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PREFACE

Cooling a liquid below its melting point usually results in
crystallisation. However, if the system is exposed to high enough
cooling rates, the molecules do not get sufficient time to rearrange
themselves and the crystallization may be bypassed and it continues to
be in supercooled liquid phase. On further cooling the dynamics
become kinetically frozen and eventually become glass or amorphous
solid. During this process of glass formation, the characteristic time for
molecular motion in a liquid in picoseconds regime elongates to some
few hundred seconds around the glass transition temperature (7),
where molecular dynamics falls out of equilibrium in laboratory time
scales. Below the glass transition temperature the material is locked in
non-equilibrium state. Experimental techniques used for probing the
dynamics of the glass forming systems include dielectric spectroscopy,
Differential Scanning Calorimetry (DSC), Nuclear Magnetic
Resonance (NMR), X-ray diffractometry, Fourier Transform Infrared
spectroscopy (FTIR) efc. Among the experimental techniques
broadband dielectric spectroscopy (BDS) is a very important and
useful tool for monitoring the dynamic susceptibility of a system over
a broad frequency range of up to 15 decades. Among the various
relaxations observed in time or frequency window, the slowest of these
processes is usually called as main or structural o-relaxation as it
causes all correlations within the liquid to disappear and characterising
the glass transition. The time constant of this process can be related to
the overall viscosity of the material. On shorter timescales, additional
secondary processes appear between the a-relaxation and microscopic

dynamics, depending on the flexibility or intra-molecular degrees of



freedom of the molecules. These intra-molecular degrees of freedom
are the backbone of the applicability of a polymer for practical
purposes. However, even in case of the simplest rigid molecules,
having no intra-molecular degrees of freedom, there appears secondary
B-relaxation of intermolecular origin called Johari-Goldstein (JG)
relaxation. JG relaxation is a matter of intense debate among the
researchers, as their microscopic origin and their significance for the
overall relaxation behaviour are by no means well understood.
Solubility and absorption of the active pharmaceutical
ingredient with body fluids is important for getting the effect of a
drug. During last decade about 40% of examined pharmaceutical
drugs turned out to be poorly water-soluble, this results in their
inadequate bioavailability. Improving the bioavailability (dissolution
rate and solubility) of a pharmaceutical, especially life saving drugs,
is the major issue the modern pharmaceutical industry has been
addressing. Common methods adopted are usages of cyclodextrins,
polymorphism  or  solvated  compounds, nanotechnology,
micronization, spray drying etc. The other alternative is to prepare
drugs in the amorphous form, which is found to be more soluble, and
have better dissolution rate and in consequence improved
bioavailability. For commercial use, amorphous drugs must be stable
for at least 3 —5 years. But, in many occasions practical advantages of
amorphous drugs are lost because of the thermodynamic instability in
the amorphous phase. During storage it may get converted to its stable
crystalline form. Understanding the major factors responsible for
recrystallization of the amorphous pharmaceutical can give insights to
bypass this problem and would help the industry to develop

amorphous drugs which are physically and chemically stable for a



longer shelf life. So critical study of broadband dielectric
spectroscopy and other phase information will give insight to the
basic physics and give way to device better technology for these
issues.

In this work we present, the thermal and spectroscopic
investigations of three hydrogen bonded active pharmaceutical
ingredients (APIs) namely, clofoctol, droperidol and probucol. Glass
forming ability of the samples were analyzed using DSC. The
relaxation dynamics of APIs were investigated in supercooled and
glassy states over broad frequency and temperature ranges at ambient
pressure using BDS. To find the origin of the secondary relaxations,
CM predictions were used. It was further verified from the
computational investigations with the help of density functional theory.
The pharmaceuticals, chosen for study have significantly broader
structural dispersion than the majority of the drugs investigated so far
and thus we have carried out the anti-correlation study between the
width of the structural loss peak at 7, to the polarity of the drugs in the
light of dipole-dipole interaction to the attractive part of the
intermolecular potential. They are instrumental in testing the anti-
correlation within the family of molecular pharmaceuticals as part of
the totality of molecular glass formers studied by dielectric
spectroscopy. Also the isothermal crystallization kinetics of clofoctol
and droperidol were investigated using BDS and was analyzed using
Avrami and Avramov models. The thesis is organized as follows.
Chapter 1 :  Gives general introduction about glass, applications of

amorphous systems in various fields including

amorphous pharmaceuticals, literature review of



Chapter 2 :

Chapter 3 :

Chapter 4 :

Chapter 5 :

Chapter 6 :

Chapter 7 :

Chapter 8 :

amorphous pharmaceuticals, advantages and challenges
of amorphous formulation.

Elucidate about glass transition, dielectric theories,
coupling model, models used to analyze isothermal
crystallization kinetics efc.

Discusses the materials and methods used for this
study.

Discuss about the glass forming ability, crystallization
tendency and molecular dynamics of probucol.

Describe about thermal and spectroscopic studies and
crystallization kinetics of amorphous clofoctol.
Elucidate about the glass forming ability, molecular
dynamics and isothermal crystallization kinetics of
amorphous droperidol.

Discuss about the correlation between SBxyw and Ag(Ty)
as proposed by Paluch and co-workers, stability
prediction using Sxww (Shamblin’s criteria) and fragility
comparison of the three studied pharmaceuticals with
other pharmaceuticals.

Conclusions and future perspective of the work are

presented in Chapter 8.
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Chapter 1

Introduction

Glass is an amorphous (non-crystalline) solid having short range molecular order with
physical properties differing from their respective crystalline counterparts. Even though the
atomic structure of glass is close to supercooled liquid, below the glass transition temperature
(T) it behaves as solid. The theory behind glass transition is an all time interesting topic for
the scientific community and there is still no generally accepted and perfectly satisfying
theory of the glass transition. The study of glass transition and amorphous structural
materials has been of great interest in various fields like pharmacy, medicine, food industry,
electronics, metallurgy, geosciences, nanoscience, materials for energy source applications
etc.

While cooling a liquid below its melting point crystallization occurs and if the cooling
rate is high enough to surpass the crystallization, it becomes supercooled liquid and on
further cooling, it turns into glassy state. Glasses are very fascinating material due to its dual
nature, i.e., mechanical properties of solids and molecular disorder characteristics of liquids.
The temperature at which the transformation from liquid to glassy state occurs is known as
glass transition temperature (7). At T, molecular motions slows down to the time scale of
hundred seconds and below 7, molecular rearrangement is too slow and the molecules fails to
reach its equilibrium positions. Molecular mobility of amorphous solids are usually studied
by using methods such as broadband dielectric spectroscopy (BDS), differential scanning
calorimetry (DSC), nuclear magnetic resonance (NMR) etc., out of which dielectric
spectroscopy is particularly useful as it gives information about molecular dynamics in
supercooled and glassy states in a wide range of frequency, temperature and even pressure.

Molecular relaxations in glass forming systems are mainly characterized by two kinds
of motions. They are termed as primary or a-relaxation process, which is observed near the
glass transition and the secondary relaxation processes, which are observed below the glass
transition temperature. The a-relaxation process is due to the cooperative rearrangement of
molecules and is related to the liquid-glass transition and also become kinetically frozen
below T,. The secondary relaxations are the local non-cooperative relaxations which are
relatively faster process and the change of relaxation time with temperature is slower than
that of structural relaxations. In some cases, the secondary relaxations are intramolecular in

origin i.e., from the motion of some molecular subgroup dynamically decoupled from the rest



of the molecule, while in some systems the secondary relaxation originates from the local
motion of the whole molecule (intermolecular origin) and were usually termed as the Johari-

Goldstein, JG-relaxation.
1.1. Applications of amorphous systems

Amorphous systems have enormous application in various fields such as polymer
engineering, plastic crystals, ionic liquids, magnetic materials, semiconductors, food industry
and pharmaceutics etc. In 1986, Angell et al. studied the fast ion transport in glassy and
amorphous materials and emphasized the significance of studying the fast ion motions by
mechanical response, in addition to electrical response measurements.' B. Zhang et al.
studied cerium-based bulk metallic glasses with an exceptionally low glass transition
temperature, similar to or lower than that of many polymers and reported that these materials
can be regarded as metallic plastics. They have adequate lifetime at room temperature and
they combine both behaviors of polymer like thermoplastic and distinctive properties of
metallic glasses, thus providing possible potential applications.> M. Orita ef al. prepared a
range of amorphous films InGaO3(ZnO),, (where m < 4) using a pulsed-laser deposition
method with the purpose of creating ZnO-based amorphous transparent conductors. The films
for m = 1-4 were confirmed to be amorphous phases.’

