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Thermodynamic Studies on Solid Dispersions
of Nicotinamide — Khellin Drug System

H. SHEKHAR* AND VISHNU KANT

Department of Chemistry, V. K. S. University, Ara, Bihar, India

Biomolecules, nicotinamide (NA), and khellin (KH) have been used orally for a number
of diseases for the last few decades. NA is shown as an HIV, Mycobaterium tuberculo-
sis, and pellagra preventive agent, whereas KH is used in renal colic, diuretic, kidney
stone, coronary, bronchial asthma, angina, vitiligo, and psoriasis. In recent years, re-
search on solid dispersions of binary drug products is playing a significant role in the
drug delivery process of the pharmaceutical industries. The present study highlights the
thermodynamic characteristics of solid dispersions binary products of active pharma-
ceutical ingredient KH with pharmaceutical excipient NA. These products have been
prepared through melting/fusion method. The solid-liquid equilibrium (SLE) data of
NA-KH system favors the formation of an eutectic (E) at 0.135 mole fraction of KH
and melting temperature 120.6°C and noneutectic solid dispersions (AI-A8) at their
defined compositions and temperatures. To illustrate the molecular interaction, the ac-
tivity coefficient model based on enthalpy of fusion is employed to calculate the excess
partial and integral thermodynamic functions such as g%, hf, and sE. The positive value
of excess Gibbs free energy predicts the stronger molecular interaction between the like
molecules as compared to unlike molecules. The spontaneity of mixing of eutectic and
noneutectic alloys was discussed by the integral mixing quantities AGM, AH" | and
ASM. The value of critical radius (v*) of solid dispersions is found in nanometer (nm)
scale, which suggests the process of solidification for nanosolid dispersions, and it is
very surprising for the pharma world. The binary interface structure of alloys has been
discussed in light of the Jackson model of interface structure.

Keywords Critical radius; interfacial energy; roughness parameter; solid-liquid equi-
librium data; thermodynamic excess and mixing functions

Introduction

Heterocycles are important biological and pharmacological active chemical entities. The
research and development on this class of compounds have provided myriad applications
in medicines and food production over past few decades. Nicotinamide (NA) is a struc-
tural component of nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine
dinucleotide phosphate (NADP), which have very important coenzymic role in metabolic
oxidation—reduction reactions in human being. It is water soluble vitamin B3 and a part
of vitamin B-complex. It is anti-HIV [1], anti-M. tuberculosis [2], anti-inflammatory [3],
and antipellagra [4] agent. Khellin (KH) [5] has been used for the treatment of urologic,
dermatologic, and respiratory symptoms. It is effective in the relaxation of the gall bladder,
bile duct, and urinary bladder. It has been demonstrated to be a much safer drug [6] than
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psoralen derivatives, because it is much less genotoxic and phototoxic. Much of the interest
in KH was directed at its action on the heart, following a serendipitous observation [7] that
it is renal colic and angina remover. It is also used as a spasmolitic agent in the therapy
of asthma and angina pectoris, and recently its use has been proposed for the treatment
of vitiligo [8] and psoriasis. Eutectic and noneutectic solid dispersions [9,10] of active
pharmaceutical hydrophobic ingredients with hydrophilic excipient NA are important due
to their ability to control pharmaceutical properties without changing covalent bonds of the
parent components as well as they can be used in designing [11] of new materials. In recent
years, advances in supramolecular engineering and chemistry have motivated to extend
research on the design of pharmaceutical materials by directing molecular association of
different components in the crystalline state to form binary/ternary solid dispersions of po-
tential interest. Pharmaceutical properties of some binary solid dispersions have also been
reported [12,13] with account of their enhanced solubility, dissolution rate, hygroscopicity,
and chemical stability. Eutectic mixture formation between NA and hydrophobic carri-
ers/drugs of different therapeutic classes was investigated [14,15] recently to reduce the
drug particle size and increases the dissolution rate and thus changes the biopharmaceutical
properties. Keeping in view the pharmacological importance, NA-KH drug system was se-
lected for the solid-liquid equilibrium (SLE), thermodynamic and interfacial investigations
of eutectic and noneutectic solid dispersions drugs.

Experimental Details

Nicotinamide (Thomos Baker, India) and KH were directly taken for investigation. The
melting point of NA was found to be 128°C while for KH it was found to be 153°C.
For measuring the SLE data of NA-KH system, mixtures of different compositions of
both were made in glass test tubes by repeated heating and followed by chilling in ice,
and melting temperatures of solid dispersions were determined by the thaw-melt method
[16]. The melting and thaw temperatures were determined in a Toshniwal melting point
apparatus using a precision thermometer, which could read correctly up to £0.1°C.
The heater was regulated to give above 1°C increase in temperature in every 5 minutes.
The literature value [17] of enthalpy of fusion of NA and KH was used in determining
the various thermodynamic parameters of the binary system.

