3C NMR spectrum, d¢, ppm: 103.5, 114.4,
115.6, 116.2, 116.3, 118.2, 120.3, 122.3, 122.6, 134.3,
136.4, 138.6, 143.2, 152.5, 158.2, 161.2, 172.3 (C=0).
Mass spectrum: m/z 351.23.

2-Amino-4-(4-nitrophenyl)-5-oxo0-4H,5SH-pyr-
ano|3,2-c|chromene-3-carbonitrile (4b) was synthe-

sized from 4-nitrobenzaldehyde (3b, 1.0 mmol),
4-hydroxycoumarin (1.1 mmol), and malononitrile
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(1.1 mmol); reaction time 20 min. Yield 0.97 g (97%),
dark yellow solid, mp 258-260°C. IR spectrum, v,
cm~':1030 (C-0), 1248 (C-0), 1345 (NO,), 1653
(C=0C), 1734 (C=0), 2257 (C=N), 3217 (=C-H), 3324
(NH,), 3410 (NH,). "H NMR spectrum, &, ppm: 5.12 s
(1H, 4-H), 7.44 d (2H, J = 8.0, 7.2 Hz, H,.om), 7.85 d
(2H, J = 8.0, 7.2 Hz, Hyom), 8.47 s (2H, NH,).
13C NMR spectrum, 8¢, ppm: 102.3, 112.3, 114.5,
114.9, 118.2, 120.1, 122.2, 124.7, 126.6, 130.7, 132.1,
138.6, 148.4, 158.3, 160.2, 164.2, 176.5 (C=0). Mass
spectrum: m/z 363.43.

2-Amino-4-(4-methoxyphenyl)-5-oxo0-4H,5H-
pyrano[3,2-c|chromene-3-carbonitrile (4c) was
synthesized from 4-methoxybenzaldehyde (3¢,
1.0 mmol), 4-hydroxycoumarin (1.1 mmol), and
malononitrile (1.1 mmol); reaction time 35 min. Yield
0.93 g (92%), white solid, mp 243-245°C. IR spec-
trum, v, cm!: 987 (C-C), 1054 (C-C), 1120 (C-C),
1431 (C-C),1656 (C-0), 1728 (C=0), 2235 (C=N),
3309 (=C-H), 3365 (NH,). 'H NMR spectrum, §, ppm:
2.8 s (3H, OCH;), 5.09 s (1H, 4-H), 7.59 d 2H, J =
8.1, 7.3 Hz, Hyom), 7.71 d (2H, J = 8.1, 7.3 Hz, H,.om)>
6.54 s (2H, NH,). 13C NMR spectrum, 8¢, ppm: 35.7
(OCHy), 103.2, 114.8, 116.4, 116.5, 119.5, 122.2,
122.5, 126.9, 128.6, 132.3, 132.9, 136.4, 142.2, 154.2,
156.7, 160.4, 172.9 (C=0). Mass spectrum: m/z 348.97.

2-Amino-4-(3-nitrophenyl)-5-ox0-4H,5SH-pyr-
ano|3,2-c|chromene-3-carbonitrile (4d) was synthe-
sized from 3-nitrobenzaldehyde (3d, 1.1 mmol),
4-hydroxycoumarin (1.2 mmol), and malononitrile
(1.2 mmol); reaction time 30 min. Yield 0.91 g (89%),
yellow solid, mp 263-265°C. IR spectrum, v, cm™':
984 (C-C),1047 (C-C), 1232 (C-0), 1342 (NO,),1602
(C-0), 1632 (C-0), 1738 (C=0), 2245 (C=N), 3123
(=C-H), 3321 (NH,), 3498 (NH,). '"H NMR spectrum,
o, ppm: 4.87 s (1H, 4-H), 7.42 d (2H, J = 8.1, 7.2 Hz,
Harom), 7.54 d (2H, J = 8.1, 7.2 Hz, Hyom), 9.98 s (2H,
NH,). '3C NMR spectrum, &, ppm: 104.5, 110.2,
112.4, 116.7, 118.4, 121.5, 122.8, 124.4, 128.9, 132.3,
138.4, 140.8, 142.7, 152.5, 158.6, 162.5, 172.7 (C=0).
Mass spectrum: m/z 363.21.