B. J. P. Jansen et al. prepared rubber modified glassy amorphous polymers through
chemically induced phase separation and prepared a blend of poly(methyl methacrylate)
(PMMA) with a dispersed rubbery epoxy phase.® Van Eerdenbrugh ef al. in 2011applied the
molecular recognition framework of crystal engineering to amorphous binary systems and
devised an approach to prevent crystallization in organic systems. The study indicated that
fundamental principles governing hydrogen bond directed molecular recognition events,
adapted from the field of crystal engineering, can be applied to design of solids in which
crystallization is prevented.” B. Krause ef al. studied microcellular foaming of amorphous
high 7, Polymers polysulfone (PSU), poly(ether sulfone) (PES), and cyclic olefin copolymer
(COC) films using carbon dioxide as a physical blowing agent. They further investigated the
plasticization phenomena by foaming poly(ether sulfone) sample and a cyclic olefin
copolymer. The obtained results confirm that the dominating factor controlling the foam
formation is the ability of the carbon dioxide to plasticize the polymer matrix.°

C. A. Angell in his review about dynamic process in ionic glasses concluded that
decoupled ion motions in glassy solids lead to a rich variety of relaxation phenomena and

stated that in all relaxations, evidence for a constant frequency independent loss between



resonance and relaxation frequency domains which may be connected to fracton dynamics
endemic to the glassy state.” According to V. Baranchugov et al. amorphous Si can be used
as high capacity anode material for rechargeable Li batteries, with neat, additive free, ionic
liquid electrolytes, based on derivatives of piperidinium bis(trifluoromethylsfonyl) imide
molten salt.®

T. Egami et al reviewed about the structure, preparation and mechanical
properties of amorphous metallic alloys specifically low field properties of engineering
interest and reported that such alloys have low coercive fields and very square hysteresis
loops; the effective magnetization in low fields is greatly increased by the application of a
tensile stress.’

E. A. Davis et al. assessed about the experimental evidence concerning the density of
states in amorphous semiconductors and the ranges of energy in which states are localized
which includes dc and ac conductivity, drift mobility and optical absorption.'® Hosono in
2006 fabricated thin film transistors which are transparent and flexible on a polyethylene
terephthalate (PET) film substrate with an ionic amorphous oxide semiconductor (IAOS) in
an In,03-Zn0-Ga,0; system. The field effect mobility of the fabricated transistors is reported
to be 10 cm® (V s)™'. This reported value is higher than that of hydrogenated amorphous Si
and pentacene transistors by an order of magnitude. They also discussed about the chemical
design concept of ionic amorphous oxide semiconductors and gave details regarding its
unique electron transport properties, and electronic structure, in comparison with that of
conventional amorphous semiconductors. "’

Though amorphous systems have vast applications in various fields, our study

particularly aims in studying about amorphous pharmaceuticals.
1.2. Classification of pharmaceuticals

Drugs are usually made up of two core components; the active pharmaceutical
ingredient (API), which is the central ingredient, and the chemically inactive excipients
which are the substances other than the drug that helps deliver the medication. Active
pharmaceutical ingredient (API), is the term used to refer to the biologically active
component of a drug product. According to U. S. Food and Drug Administration, such
substances are intended to furnish pharmacological activity or other direct effects in the
diagnosis, cure, mitigation, treatment, or prevention of disease or to affect the structure

or function of the body.



Drugs can be categorized based on their therapeutic use, chemical structure,
mechanism or mode of action etc. Drugs can be further classified into four categories based
on their solubility and permeability to bio-membranes, first proposed by Amidon et al. in
1995."% This particular classification is known as the Biopharmaceutical Classification

System (BCS). According to BCS, APIs are divided into four classes as follows.

Table 1.1. BCS classification of pharmaceuticals.

Class I High solubility High permeability
Class II Low solubility High permeability
Class 11 High solubility Low permeability
Class IV Low solubility Low permeability

Class I drugs are favored by pharmaceutical industry, because of the fast dissolution
and rapid bioavailability of such APIs. They are considered as ideal for controlled drug
delivery if they meet the pharmacodynamic and pharmacokinetic criterions.® Class II drugs
required enhancement in dissolution rate since their solubility is low. Class III drugs usually
exhibit low bioavailability and permeability enhancement is needed. Class IV drugs have
poor and variable bioavailability and normally not suitable for oral drug delivery. "

Biard et al. in 2010 studied a group of organic molecules and separated them into
three groups to assess the crystallization tendency from undercooled melt based on the
existence or absence of crystallization while heating or cooling or reheating.'* Class I shows
crystallization on cooling from the undercooled melt while class II does not shows
crystallization on cooling from the undercooled melt below glass transition temperature, but
shows crystallization on reheating above glass transition temperature. Class III molecules do
not show crystallization on either cooling below glass transition temperature or on reheating

up to the melting point.
1.3. Amorphous pharmaceuticals

Most of the drugs are prepared in thermodynamically stable crystalline form and their
physiochemical properties remain intact for longer period providing better shelf life. But
most of the drugs in crystalline form is barely water soluble and have poor bioavailability.

According to Kawabata et al. (2011), in recent years, the number of insoluble active
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pharmaceutical ingredients (APIs) is increased and almost 70% of the newly developed drugs
shows poor water solubility.'” Strategies for enhancing the dissolution rate and hence
bioavailability of poorly water soluble drugs is a key challenge to pharmaceutical
industry.16’17 Nowadays various techniques are employed to enhance the solubility,
dissolution rate and bioavailability of APIs, such as use of co-solvents, use of surfactants,
chemical modification of drug, amorphous formulation, micronization, alteration of pH of
solvents, freeze drying, nanosuspension, self dispersing lipid formulation, lipid based
delivery systems, solid dispersion system efc., out of which amorphous formulation of API is

a promising method for improving solubility of drugs.'*
1.3.1. Advantages of amorphous pharmaceuticals

Recently, pharmaceutical industry has been focusing on the development of
amorphous pharmaceuticals because of their desirable pharmaceutical properties. Solubility
plays an important role in drug formulation. Low aqueous solubility of drug forces high
dosage to achieve pharmacological response. Solubility also had great impact on the
parenteral formulation of drugs. There are many techniques to improve the solubility of
drugs. It includes physical modifications such as particle size reduction, amorphous
formulation and cocrystallization, solid dispersion etc., and chemical modifications such as
salt formation, change of pH, use of buffer efc., as well as miscellaneous methods such as

novel excipients, use of adjuvant like surfactant, solubilizers efc.'

Amorphous
pharmaceuticals exhibit higher solubility'® compared to its crystalline counterpart providing
better pharmaceutical effect.

Bioavailability is one of the important pharmacokinetic properties, defined as the
fraction of unchanged active drug ingredient that reaches the systemic circulation. Improving
drug solubility and drug permeability are the two main methods to increase the bioavailability
of APIs. Studies confirmed that amorphous pharmaceuticals provide improved
bioavailability® than its crystalline counterpart.*'>° Also amorphous pharmaceuticals have

31,32

four or five times faster drug absorption time, faster dissolution rate and better

mechanical properties® compared to its crystalline form.
1.3.2. Challenges in amorphous formulation

Though amorphous pharmaceuticals play a major role in enhancing the solubility and
bioavailability of APIs, it has some limitations also. Amorphous solids are less physically and

chemically stable. Amorphous materials have higher free energy and are in non-equilibrium



state. They are thermodynamically unstable; hence, the physical stability and shelf life of
most of the amorphous drugs are incredibly low. One of the major issues is the onset of
crystallization at a later stage during product shelf life.** Another disadvantage is that
amorphous drugs are habitually reactive and unstable to mechanical and thermal stresses.>
Also they are extraordinarily sensitive to water sorption.>® Due to this instability, amorphous

2337 and thus the

pharmaceuticals are not extensively marketed as the crystalline one
understanding of the molecular dynamics and mechanism of crystallization from the
amorphous state is inevitable in the development of amorphous pharmaceuticals for practical

applications.
1.4. Review in amorphous pharmaceuticals

Amorphous materials can be prepared by using various methods including freeze-

3940 spray drying"', solid dispersion*’, addition of

44,45

drying®®, quench cooling the melt

impurities®, rapid precipitation by antisolvent addition***, grinding or milling of crystalline

446 and desolvation of crystalline materials*’ efc. Present study

solids at low temperatures
aims at preparing amorphous pharmaceuticals by quench cooling method and studying its
molecular dynamics in supercooled liquid and glassy forms using broadband dielectric
spectroscopy (BDS). Further, this study also focuses on understanding the crystallization
kinetics of the amorphous state using BDS.

F. Melani et al. studied the nonsteroidal anti-inflammatory drug naproxen. Solid
combinations of naproxen with amorphous hydroxypropyl derivatives of o, £ and
y -cyclodextrin were prepared and conducted studies on drug crystallinity, thermal behavior
and dissolution rate. Also studies about phase solubility analysis and computer-aided
molecular modeling were performed to study the inclusion complexation of naproxen with
hydroxypropyl cyclodextrins. No relationship was found between the decrease in crystallinity
of the drug dispersed in the amorphous carrier matrix and the geometrical features of the
cyclodextrin macrocycle.”® C. Schebor er al. investigated the thermal stability of enzymes
namely lactase and invertase in dried, amorphous matrices of-trehalose, maltose, lactose,
sucrose and raffinose-sugars and in some other polymers such as casein, PVP and milk. They
reported that trehalose showed the best degree of enzyme stabilization.*

D. Zhou et al. in their work related the thermodynamic quantities configurational
enthalpy, entropy and free energy with reciprocal of relaxation time for five amorphous
compounds including ritonavir, ABT-229, fenofibrate, sucrose, and acetaminophen. Heat

capacities of the amorphous and crystalline phase of each compound were measured as a



function of temperature using modulated temperature DSC.” D. Lechuga-Ballesteros ef al.
measured the interactions between water vapor and amorphous pharmaceuticals-saccharides
like Sucrose, a-lactose monohydrate, trehalose dihydrate, and raffinose pentahydrate, and
indomethacin-using microcalorimetric technique. The moisture-induced thermal activity
traces (MITATSs) provides information about the mode of interaction between water vapor
and the amorphous solids.”!