Result and Discussion

SLE Study

The SLE data of NA-KH system determined by the thaw-melt method is reported in Table 1.
The system shows the formation of an eutectic (E) [18] and noneutectics solid dispersions
(A1-A8). The melting point of NA (128°C) decreases on the addition of second component
KH (mp, 153°C) and further attains minimum and then increases. Eutectic E (0.135 mole
fraction of KH) is obtained at 120.6°C. At the eutectic temperature, a liquid phase L and two
solid phases (S; and S;) are in equilibrium and the system is invariant. The homogenous
binary liquid solution exists in the region above the eutectic temperature, whereas the two
solid phases exist in the region below the eutectic temperature. The region located below
the liquidus line on the left side, a binary liquid and solid NA exist, whereas in a similar
region located on the right side, a binary liquid and solid KH system coexist.

cooling

L = §+$5;
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Thermodynamic Study

The values of heats of fusion of eutectic and noneutectic are calculated by the mixture
law. The value of heat of fusion of binary solid dispersions A;—Ag and E is reported
in Table 1. The activity coefficient and activity of components for the systems under
investigation has been calculated from the equation [19] given below

| AH (1 1 0
—Inyxiyyi=—\\ 75— =
xwi=—p 77

where y;, y; are the mole fraction and activity coefficient of the component i in the liquid
phase, respectively. AHi is the heat of fusion of component i at its melting point 7;, and
R is the gas constant. T, is the melting temperature of alloy. Using the values of activity
and activity coefficient of the components in the binary product, the mixing and excess
thermodynamic functions have been evaluated.

Mixing Functions

To know the mixing characteristics of components in the system, integral molar free energy
of mixing (AGM), molar entropy of mixing (AS™), molar enthalpy of mixing (AHM), and
partial thermodynamic mixing functions of the binary solid dispersions were determined
by using the following equations

AGM = RT (xna Inana + xxu Inagy) 2)
ASM = —R (xna Inxna + xxu IN)xgy) @)
AHM = RT (xxa Inyna + xxu Iny ) “)
G- M = ;M = RT Ing,. o)

where G~ M (u=M) is the partial molar free energy of mixing of component i (mixing
chemical potential) in binary mix and yi and ai are the activity coefficient and activity
of component, respectively. The positive value [20] of molar free energy of mixing of
alloys (Table 2) suggests that the mixing in all cases is nonspontaneous. The integral molar
enthalpy of mixing value corresponds to the value of excess integral molar free energy of
the system favors the regularity in the binary solutions.

Excess Functions

To unfold the nature of the interactions between the components forming the eutectic and
noneutectic solid dispersions, the excess thermodynamic functions such as integral excess
integral free energy (gP), excess integral entropy (s%), and excess integral enthalpy (hF)
were calculated using the following equations

g~ = RT(xnalnyna + xxulnykn) (6)
§1ln §1ln
LA VKH) 7

5N
I

T
sT XKl T

—R ((XNA Inyna + xxuInyga + xnaT
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and excess chemical potential or excess partial free energy of mixing
g;E = /L?M = RT In Yi- &)

The values of §lny;/6T can be determined by the slope of liquidus curve near the
alloys. The values of the excess thermodynamic functions are given in Table 3. The value
of the excess free energy is a measure of the departure of the system from ideal behavior.
The reported excess thermodynamic data substantiate the earlier conclusion of an apprecia-
ble interaction between the parent components during the formation of alloys. The positive
g® value [21] for all eutectic and noneutectic solid dispersions infers stronger interaction
between like molecules in binary mix. The excess entropy is a measure of the change in
configurational energy due to a change in potential energy and indicates an increase in
randomness.

Gibbs—Duhem Equation

Furthermore, the partial molar quantity, activity, and activity coefficient can also be deter-
mined by using Gibbs—Duhem equation [22]

> xidz™M=0 (10)
or
xsadH N + xxudHi = 0 (11
or
dHN = XX g M (12)
XNA
or
xnva=1
_ X _
S (13
XNA
XNA=Y

Using Equation (13), a graph (Fig. 1) between HIZHMand xxu/xNa gives the solution of the
partial molar heat of mixing of a constituent NA in binary mix, and plot between x ku/x na
versus Inagy determines the value of activity (Fig. 2) of component NA in binary mix.