2-Amino-4-(4-methylphenyl)-5-oxo0-4H,5H-pyr-
ano|3,2-c|chromene-3-carbonitrile (4e) was synthe-
sized from 4-methylbenzaldehyde (3e, 1.2 mmol),
4-hydroxycoumarin (1.2 mmol), and malononitrile
(1.1 mmol); reaction time 40 min. Yield 0.84 g (80%),
white solid, mp 265-268°C. IR spectrum, v, cm™': 1156
(C-0), 1234 (C-C), 1604 (C-0O), 1632 (C-0O), 1743
(C=0), 2232 (C=N), 3294 (=C-H), 3310 (NH,).
"H NMR spectrum, 8, ppm:1.8 s (3H, CH3), 4.97 s (1H,
4-H), 7.38 d (2H, J = 8.2, 7.4 Hz, H,.,), 7.68 d (2H,
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J=28.2,7.4Hz, H,,,), 6.78 s (2H, NH,). 3C NMR
spectrum, dc, ppm: 21.2 (CHj), 103.6, 113.7, 116.8,
116.9, 118.2, 121.2, 122.3, 124.8, 128.9, 131.7, 136.1,
140.6, 142.3, 152.6, 158.6, 162.2, 172.6 (C=0). Mass
spectrum: m/z 332.23.

2-Amino-4-(4-bromophenyl)-5-oxo-4H,5H-pyr-
ano[3,2-c|chromene-3-carbonitrile (4f) was synthe-
sized from 4-bromobenzaldehyde (3f, 1.1 mmol),
4-hydroxycoumarin (1.0 mmol), and malononitrile
(1.0 mmol) ; reaction time 35 min. Yield 0.89 g (87%),
brown solid, mp 246-248°C. IR spectrum, v, cm™': 835
(C-Br), 932 (C-C), 1056 (C=C), 1287 (C=C), 1458
(C-N), 1665 (C-0), 1734 (C=0), 2276 (C=N), 3234
(=C-H), 3376 (NH,), 3456 (NH,). 'H NMR spectrum,
o ppm:4.97 s (1H, 4-H), 7.39 d (2H, J = 8.2, 7.2 Hz,
Harom), 7.62 d (2H, J = 8.0, 7.2 Hz, Hy,om), 6.98 s (2H,
NH,). 3C NMR spectrum, 8¢, ppm: 104.6, 111.4,
113.6, 116.3, 119.6, 122.1, 122.9, 126.7, 128.4, 130.4,
134.4, 142.1, 146.8, 162.2, 162.8, 166.8, 172.3 (C=0).
Mass spectrum: m/z 396.

2-Amino-4-(4-hydroxyphenyl)-5-oxo-4H,5H-pyr-
ano[3,2-c]chromene-3-carbonitrile (4g) was synthe-
sized from 4-hydroxybenzaldehyde (3g, 1.1 mmol),
4-hydroxycoumarin (1.0 mmol), and malononitrile
(1.0 mmol); reaction time 35 min. Yield 0.88 g (86%),
white solid, mp 260-262°C. IR spectrum, v, cm™': 856
(C-H), 1123 (C-C), 1221 (C-C), 1440 (C-0),1634
(C-0), 1734 (C=0), 2234 (C=N), 3181 (=C-H), 3298
and 3380 (NH,). '"H NMR spectrum, §, ppm: 5.23 s
(1H, 4-H), 7.43 d (2H, J = 8.1, 7.3 Hz, Hy o), 7.72 d
(2H, J = 8.1, 7.3 Hz, Hyom), 6.87 s (2H, NH,).
13C NMR spectrum, dc, ppm: 104.8, 110.1, 110.5,
111.9, 112.2, 118.1, 118.2, 120.7, 122.6, 122.9, 128.1,
128.6, 138.4, 148.3, 150.2, 154.2, 172.5 (C=0). Mass
spectrum: m/z 334.65.