In 2005, G. P. Johari et al. conducted dielectric relaxation studies on amorphous
acetaminophen. They measured the dielectric permittivity and dielectric loss spectra of
amorphous and supercooled acetaminophen over the frequency range 10 Hz-0.4 MHz.*’ The
molecular mobility of amorphous ibuprofen was studied using broadband dielectric relaxation
spectroscopy for different temperatures. The results show that ibuprofen has a complex
relaxation map including two secondary relaxations, y and f, a main a-process associated
with the dynamic glass transition and a Debye-like process. The fS-relaxation is verified as
Johari-Goldstein relaxation. The two secondary relaxations showed Arrhenius temperature
dependence while two Vogel-Fulcher-Tamman-Hesse (VFTH) regimes are observed for a-
relaxation separated by a crossover temperature at 265 K.** K. Adrjanowicz et al. also
conducted studies on dielectric relaxation and also crystallization kinetics of amorphous
ibuprofen at ambient and elevated pressure. The crystallization kinetic studies revealed
extension in crystallization time and induction time under high pressure compared to that
crystallized at ambient pressure, which was due to the shift of the optimal nucleation and
crystal growth process to higher temperatures with pressure.>®

T. El Goresy et al. studied amorphous nifedipine and an equimolar binary mixture of
nifedipine and acetaminophen were studied by dielectric spectroscopy in its supercooled
liquid and in its glassy state. The a-relaxation process of the binary mixture occurs at a
significantly lower temperature as compared to pure nifedipine and the supercooled liquid
states were characterized by a relatively large steepness index m.>* A. C. Rodrigues et al.
studied the molecular mobility of amorphous S-flurbiprofen using BDS. Amorphous S-
flurbiprofen was prepared by quench cooling. The fragility or steepness index was calculated
as m = 113, classifying S-flurbiprofen as a fragile glass former.>

K Adrjanowicz et al. in 2010 determined the structural a-relaxation times deep in the
glassy state of the pharmaceutical, Telmisartan using the approach suggested by Casalini and
Roland. The values of structural relaxation time were compared with those predicted by the
coupling model (CM).”® K. Adrjanowicz et al. again conducted studies on molecular

dynamics of amorphous telmisartan. In this study, they prepared amorphous samples by
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cryomilling and by quench cooling of the melt and a comparative study of molecular
dynamics of samples prepared in both ways were carried out. The long term stability of
amorphous telmisartan was confirmed using X-ray diffraction analysis. Also solubility
studies verified the better solubility of amorphous telmisartan than from the crystalline
form.*

Z. Wojnarowska et al. performed broadband dielectric measurements on the
pharmaceutical indomethacin at ambient and elevated pressure. A well resolved
intramolecular secondary relaxation (y) was observed, which was found to be pressure
insensitive. Another slow secondary relaxation (f) was obtained in the vicinity of the 7,
while analyzing the dielectric spectra at ambient pressure. And from CM prediction, it was
classified as JG-relaxation’’. V. Andronis et al. investigated the crystal nucleation and
growth rates of polymorphs of indomethacin from amorphous state.™

Molecular dynamics studies were carried out on the antibiotics-azithromycin,
clarithromycin and roxithromycin-in their supercooled liquid and glassy forms by using
dielectric spectroscopy. A number of relaxation processes of different molecular origin were
reported. The activation energies of the secondary processes and fragility index of all the
three antibiotics found to be approximately similar, which in turn indicate the probable
similar molecular dynamics. Also stability of amorphous forms was confirmed by X-ray
diffraction.”

Z. Wojnarowska et al. studied the molecular dynamics of a common local anesthetic
drug, lidocaine hydrochloride (LD-HCI), and its water mixtures by using BDS. From the
calorimetric measurements, it was observed that even a small addition of water causes a
significant effect on the relaxation dynamics of analyzed protic ionic liquid.60

The crystallization tendency and physical stability of a group of drugs after storage
above and below the glass transition temperature and its relationship to glass forming ability
was analyzed by A. Alhalaweh et al. Class III compounds remained amorphous under the
studied dry conditions while most of Class Il compounds crystallized when stored at 20 K
above the 7, but remained amorphous when stored at 20 K below the 7,. They concluded that
glass transition temperature was feebly correlated to physical stability and stated that
molecular properties have significant impact on glass forming ability and glass stability.61
The amorphous forms of erythromycin free base (ED) and its salts namely, stearate (ES),
phosphate (EP) and thiocyanate (ET) were generated by K. Nanakwani ef al. using in situ
melt quenching and their crystallization tendency were evaluated. Kinetics of crystallization

followed the order as ES > EP > ET > ED.%



By using broadband dielectric spectroscopy, U. Sailaja et al. studied the dielectric
properties and molecular dynamics of two pharmaceuticals, namely nizatidine and
perphenazine. Both samples had structural alpha relaxation above 7, and intramolecular
gamma relaxation below 7, while JG -relaxation was supposed to be hidden under the
structural relaxation peak.®’ Thermal characteristics and molecular dynamics of amorphous
fenofibrate were studied using DSC and BDS. The sample does not show any tendency of
crystallization during cooling and reaches it in the glassy state. The structural relaxation
showed VFT temperature dependence and the drug was reported as fragile.* U. Sailaja et al.
also conducted dielectric spectroscopic investigations on amorphous captopril. The sample
was found to be highly unstable in the amorphous state.®® Molecular relaxation studies on
amorphous ketoprofen using BDS over wide temperature and frequency range revealed
multiple relaxation processes-the primary o-relaxtion and the non JG y-relaxation. Also
solubility test proved that the amorphous form is more soluble than the crystalline phase.*
Dielectric studies of supercooled cimetidine revealed well pronounced a-relaxation process
above the glass transition temperature and the solubility of amorphous sample found to be
double than that of its crystalline part.*®

The molecular dynamics in the supercooled amorphous state of cimetidine, nizatidine,
and famotidine were carried out using DSC, thermally stimulated depolarization currents
(TSDC), and dielectric relaxation spectroscopy. Multiple relaxation processes were observed
by relaxation study. Nizatidine was categorized as a fragile liquid and cimetidine as
moderately fragile, while molecular mobility in amorphous famotidine could not be studied
as it decomposes near the melting temperature.®’

Dielectric measurements of supercooled and glassy nonivamide were carried out
using BDS at various isobaric and isothermal conditions. The study revealed very narrow o-
loss peak and unresolved secondary relaxations appearing in the form of an excess wing on
the high frequency flank. Due to the unusual structure of nonivamide, the fragility index was
found to be nearly constant on varying pressure.68 J. Knapik-Kowalczuk et al. studied the
physical stability of pure amorphous probucol and also studied the physical stability of
amorphous probucol by mixing it with atorvastatin as a crystallization inhibitor.®

Z.Wojnarowska et al. carried out dielectric measurements of pharmaceuticals-
procaine hydrochloride and procainamide hydrochloride-which are glass-forming as well as
ionically conducting materials, to study the dynamics of the ion conductivity relaxation. They
pointed the vital importance of f-conductivity relaxation as it is crucial as the precursor of the

o-conductivity relaxation, analogous to the relation found between the Johari-Goldstein /-
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relaxation and the structural a-relaxation in non-ionic glass forming systems.70 G. Chawla et
al. studied the molecular dynamics, hygroscopicity studies and physical stability studies of
crystalline and amorphous irbesartan and opined it as a probable candidate for the drug
development, since it showed high physical stability.71

R. Surana et al. prepared amorphous anhydrous trehalose in four different methods
viz., freeze drying, spray drying, dehydration, and melt quenching. The sample prepared by
dehydration was less resistant to crystallization, while melt quenched sample showed better
resistance to crystallization.”” K. Kaminski et al. studied the molecular mobility of leucrose at
ambient and high pressure using BDS. Two types of secondary relaxations were observed in
this disaccharide. The slower one was sensitive to pressure while the faster one was not
indicating that it originates from the intramolecular motion.”

J. Knapik et al. prepared coamorphous drug-drug compositions of different molar
ratios of ezetimib and indapamid and studied using BDS, DSC and X-ray diffraction (XRD).
With this study they are able to stabilize amorphous form of easily recrystallizing ezetimib by
adding even a small amount of indapamid.74 Z. Wojnarowska et al. analyzed the solid-state
properties of the vitrified, cryomilled and ball-milled amorphous indapamide samples using
XRD, NMR, Fourier transform infrared spectroscopy (FTIR), DSC and BDS. The position as
well as shape of the structural relaxation process, was found to be similar in all cases, but the
molecular dynamics of milled and melt-quench samples below T, found to differ from each
other profoundly. All cases revealed only one well pronounced secondary relaxation process,
but differ in its molecular origin.75

K. Adrjanowicz et al. studied the molecular dynamics of the pharmaceutical
posaconazole in the supercooled liquid and glassy states. Structural a-relaxation was detected
above the glass transition temperature and secondary relaxations (f and y) were detected in
the vicinity and below the glass transition temperature. From the dielectric and shear
mechanical studies, it was confirmed that posaconazole is an extremely fragile glass former.”®
K. Kaminski et al. measured the dielectric relaxation spectra of amorphous and supercooled
nicotine over a wide frequency range. Nicotine showed two kinds of relaxations-the structural
o-relaxation and the precursor of it, the Johari-Goldstein fS-relaxation. The sample showed
good correspondence between the Johari-Goldstein relaxation time t)g and the calculated
primitive relaxation time of the coupling model.”’