Interfacial Investigation

The Solid-Liquid Interfacial Energy (o)

@ __9

It has been realized that an experimentally observed value of interfacial energy “o” keeps
a variation of 50%-100% from one worker to other. However, Singh and Glicksman [23]
calculated the solid—liquid interfacial energy (o) from melting enthalpy change, and values
obtained are found in good agreement with the experimental values. Turnbull empirical
relationship [24] between the interfacial energy and enthalpy change provides the clue to
determine the interfacial energy value of binary solid dispersions and is expressed as

CAH

7= WAV o
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Figure 1. Graphical solution of partial molar enthalpy of mixing of KH in binary mix.
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where the coefficient C lies between 0.33 to 0.35 for nonmetallic system, V,, is molar
volume and N is the Avogadro’s constant. The value of the solid-liquid interfacial energy
of NA and KH was found to be 5.046 x 1072 and 3.690 x 107%2J . m~2, respectively, and o
value of the solid dispersions was given in Table 1. The value of o has also been determined
by using the value of Gibbs—Thomson coefficient. The theoretical basis of determination of
7 was made for equal thermal conductivities of solid and liquid phases for some transparent
materials.

Gibbs-Thomson Coefficient (t)

For a planar grain boundary on planar solid—liquid interface, the Gibbs—Thomson coefficient
(7) for the system can be calculated by the Gibbs—Thomson equation and is expressed as

TVino o

T=rAT = —— =
AH ASy

5)

where 7 is the Gibbs—Thomson coefficient, AT is the dispersion in equilibrium temperature,
and r is the radius of grooves of interface. It was also determined by the help of Gunduz and
Hunt [25] numerical method for materials having known grain boundary shape, temperature
gradient in solid, and the ratio of thermal conductivity of the equilibrated liquid phases to
solid phase (R = Kr/Ks). The Gibbs—Thomson coefficient for NA, KH, and their solid
dispersions are found in the range of 1.321-1.480 x 10~% km and is reported in Table 1.

Interfacial Grain Boundary Energy (o o)

Grain boundary is the internal surface, which can be understood in a very similar way
to nucleation on surfaces in liquid—solid transformation. In the past, a numerical method
[26] is applied to observe the interfacial grain boundary energy (o 4,) without applying the
temperature gradient for the grain boundary groove shape. For isotropic interface, there is
no difference in the value of interfacial tension and interfacial energy. A considerable force
is employed at the grain boundary groove in anisotropic interface. The grain boundary
energy can be obtained by the equation

Ogp = 20 cos 0 (16)

where 6 is equilibrium contact angle precipitates at solid-liquid interface of grain boundary.
The grain boundary energy could be twice the solid-liquid interfacial energy in the case
where the contact angle tends to zero. The value of o, for solid NA and KH was found
to be 9.748 x 1072 and 7.129 x 1072 J - m~2, respectively, and the value for all solid
dispersions is given in Table 1.

The Effective Entropy Change (AS,)

It is obvious that the effective entropy change and the volume fraction of phases in the alloy
are interrelated to decide the interface morphology during solidification, and the volume
fraction of the two phases depends on the ratio of effective entropy change of the phases.
The entropy of fusion (AS = AH/T) value (Table 1) of alloys is calculated by heat of fusion
values of the materials. The effective entropy change per unit volume (ASy) is given by

ASy = — — A7)
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Table 4. Value of volume free energy change (AG,) during solidification for NA-KH
system of different undercoolings (AT)

AG, (J -cm™)

Alloy 1.0 1.5 2.0 2.5 3.0 3.5

Al 0.386 0.578 0.771 0.964 1.157 1.35
A2 0.398 0.597 0.796 0.995 1.194 1.393
A3 0.44 0.66 0.88 1.1 1.319 1.539
A4 0.477 0.716 0.954 1.193 1.431 1.67
A5 0.525 0.787 1.049 1.312 1.574 1.836
A6 0.562 0.843 1.125 1.406 1.687 1.968
E 0.653 0.979 1.306 1.632 1.959 2.285
A7 0.669 1.003 1.338 1.672 2.006 2.341
A8 0.698 1.046 1.395 1.744 2.093 2.442
NA 0.726 1.089 1.452 1.815 2.178 2.541
KH 0.379 0.569 0.758 0.948 1.137 1.327

where AH is the enthalpy change, T is the melting temperature, and V, is the molar volume
of solid phase. The entropy of fusion per unit volume (ASy) for NA and KH was found
to be 726 and 379 kJ - K=! - m~3, respectively. Values of ASy for alloys are reported in
Table 1.

The Driving Force of Nucleation (AG,)

During growth of crystalline solid, there is change in enthalpy, entropy, and specific volume,
and nonequilibrium leads the Gibbs energy. Thermodynamically metastable phase occurs
in a supersaturated or supercooled liquid. The driving force for liquid—solid transition is the
difference in Gibbs energy between the two phases. The theories of solidification process
in the past have been discussed on the basis of diffusion model, kinetic characteristics
of nucleation, and thermodynamic features. The lateral motion of rudimentary steps in
liquid advances stepwise with nonuniform surface at low driving force, whereas continuous
and uniform surface advances at sufficiently high driving force. The driving force of
nucleation from liquid to solid during solidification (AGy) can be determined at different
undercoolings (AT) by using the following equation [27]

AGy = AS,AT. (18)

Itis opposed by the increase in surface free energy due to creation of a new solid-liquid
interface. By assuming that solid phase nucleates as small spherical cluster of radius arising
due to random motion of atoms within liquid. The value of AGy for each solid dispersions
and pure components are shown in the Table 4.