2-Amino-4-(4-fluorophenyl)-5-oxo0-4 H,SH-pyr-
ano|3,2-c|chromene-3-carbonitrile (4h) was synthe-
sized from 4-fluorobenzaldehyde (3h, 1.2 mmol),
4-hydroxycoumarin (1.1mmol), and malononitrile
(1.1 mmol); reaction time 35 min. Yield 0.90 g (87%),
yellow solid, mp 260-262°C. IR spectrum, v, cm™!:
775 (C-F), 875 (C-H), 1012 (C-C), 1131 (C-C), 1267
(C-0),1621 (C-0), 1732 (C=0), 2234 (C=N), 3317
(=C-H), 3424 (NH,). 'H NMR spectrum, &, ppm:
4.95 s (1H, 4-H), 7.32 d (2H, J = 8.0, 7.2 Hz, H,;o1m),
7.58 d (2H, J = 8.0, 7.2 Hz, Hyom), 6.98 s (2H, NH,).
13C NMR spectrum, ¢, ppm: 104.6, 108.3, 110.5,
110.9, 111.2, 112.8, 113.2, 114.7, 116.6, 126.7, 128.1,
128.6, 148.9, 149.3, 162.2, 166.8, 172.5 (C=0). Mass
spectrum: m/z 336.78.
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2-Amino-4-[4-(dimethylamino)phenyl]-5-oxo-
4H,5H-pyrano|3,2-c]chromene-3-carbonitrile (4i)
was synthesized from 4-(dimethylamino)benzaldehyde
(3i, 1.0 mmol), 4-hydroxycoumarin (1.1 mmol), and
malononitrile (1.1 mmol); reaction time 30 min. Yield
0.91 g (91%), dark yellow solid, mp 214-216°C.
IR spectrum, v, cm™': 895 (C-H), 1123 (C-C), 1276
(C-C), 1434 (C-N),1631 (C-0), 1742 (C=0), 2243
(C=N), 3307 (=C-H), 3376 and 3390 (NH,). 'H NMR
spectrum, d, ppm: 2.8 s (6H, CH3), 5.23 s (1H, 4-H),
7.30d (2H, J=28.2, 7.3 Hz, H o), 7.56 d 2H, J=8.2,
7.3 Hz, H,,), 6.78 s (2H, NH,). 3C NMR spectrum,
dc, ppm: 45.3 (CHy), 103.6, 110.1, 112.1, 112.9,
116.2, 118.8, 120.2, 122.4, 124.6, 128.8, 130.6, 136.2,
142.4, 152.1, 156.2, 160.2, 172.5 (C=0). Mass spec-
trum: m/z 362.32.

2-Amino-4-(2,4-dimethoxyphenyl)-5-oxo-4H,5H-
pyrano[3,2-c|chromene-3-carbonitrile (4j) was
synthesized from 2,4-dimethoxybenzaldehyde (3j,
1.1 mmol), 4-hydroxycoumarin (1.2 mmol), and
malononitrile (1.1 mmol); reaction time 45 min. Yield
0.90 g (89 %), yellow product, mp 236-238°C.
IR spectrum, v, cm™': 1134 (C-C), 1435 (C-N), 1542
(C-0), 1632 (C-0), 1747 (C=0), 2242 (C=N), 3189
(=C-H), 3284 and 3381 (NH,). '"H NMR spectrum, §,
ppm: 3.24 s (6H, CH;0), 5.02 s (1H, 4-H), 7.44 d (2H,
J=28.0, 7.2 Hz, Hyom), 7.85 d (2H, J = 8.0, 7.2 Hz,
Hyiom), 9.79 s (2H, NH,). '*C NMR spectrum, 8¢, ppm:
35.6 (CHj), 103.6, 110.5, 112.8, 112.9, 116.2, 118.3,
120.2, 122.6, 124.6, 132.2, 136.2, 140.2, 142.8, 152.3,
157.2,162.6, 172.2 (C=0). Mass spectrum: m/z 378.23.