G. Shete et al. investigated the dielectric relaxation of amorphous hesperetin using
dielectric spectroscopy and also assessed the crystallization kinetics of amorphous hesperetin

above the glass transition temperature. Amorphous hesperetin exhibited both structural
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o-relaxation and more local ,B-relaxation.78 With the help of dielectric spectroscopy, K.
Grzybowska et al. investigated the molecular dynamics and crystallization tendency of
amorphous celecoxib. This study stated that the structural relaxation seems to be responsible
for devitrification of celecoxib if stored at room temperature -~ 293 K. Also the
crystallization can be considered to ultimately be affected by the f-process (JG-relaxation)
because it is the precursor of the structural o-relaxation.”

Molecular dynamics and structural properties on the crystallization tendency of three
1,4-dihydropyridine derivatives, namely nifedipine, nisoldipine, and nimodipine were studied
in their supercooled states using DSC and BDS. Isothermal crystallization kinetics of
supercooled nifedipine and nimodipine were also investigated using BDS and found that
nimodipine exhibits much slower crystallization in comparison to nifedipine. The
coamorphous drug-drug system of nifedipine-nimodipine found to be stable and thus
nimodipine act as an effective crystallization inhibitor for nifedipine.*

Ajay K. R. Dantuluri et al. studied the role of a-relaxation toward isothermal
crystallization of amorphous celecoxib wusing dielectric relaxation spectroscopy.
Crystallization kinetics of amorphous celecoxib were performed for different temperatures
and analyzed using Avrami model.*' K. Kolodziejczyk er al. investigated molecular
relaxations and crystallization kinetics of amorphous Sildenafil in both supercooled liquid
and glassy state. The cold crystallization mechanism of amorphous Sildenafil found to be

similar in both the isothermal and non-isothermal conditions.®?

1.5. Objectives of the study

1. To investigate glass forming ability and mechanical stability of amorphous
pharmaceuticals using differential scanning calorimetry.

2. To understand the physiochemical aspects of glass transition phenomena by
systematic investigation of glass forming materials using broadband dielectric
spectroscopy.

3. To elucidate the basic aspects of glass transition phenomena and different
relaxation processes in amorphous pharmaceuticals from the broadband dielectric
spectroscopy.

4. To investigate the fundamentality and universality of Johari-Goldstein secondary
relaxation, its properties and correlation with primary or structural relaxation.

5. To study the isothermal crystallization kinetics of amorphous pharmaceuticals

using broadband dielectric spectroscopy.
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1.6. Present work

In this work we present, the thermal and spectroscopic investigations of three
hydrogen bonded active pharmaceutical ingredients (APIs) namely, clofoctol, droperidol and
probucol. Glass forming ability of the samples were analyzed using DSC. The relaxation
dynamics of APIs were investigated in supercooled and glassy states over broad frequency
and temperature ranges at ambient pressure using BDS. To find the origin of the secondary
relaxations, CM predictions were used. It was further verified from the computational
investigations with the help of density functional theory. The pharmaceuticals, chosen for
study have significantly broader structural dispersion than the majority of the drugs
investigated so far and thus we have carried out the anti-correlation study between the width

of the structural loss peak at 7, to the polarity of the drugs 8384

in the light of dipole-dipole
interaction to the attractive part of the intermolecular potential. They are instrumental in
testing the anti-correlation within the family of molecular pharmaceuticals as part of the
totality of molecular glass formers studied by dielectric spectroscopy. Also the isothermal
crystallization kinetics of clofoctol and droperidol were investigated using BDS and was
analyzed using Avrami and Avramov models.

The thesis is organized as follows. Chapter 1 gives general introduction about glass,
applications of amorphous systems in various fields and particularly amorphous
pharmaceuticals. Classification of pharmaceuticals, advantages and limitations of amorphous
formulation and an outline of the present works are also described in Chapter 1. Theoretical
overview about glass transition, dielectric theories and coupling model are presented in
Chapter 2. The different models used for the analysis of isothermal crystallization kinetics are
also discussed in Chapter 2. Materials and methods used are discussed in Chapter 3.
Chapter 4 discuss about the glass forming ability, crystallization tendency and molecular
dynamics of probucol. Chapter 5 and 6 describe about thermal and spectroscopic studies and
also crystallization kinetics of amorphous clofoctol and droperidol respectively. Test of
correlation between Sxww and A&(Ty) as proposed by Paluch and co-workers and stability
prediction using Sxww (Shamblin’s criteria) and fragility comparison of the three studied
pharmaceuticals with other pharmaceuticals are discussed in Chapter 7. Overall conclusion

and an idea about the future perspective of the work are presented in Chapter 8.
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Chapter 2

Theoretical Overview

2.1. Glass transition

Cooling a liquid from high temperature to low temperature below the melting point
usually leads to crystallization. But if we provide sufficiently high cooling rate, then
crystallization may be bypassed and the liquid becomes supercooled liquid. On further
cooling, the dynamics become kinetically frozen and eventually become glass or amorphous
solid. The transformation from liquid to amorphous glassy state occurs at so called glass
transition temperature, 7. The structures of glassy or amorphous systems are similar to that
of liquid and they lack long range structural order. However the macroscopic behavior of
amorphous systems is more similar to that of solid. Glass transition is accompanied by
changes in thermodynamic quantities such as heat capacity, volume, entropy, enthalpy,

viscosity and thermal expansion coefficient etc.
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Figure 2.1. Variation of specific heat with temperature during glass transition.
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Glass formation also influences the molecular dynamics with respect to temperature
and pressure. The dramatic increase in the structural relaxation time (the time required for the
system to recover to equilibrium after an external perturbation) is the unique feature of
molecular dynamics of glass forming liquids. The typical time scale for molecular
rearrangements in normal liquid is of the order of picoseconds, which changes up to hundreds
of seconds in the vicinity of glass transition temperature.** The diffusion constant or
viscosity also behaves in the same manner during glass transition. The glass transition

temperature varies according to the rate of cooling. If it cools very slowly, it crystallizes.
2.2. Dielectric relaxations in glass forming systems

The term dielectric relaxation accounts for the return of the macroscopic system to the
thermodynamic equilibrium subsequent to the removal of the external perturbation-electric
field. On applying an electric field, the polar molecules will align in the direction of the
applied field. On removal of the applied field, the molecules do not return to random
orientation immediately. Relaxation time is the time taken by the molecules to randomly
orient after the removal of the applied electric field. The characteristics relaxations are named
by the order of their appearance, using the Greek letters a, £, y, d etc, Dielectric relaxations
can be further classified according to their time scale as shown in figure 2.2. Different

characteristics feature, not necessarily all simultaneously present in a single glass former.

.
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Figure 2.2. Schematic view of different relaxations in glass forming system.*” The imaginary
part of the complex dielectric function vs. frequency for temperatures 7; and 7.
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The structural a-relaxation process, which is the main common dynamical process
associated with the glass transition, shifts rapidly to higher frequencies with increasing
temperature. In some glass forming systems, an excess wing is observed in the high
frequency power law flank of the a-peakgg, while in some systems further relaxation process
leads to additional peaks named as secondary relaxations or S-peak (or y, d.....relaxations if
there are more than one). The amplitudes of all these processes further than the a-process are
relatively small compared to the universal a-relaxation.

At frequencies around some THz, another loss peak shows up that can be
acknowledged with the so called boson peak identified from neutron and light scattering.*”*

The boson peak is a universal characteristic of glass forming systems and corresponds the

vibrational density of state.
2.2.1. The structural relaxation

The structural a-relaxation is due to the collective, cooperative motions of molecules
that involve the rearrangement of groups of molecules. These cooperative motions slow down
dramatically on approaching the glass transition by decreasing temperature T or increasing
pressure P and become kinetically frozen upon cooling the liquid to form a glass. Thus, the
glass transition temperature is the temperature range where the structural relaxation motions
take place on a time scale of the order of 10%s. The most prominent features of the a-
relaxation process include the non-exponential relaxation pattern and the non-Arrhenius
temperature dependence.’’’

The non-exponential time dependence behavior of a-relaxation can be explained
using the empirical stretched exponential or the Kohlrausch-Williams-Watts (KWW)

. 2
function.”>”?

o) = pexp |- (=) Bxww] 2.1)

TRKWwW

The quantities ¢(z) and ¢(0) are the dynamic response after a perturbation at time ¢ and 0
respectively, Tgyw 1S a characteristic time and the exponent f is the stretching parameter
whose value generally lies in the range between 0 and 1. The response is an exponential
function with =1 for the simple Debye relaxation process.