The Critical Radius (r*)

During liquid—solid transformation, embryos are rapidly dispersed in unsaturated liquid,
and on undercooling, liquid becomes saturated and provides embryo of a critical size with
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Table 5. Critical size of nucleus (r*) at different undercoolings (AT)

r* (nm)
Alloy 1.0 1.5 2.0 2.5 3.0 3.5
Al 192.5 128.3 96.3 77.0 64.2 55.0
A2 189.0 126.0 94.5 75.6 63.0 54.0
A3 177.9 118.6 88.9 71.2 59.3 5.08
A4 169.5 113.0 84.7 67.8 56.5 48.4
AS 161.5 107.7 80.7 64.6 53.8 46.1
A6 156.0 104.0 78.0 62.4 52.0 44.6
E 143.9 96.0 72.0 57.6 48.0 41.1
A7 142.9 953 71.5 57.2 47.6 40.8
A8 140.9 93.9 70.4 56.3 47.0 40.2
NA 139.0 92.7 69.5 55.6 46.3 39.7
KH 194.7 129.8 97.3 77.9 64.9 55.6

radius r* for nucleation, which can be determined by the Chadwick relation [28]

. 20 20T
rt = = (19)
AGy  AHyAT

where o is the interfacial energy and AHYy is the enthalpy of fusion of the compound per
unit volume, respectively. The critical size of the nucleus for the components and alloys was
calculated at different undercoolings, and values are presented in Table 5. It can be inferred
from table that the size of the critical nucleus decreases with increase in the undercooling
of the melt. The existence of embryo and a range of embryo size can be expected in the
liquid at any temperature. The value of r* for pure components (NA and KH) and solid
dispersions lies between 39 to 195 nm at undercooling 1°C -3.5°C.

Critical Free Energy of Nucleation (AG*)

To form critical nucleus, it requires a localized activation/critical free energy of nucleation
(AG™), which is evaluated [29] as

AGH — 16 no?
T3 AGY

(20)

The value of AG* for alloys and pure components has been found in the range of 10~
to 107'° J per molecule at different undercoolings and has been reported in Table 6.

Interface Morphology

The science of growth has been developed on the foundation of thermodynamics, kinetics,
fluid dynamics, crystal structures, and interfacial sciences. The solid-liquid interface mor-
phology can be predicted from the value of the entropy of fusion. According to Hunt and
Jackson [30], the type of growth from a binary melt depends upon a factor o, which defined
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Table 6. Value of critical free energy of nucleation (AG*) for alloys of NA-KH system at
different undercooling (AT)

AG* x 10'6 (J)

Alloy 1.0 1.5 2.0 2.5 3.0 35
Al 57.64 25.62 14.41 9.22 6.40 4.70
A2 56.31 25.03 14.08 9.01 6.26 4.60
A3 51.89 23.06 12.97 8.30 5.76 4.24
A4 48.67 21.63 12.17 7.79 5.41 3.97
A5 46.31 20.58 11.58 7.41 5.14 3.78
A6 44.73 19.88 11.18 7.16 4.97 3.65
E 40.80 18.13 10.20 6.53 4.53 3.33
A7 40.92 18.19 10.23 6.55 4.55 3.34
A8 40.86 18.16 10.21 6.54 4.54 3.33
NA 40.85 18.15 10.21 6.54 4.54 3.33
KH 58.62 26.06 14.66 9.38 6.51 4.79
as
AH AS )1
e=fp- =5 2

where £ is a crystallographic factor depending upon the geometry of the molecules and
has a value less than or equal to 1. AS/R (also known as Jackson’s roughness parameter o)
is the entropy of fusion (dimensionless) and R is the gas constant. When « is less than 2,
the solid—liquid interface is atomically rough and exhibits nonfaceted growth. The value of
Jackson’s roughness parameter («) is given in Table 1. For the entire solid dispersions, the
o value was found to be greater than 2, which indicates the faceted [31] growth proceeds
in all the cases.

Conclusion

The solid—liquid equilibrium phase diagram of NA—KH system shows the formation of sim-
ple eutectic alloy. The activity and activity coefficient values are very useful in computing
thermodynamic mixing and excess functions. Thermodynamic excess and mixing functions
g% and AGM values for eutectic and noneutectics are being found positive, which suggest
the stronger association between like molecules, and there is nonspontaneous mixing in all
the binary drugs.
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