CONCLUSIONS

The synthesis of novel MgMnO;@ZrO,@CoO
core—shell catalyst by simple hydrothermal method has
been reported for the first time. The catalyst was used
for the one-pot three-component synthesis of dihydro-
pyrano[3,2-c|chromene derivatives from 4-hydroxy-
coumarin, malononitrile, and substituted benzalde-
hydes. The salient features of this study include the use
of easily available materials, higher yields, shorter
reaction time, cleaner reaction conditions, and catalyst
reusability. With reference to our study, this method
is a useful alternative to many other complicated
reactions reported so far.
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Abstract

In the present work, CdFe,0,/Al,O5 magnetic
nanocomposite photocatalyst is successfully
synthesized by simple sol-gel auto-combustion
method. The role of this sample is studied as a
photocatalyst. The influence of Al,O, concentration
with CdFe,O, on the photocatalytic property is also
studied. We have considered three weight percentage
of Al,O,, 5%, 10%, and 20% with CdFe,O,. All the
samples are characterized with X-ray diffraction
(XRD), Brunauer-Emmett-Teller (BET), Fourier
transform infrared spectroscopy (FTIR), field
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emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM) with
selected area electron diffraction (SAED), vibrating
sample magnetometer (VSM), UV-Visible, and
photoluminescence (PL) spectroscopy techniques.
The 10% composite sample showed the lower particle
size, higher surface area, enhanced porosity, higher
saturation magnetization, and considerable band gap
as compared to that of 5% and 20% CdFe,0,/Al,O,
as well as bare CdFe,O, nanoparticles. The
photocatalytic activity of the sample is evaluated
towards the degradation of the xylenol orange (XO)
dye under UV light. The degradation process of the
dye is monitored spectrophotometrically. The
performance in terms of removal efficiency is studied
by varying the contact time, dye concentration and
amount of catalyst. Among the three concentrations
of Al,O,, the 10% weight concentration of Al,O5 with
CdFe,0, is found to be the optimal concentration
and showed the higher degradation rate. After 30
min photocatalytic reaction, the degradation rate is
92.29% for 10% CdFe,0,/Al,O4 and for bare
CdFe,0,, it is 85.79%. This work provides a new
reference for designing Al,O5-based spinel ferrite
nanocomposites and their role in wastewater

management.
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Introduction

Slavery is an undeniable reality of the American Society. How so ever
America project herself as an inclusive, developed and fighting for human
rights but she cannot do away from her history. Many movies are made and
novels have been written describing about the lives of slaves during slavery,

International Journal of their suffering and atrocities done on them but not much literature is available
English, vol. 11, no. 2, 2023, on how the life of slaves post abolishment of slavery. Paul Laurence Dunbar’s
pp. 1-3. most of the poems voices the lives of slaves post abolishment of slavery.

DOI: Representation of Life of Slaves Post Abolishment of Slavery
https://doi.org/10.34293/ Harried Beecher Stowe

english.v11i2.6079 She told the story, and the whole world wept

At wrongs and cruelties it had not known

But for this fearless woman’s voice alone.
She spoke to consciences that long had slept:
Her message, Freedom’s clear reveille, swept
From heedless hovel to complacent throne.
Command and prophecy were in the tone,
And from its sheath the sword of justice leapt.
Around two peoples swelled a fiery wave,
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But both came forth transfigured from the flame.
Blest be the hand that dared be strong to save,
And blest be she who in our weakness came-
Prophet and priestess! At one stroke she gave

A race to freedom, and herself to fame.
-(http://utc.iath.virginia.edu/africam/afpo33at.html)

In the poem Harriet Beecher Stowe Dunbar
shows his gratitude towards Stowe. It was Stowe’s
Uncle Tom’s Cabin (1952) informed the whole world
the dark side of the slavery and the lives of slaves.
She was the first one to boldly write about the slaves
and their plights furthermore directly or indirectly her
novel made the impact not only on common people
but likes of Abraham Lincoln, who was determined
to abolish slavery from the American soil.