Another characteristic feature of the structural a-relaxation process is the deviation of
its temperature dependence from the Arrhenius law, which is the general expected behavior
for thermally activated processes. The temperature dependence of the a-relaxation time are

94-98

very well described by the Vogel-Fulcher-Tammann equation given by,
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fa = an e(_B/(T_TO)) (22)

where T is the limiting temperature which indicates the divergence of the relaxation
time at infinite viscosity corresponding to the complete blocking of the structural relaxation,
fo¥ is a constant and B = DTy, D is the strength parameter whose value is related to the degree
of deviation of the 7, (T ) curve from the Arrhenius equation.98 The extent of this deviation
from Arrhenius behavior is incredibly different for different glass-forming materials. Oldekop
and later Laughlin and Uhlmann®® were the first to use 7,  as a corresponding state parameter
for liquid viscosity # to compare the flow behavior of different liquids. Angell'® was the first
who recognized the significance of the Laughlin-Uhlmann plot as a means to classify the
transport properties of glass-formers. Fragile glasses show a bent curve in the normalized
activation plot logr versus T, /T, which indicates that on decreasing 7, the apparent
activation energy increases. Now, the expressions strong and fragile are often used to express
the curvature or location of either log # or log 7 of the glass formers in the Oldekop-Laughlin-
Uhlmann-Angell (OLUA) plot. Typical fragility plot or Angell plot for strong and fragile

liquids are shown in figure 2.3.
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Figure 2.3. Angell plot of fragility for strong and fragile liquids.
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The fragility or steepness index, m can be calculated from VFT fit and is defined as
the slope of the relaxation time curve vs. T, /T at the glass transition temperature 7, in the
Oldekop-Laughlin-Uhlmann-Angell (OLUA) plot, given by'"'

_ dlog(r)l _ DTyTy
T I T=Tg ~— 7~ 2,
d(?g) g (Tg-To) In10

(2.3)

If the value of m is less than 45 then such system belongs to strong liquids and if m
is greater than 75 such system belongs to fragile liquids.'"® In fragile liquids near the glass
transition temperature, molecular mobility changes rapidly with temperature indicating
weak thermodynamic stability and consecutively leads to a larger tendency toward

crystallization of amorphous systems.
2.2.2. The secondary relaxations

In general, different dynamic features can be seen in the amorphous systems. In some
cases, an excess wing is observed in the high frequency power law flank of the a-relaxation
peak, while in other systems a slow f-peak show up. The secondary relaxation process
present even in tlhe amorphous glassy state is generally more localized and the molecular
motions are non-cooperative. Dielectric loss spectra of secondary relaxations appear as a
broad peak and are more often symmetrical, slowly moving at lower frequency on decreasing
temperature.® In the microscopical point of view, the f-process can be contributed by two
different mechanisms. Sometimes the secondary relaxation is due to the motions of molecular
subunits that can relax independently from the whole molecules (intra-molecular origin). In
some other materials, the secondary relaxation is due to the motion of the whole molecule
(intermolecular origin).

In 1970, G. Johari and co-workers'®, found a particular type of secondary relaxation
process in simple glass forming systems with no internal degree of freedom. Two approaches
have been proposed to elucidate the origin of these intermolecular S-relaxations, which later
called as Johari-Goldstein (JG) relaxation. Johari considered the concept of the islands of
mobility, which are the isolated regions of loosely packed molecules caged in the glassy
matrix, as the reason for the f-process. Consequently, in the glassy state, only molecules
within these regions have enough space to execute the relatively fast and independent
motions which appear as the f-relaxation. According to Johari’s model, the f-relaxation

104,105

originates only from molecules within the islands of mobility and is a non-homogenous

process. A totally different explanation was later put forward by Williams and Watts.'® They
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proposed that the S-process could be attributed to a faster, small angle (thermally-activated)
reorientational motion of all molecules and have a homogenous nature, in contrast to Johari’s
concept. In some small molecular glass formers, JG f-relaxation is present but unresolved,
because it is sandwiched between the more intense a-relaxation and a faster but non JG
secondary y-relaxation. Thayyil et al. showed in benzophenone and dimethyl phthalate that
by dissolving either glass former in a host with a much higher glass transition temperature,
the a-relaxation moved further from the y—relaxation.107

At temperatures below the glass transition temperature when the structural relaxation
process moved out of the frequency interval of the measurement, the linear temperature

dependence of the secondary fS-relaxations is well described by the Arrhenius equation.
—-AE
fo = fexp (D) (2.4)

where R is the gas constant (R = 8.314 I mol ' K"), foﬁ is the pre-exponential factor related
to the lattice vibrational frequency and AEjp is the activation energy to overcome the energy

barrier.

logfn(HZ)
—

1000/ T(K)?!

Figure 2.4. Temperature dependence of primary and secondary relaxation.
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2.3. Dielectric relaxation theories

The dielectric constant or relative permittivity is the measure of distortion or
polarization of the electric charge distribution in a material due to the application of the
electric field. It depends on the frequency of the applied field and the polarizability of the
material. Dipoles follow the field at low frequencies and the orientation polarization attains
equilibrium so the dielectric permittivity will be high. The motion of the dipoles increases
with the increase in the applied frequency of the field and a phase lag between the applied
field and orientation of dipoles develops due to intermolecular forces. This causes the
dielectric material to draw energy from the source of electricity, which is dissipated as heat,
which in turn increases the dielectric loss. Thus dielectric permittivity decreases with increase
in the frequency of the applied field. When the frequency of the applied field is sufficiently
high, the molecular dipoles rotate as fast as they can and a peak occurs in the dielectric loss.
The frequency corresponding to this peak is called dielectric relaxation frequency. The
variation in dielectric permittivity and dielectric loss with the variation in frequency over a
broad band of frequencies of the applied electric field is called dielectric dispersion. Also, the
dielectric permittivity of a dielectric falls with the increase in temperature because rise in
temperature causes increase in disorder of the molecular dipoles. Rotational motion of each
dipole represents a characteristics relaxation time, which is an important parameter in
dielectric spectroscopy. The relaxation may be due to the motion of a whole molecule or a
functional group attached to a large molecule. The relaxation time depends on the
intermolecular forces and the molecular size and varies inversely with temperature since all
type of molecular movements become faster at higher temperatures. The dielectric relaxation
behavior of glass forming systems can be explained using various models such as Debye,

Cole-Cole, Cole-Davidson and Havriliak-Negami models.
2.3.1. Debye model

Debye proposed that for a dipolar system in non-equilibrium, the relaxation occurs
with a rate that increases linearly with the distance from equilibrium. Debye model is
suitable for systems having single relaxation time. He mathematically described the nature of
dielectric dispersion i.e., variation of dielectric constant with frequency and absorption for

108

polar materials by a single relaxation time.”~ The relation for the complex permittivity at

angular frequency w is given by the equation

* _ o —ion — €0~ €0
g =¢g(w) —ie"(w) = €0 + Trion (2.5)
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where &, is the high frequency dielectric constant, &, is the static dielectric constant and 7 is
the macroscopic relaxation time. This is the familiar Debye dispersion equation. The
characteristic shapes of real and imaginary parts of ¢* against the frequency of the outer
electrical field o = w/2x for this model are plotted in figure 2.5. The imaginary part exhibits
a symmetric peak with a maximum value at ®,,,.z= 1 and has an amplitude given by &4, =

(e0-€20)/2.

&’(w)

logiof (Hz)

Figure 2.5. Frequency dependence of the real (¢’) and imaginary (¢”) parts of permittivity in
the Debye process.

The plot of the imaginary part of permittivity €7 on the vertical axis vs. real part of
permittivity & on the horizontal axis is known as Cole-Cole plot. The Cole-Cole plot of the

Debye relaxations assumes the shape of a symmetric semicircular arc with center at

(SO;S”, 0) and radius (%) Debye model response is observed in very few materials and

for more complex systems such as polymers, this model fails to represent experimental data.
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Figure 2.6. Cole-Cole plot for Debye process

Usually, the measured dielectric responses in most systems are non-Debye in nature,
where the spectra are broader, asymmetric or showing the signatures of both. They are often
described as Cole-Cole (CC)'”, Cole-Davidson (CD)''®'"' and Havriliak-Negami

(HN)*-12113 shape functions.
2.3.2. Cole-Cole model

Experimental observations in long chain polar molecules showed a depressed or
broadened semicircle, which could only be explained by introducing a fractional power in the
imaginary part of the Debye function, put forwarded by K.S Cole and R.H. Cole. The center
of the semi-circle lies not in the abscissa, but below it. Most of the secondary relaxations in
almost all complex systems showed this behavior. This can also be explained in terms of the
distribution of relaxation times of slightly varied dipoles. The complex dielectric function is
described as

€0~ €w

(W)~ = e

(2.6)

where a is the relaxation time distribution parameter which measures the broadening of the
loss curve. The value of a lies between 0 and 1, i.e,, 0 < a < 1. When a = 0, the Cole-Cole
model reduces to the Debye model. When a > 0, the relaxation is stretched, i.e., is extends

over a wider range on a logarithmic w scale than Debye relaxation.
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log;f (HZ)

Figure 2.7. Frequency dependence of the real (¢') and imaginary (¢") parts of dielectric
permittivity in a Cole-Cole process.

In this model also the loss curve is symmetric, but in Cole-Cole relaxations, the value

of & decreases more slowly near the relaxation frequencies as compared to Debye relaxation.

Figure 2.8. Cole-Cole plot for Cole-Cole process
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2.3.3. Cole-Davidson model

Most of the supercooled glass forming system show a skewed arc with a high-
frequency straight line and a low-frequency circular arc, where the spectra could only be
explained by introducing a fractional power to the denominator, put forwarded by Davidson
and Cole'"" given by

e (w) — g, = —2"= (2.7)

(1+iwT)B

The above equation is known as Cole-Davidson equation. f is the shape parameter
whose value changes between 0 < < 1. When g = 1, the above equation become Debye
equation and for values f < 1, the arc is skewed to the right. The frequency dependence of
real and imaginary parts of permittivity is shown in figure 2.9. From the figure, it can be

clearly seen that the loss curve is asymmetric near relaxation frequencies.

log,f (Hz)

Figure 2.9. Frequency dependence of the real (¢') and imaginary (¢”) parts of dielectric
permittivity in a Cole-Davidson process
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Figure 2.10. Cole-Cole plot for Cole-Davidson process

2.3.4. Havriliak-Negami model

Havriliak-Negami relaxation model accounts for both the broadness and asymmetry
of the dielectric dispersion curve. The model was initially employed to describe the dielectric

relaxation of some polymers'" by adding two exponential parameters to the Debye equation.

+ Ae
* " (1+(iwtyy )1OHN YBHN

egn(w) = ¢ (2.8)

The exponents a and ff are the shape parameters which describe the width or
broadness and the asymmetry of the corresponding spectra respectively. Also Ae = gy — €.
For o = 0 and g = 1, the Havriliak-Negami (HN) equation reduces to Debye equation. Also
for f = 1, the HN equation reduces to the Cole-Cole equation and for o = 0 to the Cole-
Davidson equation.

Most of the dielectrics possess conductivity due to the motion of charges, which gives
rise to the conduction current and additionally polarizes the dielectric. Adding the

contribution dc conductivity g, the dielectric permittivity can be expressed as'*

gv(w) =¢ —ie" = €w+2k( 4 )—i( Z )S (2.9)

(1+(iwtyng )1~*HNK YPHNK weg

where s characterizes the conduction process. The conductivity term increases with

decreasing frequency. An increase in absorbed moisture or in the case of polymers, the onset
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of dc conductivity at higher temperature, dramatically increases the loss factor at lower
frequencies. The conductivity term added to the imaginary part of the HN fit function can be
subtracted from it after the fit. The use of 2 in the above equation stands for the summation
over multiple relaxations.

The characteristic relaxation time 7y is related to the frequency of maximal 10ss f;4x.

The relaxation time 7 can be calculated using the equation

3 _ - -1/ayn - (aByym 1/agn
T =1y X |sin|——— sin [ —2% (2.10)

2428y 2428y

For secondary relaxation process, fuy = 1, and thus HN function becomes Cole-Cole
function. Frequency dependence of the real (¢') and imaginary (¢”) parts of dielectric
permittivity in HN model and Cole-Cole plot for typical HN relaxation are shown in figure

2.11 and 2.12, respectively.

¢'(w), &"(w)

log;o (Hz)

Figure 2.11. Frequency dependence of the real (¢) and imaginary (¢"”) parts of dielectric
permittivity in HN model. The black dotted line shows HN function with & = 0 and f = 1
(Debye), red dotted line denotes HN function with o = 0.6 and f = 1 (Cole-Cole) and blue
dotted line denotes HN function with o = 0 and § = 0.4 (Cole-Davidson).
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Figure 2.12. Cole-Cole plot for HN relaxation

2.4. Coupling model (CM)

The coupling model was proposed to describe the relaxation phenomena in complex
systems, in which intermolecular interactions induce a degree of co-operativity between the
molecules. These co-operative interactions arise from the many body anharmonic interactions
in the system.'"> Though coupling model is not a full solution for the many body relaxation
problems, it can explain the properties of structural relaxations originating from many body
interactions.''® K. L. Ngai in 1979 introduced the many body effects in relaxation and
diffusion of complex systems. One of the significant accomplishments of CM is the
realization of the correspondence between the primitive relaxation time and the special kind
JG secondary relaxation time.

The properties of structural relaxations originating from many body relaxations and
its relation to its precursor, namely Johari Goldstein relaxation can be explained using CM
predictions.'"” The corresponding correlation function of the model is the Kohlrausch-

William-Watts (KWW) stretched exponential function which holds only for ¢ >> ¢,.
- tN1-n
o) = exp |- 2.11)
where n = (1- Bxww) is the coupling parameter of the CM and 0 <z < 1, and the cross over at
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t. leads to a relation between the structural relaxation time, 7, and the primitive relaxation

time, T, which is given by

1
Tq = [tc"To]im (2.12)

Larger the value of the coupling parameter, stronger is the slowing effect of the many-
molecular dynamics. When the intermolecular interactions are absent in the system i.e., n =0,
then the primitive relaxation time 1y coincides with the structural relaxation time 7,. There are

18119 that the cross-over from the primitive relaxation to Kohlrausch

experimental evidences
relaxation is at 7. =~ 2ps for molecular systems. The correspondence between the independent
primitive relaxation time of the coupling model (CM), 7, , and the Johari-Goldstein (JG)
p-relaxation time, 7, was predicted and verified by K.L Ngai.120 The primitive relaxation

and the Johari-Goldstein relaxation are not identical, but they are strongly related and are in

121,122

good agreement for many molecular and polymeric glass formers and for many APIs

also.'”
2.5. Crystallization kinetics

Crystallization of amorphous solids is a complex phenomenon involving nucleation
and growth of crystallites.'”* Nucleation may happen spontaneously or can be induced
artificially. Nucleation may either occur homogenously, i.e., without the involvement of
foreign materials in the interior of the parent system and referred as primary nucleation. Or it
may occur heterogeneously, i.e., by the contact of the parent phase with a foreign material
which is called as secondary nucleation.'** Crystal nucleation is followed by crystal growth.

The shelf life of amorphous pharmaceutical is greatly depends on the recrystallization.
The conversion of amorphous material into the crystal is influenced by various internal
factors like molecular motions and mobility.'” Primary®' and secondary relaxations'**'*,
density'?®, interface energy’®, fragility etc., play a major role in the recrystallization of

129

see 130 131
amorphous systems. ~~ External conditions such as defects or cracks ™, surface effects ™,

relative humidity, method of amorphization'**'*

etc., also affect crystallization. The
tendency of crystallization of organic compounds from undercooled melt is connected to its
glass forming ability. Molecules with low molecular weight and rigid structure are more
prone to crystallization than complex molecules having more conformational degrees of
freedom. '

The rate of crystal nucleation reaches maximum at a temperature higher than 7, and

the rate of crystal growth attains its maximum value at a temperature much higher than this
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temperature. Thus on heating a glass at constant rate crystal nuclei are produced at lower
temperature and its size increases at higher temperatures without increase in number.'** The
study of crystallization kinetics is significant as it enables to quantify the crystal nucleation
and crystal growth of the crystallites formed. The investigation of crystallization kinetics of
amorphous materials can be carried out either isothermally or non-isothermally using various
techniques such as BDS and DSC.

During isothermal crystallization experiment using BDS, above T, the dielectric
strength Ae of the structural relaxation process falls down, which in turn indicates the
declination of amorphous fraction of the samples. This is a typical characteristic of
crystallization as the number of relaxing molecules participating in the structural process
decreases.*” On studying crystallization kinetics using various models and by analyzing
various parameters such as the crystallization rate &, the characteristic crystallization time 7.,
and the kinetic exponent n efc., one can infer about the nucleation and crystal growth
mechanisms.*>"*® The isothermal crystallization kinetics can be analyzed using various

models, including Avrami and Avramov model.
2.5.1. Avrami model

The Avrami equation usually used to describe the solid-state transformation can be
specifically used to describe the isothermal crystallization kinetics of amorphous materials.
At constant temperature, crystallization obeys the phenomenological Avrami equation given

below
a=1-—exp(—kt") (2.13)

where o is the fraction of the material crystallized after time ¢, n is Avrami exponent, a
constant depending on the details of nucleation and growth mechanisms and & is defined as
the effective overall crystallization rate which depends on the rates of nucleation and growth
rate. The parameters » and k& can be determined by monitoring x as a function of ¢ at various
fixed temperatures.””” The above equation is also known as Johnson-Mehl-Avrami-
Kolomogorov (JMAK) equation.

The transformation from one state to another usually follows characteristic sigmoidal
or S-shaped curve. The rate of transformation is low at the beginning and end while rapid in
between it. At the beginning, some initial time is required for a significant number of nuclei

to form and grow. Then the transformation becomes rapid and on approaching completion,
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the production of new particles begins to slow as there remains only few untransformed

material for further nucleation.

Fraction transformed %

0] Time @

Figure 2.13. Typical isothermal transformation plot

Table 2.1. Values of the Avrami exponent n for various crystallization and phase
transformation processes.'*

Polymorphic changes, discontinuous precipitation, eutectoid reactions, interface-controlled
growth etc.