In the poem Dunbar never mentions the name of
Harriet Beecher Stowe rather he uses pronoun she.
He says that it was she who told the story and the
world came to know about slave’s plights. When
she had written the novel the slaves might not have
had the idea that a lady was speaking on their behalf
because most of the slaves were illiterate. Hence,
Dunbar, through this poem, shows the gratitude of
all the slaves. He also saluted the courage of Stowe
for speaking her mind: But for this fearless woman’s
voice alone, / She spoke to consciences that long had
slept:

Freedom is the most important thing for the humans
but for many years no one paid any heed towards
the freedom of the slaves, they were given inhumanly
treatment, did not consider as human. It was Stowe
who gave the message of freedom but her message
was not accepted by everyone. The Southern States of
contemporary America revolted against the abolition
of the slavery and the civil war took place. After
the Civil War there emerged a new America, totally
transformed and transfigured: Around two peoples
swelled a fiery wave,/ But both came forth
transfigured from the flame.

In the last four lines Dunbar shows the
gratefulness on behalf of the all the former slaves.
He says that she should be blessed as she has shown
courage to talk about us, she came to rescue us when
no one wouldn’t. He further gives her the status of
Prophet, the saviour of slaves, who freed them from
the shackles of slavery. Stowe did not fight for the
slaves she just wrote a novel describing the life of

slaves and that was enough, the slaves got their
freedom:

Blest be the hand that dared be strong to save,

And blest be she who in our weakness came-

Prophet and priestess! At one stroke she gave

A race to freedom, and herself to fame.

Dunbar in this poem seems to thanking Stowe on
behalf of the all the former slaves, because they were
not aware that a lady wrote a novel about them and
thatnovel triggered the movement against the slavery.
Here he also acknowledges Stowe for speaking for them.

We Wear the Mask
We wear the mask that grins and lies,

It hides our cheeks and shades our eyes,—

This debt we pay to human guile;

With torn and bleeding hearts we smile,
And mouth with myriad subtleties.
Why should the world be over-wise,

In counting all our tears and sighs?
Nay, let them only see us, while

We wear the mask.

We smile, but, O great Christ, our cries

To thee from tortured souls arise.

We sing, but oh the clay is vile

Beneath our feet, and long the mile;

But let the world dream otherwise,

We wear the mask!
-(https://www.poetryfoundation.org/poems/44203/
we-wear-the-mask)

We Wear the Mask describes the lives of the Slaves
Post Abolishment. The speaker of the poem apprises
us about how the former slaves were living their life.
Were they happy they got freedom? And people in
general were also very curious to know about the status
of the life that now they were no longer slaves they
were free, so how were they enjoying their freedom?

So the speaker informs us that they all wear the Mask
of happiness when someone asks them about their
lives and they lie with those people faking smile because
they had to do it to show the world that they were
happy after the abolishment of the slavery. Did their
lives changed? No! because the abolishment just gave
them freedom, what about jobs? They had neither
education nor any skills for employment, they just
got independence, they were just free. This pangs of
life, their suffering they cannot afford to show to the
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world because the world was under the impression
that they were slaves earlier and now they are free,
but none thought about their livelihood. Therefore,
to hide their plight and sorrow they wear the mask
of Happiness and Lie, to hide their inner pain: This
debt we pay to human guile; | With torn and bleeding
hearts we smile,.

They do not want that world be more concerned
about us.They were free now and can think of
themselves thus people must not be worried our
lives. Yes they wanted freedom from the inhumanly
treatment but they also wanted some kind of work
for their livelihood, no one paid heed to that:What
would be their life once they got free? Hence the
speaker says:...let them only see us, while / We wear
the mask.

In the last stanza of the poem the speaker prays
to Christ and wishes that the world was blind to their
inner feelings and needs but they hope that Christ
would not be, he must be aware of their pain and
plight. They are aware of the struggle of their life
and also that they will have to fight their own battle
of life hence they hide their feelings and pretend to
be happy.

Conclusion

Paul Lawrence Dunbar was the first-generation
poet post-Abolition era. He was well aware of the
impact of slavery and its abolishment on the mind of
the former slaves and their kids. Therefore, there in
undercurrent of this in his works. The former slaves
were in dilemma whether to be grateful and celebrate
their freedom or to die of hunger and displacement.
In the present paper the researcher attempted to trace
the life and sentiments of erstwhile slaves reflected
through the Dunbar’s poem.
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