Conditions n
Increasing nucleation rate >4
Constant nucleation rate 4
Decreasing nucleation rate 3-4
Zero nucleation rate (site saturation) 3

Grain-edge nucleation after saturation

Grain-boundary nucleation after saturation

Diffusion-controlled growth

Conditions n
Increasing nucleation rate (all shapes growing from small dimensions) 2.5
Constant nucleation rate (all shapes growing from small dimensions) 2.5
Decreasing nucleation rate(all shapes growing from small dimensions) 1.5-2.5
Zero nucleation rate (all shapes growing from small dimensions) 1.5
Growth of particles of appreciable initial volume 1-1.5
Needles and plates of finite long dimensions 1
Thickening of long cylinders (needles) 1
Thickening of very large plates 0.5
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During BDS experiment, as the crystalline fractional volume increases, the number of
reorienting dipoles, which contributes to the structural relaxation, decreases. The rise in the
degree of crystallization can be analyzed by the equation,

' _ E-£(®
en(t) = O (2.14)

where &, is the normalized real permittivity, €'(0) is the static dielectric permittivity at the
beginning of the crystallization, &’(t) is the value at a given time of crystallization and &' (o)
is the long-time limiting value. The transformation from the chaotic amorphous state to more
structured crystalline phase at a particular temperature can be analyzed using the Avrami

model."*>"*! According to this model
g,(t) =1 — exp(—Kt") (2.15)

where K= k" is crystalliztion rate constant, n is the Avrami exponent or parameter. The
values of Avrami parameters is obtained from the supposed Avrami plot, log(-in(1- €,)) vs.

logt, which is based on the equation,

log(—In(1 — &) = logK + nlogt (2.16)
=
-
H
% 0
logTer
logt/(S)

Figure 2.14. Plot of log (-In (I- &,)) vs. logt.
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The dependence of log (-in (1- €;,)) on logt is linear and the value of logK and n can
be obtained from the intercept and slope. The isothermal crystallization time 7, is graphically

determined at log(-In(1-&y)) = 0.
2.5.2. Avramov model

Another method used to analyze isothermal crystallization is Avramov model of

crystallization.'*® The normalized real permittivity is expressed as

g(t)=1—exp (t_t")n (2.17)

Ter

where 7, is the induction time of crystallization, and 7. is the characteristic time for
isothermal overall crystallization, which is related to the Avrami parameter as 7z, = K .
Avrami model exaggerates the role of initial stages and the role of the stages near the end of
the process where most crucial experimental errors appears. Unless the Avrami model, this
model hold the linear character for entire time range and estimates the value of f) more
reliably. Also this method avoids measurement errors due to thermal instability, which arises

at the starting of the experiment. The first derivative of equation (2.17) with respect to In (z-

ty) is
dep(t) t—to\™ t—to\™
d(in(t-to)) n ( Ter ) exp (_ (?) ) (2.18)
And the second derivative is
d(;zfjf(t?))z = n’ (i)n (1- (H)n) exp (- (5 t)n) 2.19)

For each crystallization temperature, the Avramov parameters can be determined from
the Avrami-Avramov plot which pictures the dependence of the normalized real permittivity
&, with /nt and the first derivative of normalized real permittivity de,/d(In t) with Int. From
the above equations, the extremum appears at #-f)= 7., and at this point &, = 1-1/e = 0.63.
Thus assuming #y=0, the value of /nz., for (&,)mqx can be easily determined from the Avrami-

Avramov plot. Also the value of the parameter » can be calculated from

G
n= ln (2.20)
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The value of n and 7., are key factors while studying the kinetics of crystallization.
The value of n accounts for the dimensionality of crystal growth. It depends on whether the
growth rate is constant with time and it also reflects whether a nucleation process takes place
continuously or crystallization takes place on a certain number of active places whereas 7, is
the characteristic time of the process accounting for both the nucleation kinetics and growth

ra‘[es.13 6
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Chapter 3

Materials and Methods

3.1. Materials

The APIs and its use along with its physical properties14 are listed in table 3.1. The
samples with analytical standard grade were purchased from Sigma Aldrich and used as

received without further purification.

Table 3.1. Physical properties'* of clofoctol, droperidol and probucol.

Samples Chemical Name Molecular | Principal Usage | T, T
weight
(g/mol) (K) (K)
Clofoctol | 2-(2,4- dichlorobenzyl)-4- | 365.33 bacteriostatic 269 | 361
(tetramethyl-1, 1,3,3- antibiotic
butyl)phenol
Droperidol | 1-{1-[4-(4-fluorophenyl)-4- 379.42 antidopaminergic | 302 | 416
oxobutyl]-1,2,3,6-tetrahydro-4- drug

pyridyl}-1,3-dihydro-2H-
benzimidazol-2-one

Probucol | 4,4'-[(1-methylethylidene) 516.84 anti-hyper 300 | 400
bis(thio)]-bis[2,6bis(1,1- lipidemic drug
dimethylethyl)]phenol.

3.2. Methods
3.2.1. Powder X-ray Diffraction (PXRD)

In Powder X-ray diffraction (PXRD), the diffraction pattern of crystalline material is
measured. In a crystal the atoms are arranged in a periodic array and hence can diffract light.
The wavelength of X-rays are in accordance to the distance between atoms. Diffraction
patterns are produced due to the scattering of X-rays from atoms and contain information
about the atomic arrangement within the crystal. One of the characteristic features of the
crystalline material is the long-range orderly periodic arrangements of atoms. Amorphous
materials like glass do not produce a diffraction pattern as they lack the long-range order
periodic array. PXRD can be used as a qualitative and sometime quantitative assessment of

the degree of crystallinity of the samples.
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The distance between parallel planes of atoms determines the position of the
diffraction peaks. Bragg’s law states the essential conditions required for diffraction.

According to Bragg’s condition,
ni = 2dhkl sind (31)

where A is the wavelength of the incident wave ( X-ray), € is the scattering angle, d is the
interplanar distance between lattice planes and 4, &, and ¢ are the Miller indices of the Bragg
plane. The constructive interference from X-rays scattered by parallel planes of atoms will
produce a diffraction peak and Bragg’s law estimates the angle at which the diffraction peak
occurs. In most of the diffractometers, X-ray wavelength 4 is kept fixed. Thus a family of
planes generates a diffraction peak only at a particular angle 2. PXRD measurements were
carried out using Bruker D8 Diffractometer. The analysis of XRD peaks is out of the scope of
this work as our aim is only to ascertain the crystalline nature of the samples before

converting it into the amorphous state.

L
X-ray K-ray
source = detector

-
T

Figure 3.1. Diffractometer beam path

3.2.2. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measures the change in the mass of a substance,
continuously scrutinized as a function of temperature or time, when it is heated or cooled at a

predetermined rate. It provides information on the thermal stability of the sample at different
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temperatures and pressures of the environmental gases. Measurements are used primarily to
determine the composition of materials and to predict their thermal stability at temperatures
up to 1200°C. The technique can characterize materials that exhibit weight loss or gain due to
decomposition, oxidation, or dehydration. The apparatus used for obtaining TG
(thermograms) curves is referred to as a thermobalance. It consists of a continuously
recording balance, furnace, temperature, programmer and a recorder. TGA measurements

were carried out using STA 8000 PerkinElmer supported with PyrisTM software.

Atmosphere control

Furnace Sample holder

?

Furnace % /A Recorder

temperature /) 7/ /

programmer 4

Temperature
sensor :

Recording Balance control
balance

Figure 3.2. Block diagram of thermobalance

3.2.3. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures the heat flow, i.e., heat absorbed
or liberated during heating or cooling as a function of temperature in a controlled atmosphere.
DSC provides quantitative and qualitative information about physical and chemical changes,
which involves endothermic or exothermic process or changes in heat capacity. In DSC, heat
flow to the sample from the furnace is measured in relative to the heat flow to the reference
material. Sample and reference crucible are identical except that reference is empty, both
crucibles are maintained at the same temperature and are kept in direct contact with sensors.

Output is measured as the difference in the heat flow between reference and sample.
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Figure 3.3. DSC Measuring cell

DSC measurements were done using 821° DSC (Mettler-Toledo, Switzerland)
operating with STAR® software version 9.1. The instrument was calibrated using high purity
indium and zinc as standards. The sample weighing 3-5 mg was sealed into a pin-holed
aluminum pan and placed inside the calorimeter. The instrument was purged with dry
nitrogen at the rate of 40 ml/min. The measurement was performed at a heating rate of 10
K/min. The sample was first heated to a few degrees above the melting point and kept for a
while. It was rapidly cooled at a rate of 20 K/min to ensure the smooth passage of the sample
without any chance of crystallization to a deep glassy state. The glassy sample was further
heated at 10 K/min to get the glass transition temperature and other thermodynamic

parameters.
3.2.4. Broadband Dielectric Spectroscopy (BDS)

Dielectric spectroscopy measures the dielectric and electric properties of a medium as
a function of frequency or time. It is founded on the interaction of an external applied field
with the electric dipole moment and charges of the medium. BDS covers wide frequency
range from 10%-10 Hz with the options to extend both the lower and higher frequency limits.
With the help of this technique, one can analyze the molecular dynamics on a large time scale
under varying temperature. By measuring the variation of the dielectric constant with
frequency and temperature, one can infer about the dipolar reorientational motions and

electric conduction that arises from translational motions of charge carriers. BDS measures
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the conductivity, complex dielectric and impedance functions of materials versus frequency
with high precision.

When a dielectric material is subjected to an electric field, polarization can be induced
by different mechanisms such as electronic, atomic and orientational. On applying the
electric field, the electron undergoes displacement with respect to the nucleus which leads to
electronic polarization. Atomic polarization is observed due to the rearrangement of the
relative positioning of atomic nuclei inside the molecule or in an atomic network as a result
of the application of the external field. Orientational polarization is caused by the orientation
of the permanent dipole moments in the direction of the electric field in polar materials.

Dielectric relaxation spectroscopy apparatuses measure the loss of polarization (i.e.,
dielectric relaxation) after the step removal of an external electric field at a certain
temperature or pressure. The mode of these dipoles relaxations are rationalized in terms of
molecular mobility existing in the material. Alternatively, a field sinusoidally changing with
time is applied and the gain and phase displacement of the polarization response at different
frequencies are acquired, taking to the so-called dielectric spectra. When a relaxation occurs,
it can be either detected as a peak in the imaginary part of the spectra or as an inflexion in the

curve of the decrease of real part of susceptibility (and thus permittivity).

Sample Material
External Electrodes

/—chij

Spa{i:ers

Figure 3.4. Broadband Dielectric Spectrometer and sample cell
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The sample material to be examined is mounted in a sample cell between two
electrodes forming a sample capacitor. A sinusoidal voltage U,(t) = U exp(iowt) with a
predetermined frequency ®/2m is applied to the sample capacitor and the current across it
Is(f) = I*exp(ia)t+(p) is measured. The angle ¢ is the phase shift in the current with respect to
the applied voltage and it depends on the properties of the sample and on the frequency. The
ratio between U; and /; and the phase angle ¢ are determined by the electrical properties such
as permittivity and conductivity as well as the geometry of the sample material.

The voltage U; from the digital sine-wave generator is applied to the cell,
which generates a current across it and the generated current then converted to the voltage U,
by a current to voltage converter. This voltage U, is amplified, filtered and converted in two
digital data streams, and analyzed with discrete Fourier transform technique which in turn
gives information about the amplitude and the phase of the voltage U,. That’s why the device
is called vector analyzer. From these two voltages, U; and U,, the value of the sample

impedance Zsis calculated using the equation,
Zy=— =-—17, (3.2)

where Zx = (R;! + iwC,) ™! is the feedback impedance of the inverting amplifier used in the
current to voltage converter. The complex permittivity ¢* =¢- i¢” is obtained by impedance
measurement through the relation ¢*(w) = (iwCoZ(w))”.

Dielectric measurements for different temperatures were carried out using a
broadband dielectric spectrometer (Novocontrol GmbH, Germany) for a frequency range of
10 mHz — 10 MHz. The sample capacitor was made by keeping the sample between two
stainless steel electrodes of 30 mm effective diameter and keeping two narrow Teflon spacers
of 50 micron thickness to get an empty cell capacitance of approximately 100 pF. The
temperature was controlled with the use of dry nitrogen-flow by the Novocontrol Quatro
cryosystem achieving temperature stability better than + 0.1 K. As done for DSC, the
pharmaceutical was kept in the melt state for a while, and cooled fast across the melting
region to deep glassy state to ensure complete vitrification. Then, the dielectric spectra were
measured isothermally, after stabilizing the temperature for about 600 seconds. The real and
imaginary parts of the dielectric susceptibility were further analyzed with non-linear curve
fitting routine of Levenberg Marquadit algorithm using WINFIT software Version 3.2

provided by Novocontrol.
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Chapter 4

Thermal and Spectroscopic Studies on Probucol

4.1. Introduction

Probucol is an antihyperlipidemic drug, mainly used for the treatment of type II
hyperlipoproteinaemia. Recent studies suggest that this drug can also be used as an
antidiabetic agent as it can be used for the prevention of type-2 diabetes.'** It is reported that
probucol can be used for the treatment of common Alzheimer’s disease as it has the
cholesterol lowering effect.'*® It acts as a potent antioxidant and can be used to protect and
amend heart and vascular disorders and it also shows some effects on neural and synaptic
plasticity in brain aging.'*®  Probucol has low aqueous solubility and high permeability
through the gastrointestinal membrane, and thus belongs to biopharmaceutical classification
system (BCS) Class IL.'* Probucol has aqueous solubility of around 2-5 ng/mL at 25 °C and
its logP is 11. Probucol is slightly absorbed in the gastrointestinal tract due to its poor
solubility in water.'*

As the solubility and hence the absorption rate of probucol is very low, several
techniques have been employed to enhance the solubility and bioavailability of probucol.
Benmore ef al. prepared the amorphous form of probucol by acoustic levitation by dissolving
in acetone and reported the melt quenched product as brittle solid with clear flakes.'"’
According to J. J. Gerber et al., the saturated solution of probucol in ethanol or acetone
rapidly crystallizes into one of its polymorphic form."*® P. Thybo et al. in 2008 reported that
amorphous form of the drug can be prepared by mixing it with a hydrophilic polymer and

° Yagi et al formulated the solid dispersion of probucol with

146

spray drying.'*
polyvinylpyrrolidone (PVP) ™ and Broman et al. formulated probucol into solid dispersion
with polyacrylic acid (PAA) and polyoxyethylene (POE) and verified that the release of
probucol depends mostly on the properties of the polymer, than the drug in the solid
dispersion.'”® Zaghloul er al. determined the solubility of probucol in different oils,
surfactants co-surfactants using saturation solubility method and prepared a self-emulsified
drug delivery system of probucol having enhanced dissolution and oral absorption.">" This
chapter discusses thermal, spectroscopic and dielectric relaxation studies of poorly water

soluble, antihyperlipidemic drug probucol using various techniques. A comprehensive study

of the drug’s molecular mobility employing the broadband dielectric spectroscopy might
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be appropriate for deciding the formulation technique, storage conditions and handling
precautions. >

Probucol chemically described as 4,4'-[(1-methylethylidene)bis(thio)]-bis[2,6bis(1,1-
dimethylethyl)]phenol was purchased from Sigma Aldrich. The empirical formula of
probucol is C3;H430,S, and molecular weight is 516.84 g/mol. The chemical structure'> is

shown in figure 4.1. The sample was used as received without any further purification.

CH H.C
: *[ . cH,

H,C -3 e = CH,

HO OH
H..C ZH H.C CH,
% EH,  cH, °

Figure 4.1. Chemical structure of probucol

4.2. Powder X-Ray Diffraction (PXRD)

The analytical technique, PXRD is used to verify the crystalline nature of the sample
probucol. The sharp Bragg peaks in the figure show the crystalline nature of probucol.

Intensity (a.u.)
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Figure 4.2. PXRD pattern of probucol
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4.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out to investigate the possibility of thermal
degradation. To study the molecular dynamics, it is needed to assure that the sample does not
undergo thermal degradation during heating while doing BDS experiment. From the TGA
thermogram, it is clear that the onset of thermal degradation is at 260.7° C and thus the

sample did not undergo thermal degradation during BDS experiment.

100

Onset Y =95.7 %
Onset X =260.7'C

100 200 300 400 500
Temperature (°C)

Figure 4.3. TGA thermogram of probucol

4.4. Differential Scanning Calorimetry (DSC)

From the DSC measurements, it was observed that the sample did not crystallize
during the cooling and second heating cycle and this is in good agreement with the earlier
report by Baird e al. (2010)."* Thus probucol belongs to class (III) molecules with high
Glass Forming Ability (GFA) upon cooling as well as high “‘glass stability’’ upon reheating
above T,. So probucol can be taken as a non-crystallizing compound. The glass transition
temperature, 7, of the amorphous sample was observed to be at 301.6 K which is the peak

maximum of glass transition endotherm, the onset of melting endotherm appears at 399.5 K
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and is taken as the melting point of crystalline probucol. Both these values are in close

agreement with the earlier reports.'*'"® The melting enthalpy was found to be 65.7 J/g.
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Figure 4.4. DSC thermogram of probucol. The curves are vertically shifted for clarification.

Probucol is known to having at least two conformational polymorphs. Both
polymorphic forms have monoclinic space groups and the packing is determined by Van der
Waals interactions.'*® The onset melting point of Form I is at 399.15 K and is
thermodynamically stable, whereas for Form II, the onset melting point is at 389.15 K. From
the DSC experiment, the sample exhibited a melting point at 399.5 K and therefore is

Form L
4.5. Broadband Dielectric Spectroscopy

The complex dielectric function e*(f) = &'(f)-ie"(f) was measured during the heating of
the amorphous probucol from 183.15 K to 353.15 K, where fis the frequency, ¢’ is the real
part of dielectric permittivity and &” is the imaginary part of dielectric permittivity. The
dielectric loss spectra of probucol, imaginary part ¢" plotted against frequency is shown in the

figures below. Figure 4.5 shows the relaxation above 7,, which is known as the structural a-
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relaxation and arises because of the cooperative motion of the molecules and became
kinetically frozen while cooling the liquid to form a glass. The a-relaxation peak shifts
towards lower frequencies as the temperature is decreased. The rise of the signal at low
frequencies is due to the presence of dc conductivity. The dc conductivity usually arises from
the diffusion of ionic impurities in a material. The real part of the dielectric spectra of

probucol plotted against frequency is shown in figure 4.7.
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a-relaxation
S -
w10 -
10-2 2 1 I 2 ! 3 4 4 I 5
10 10 10 10 10 10

[ (Hz)

Figure 4.5. Dielectric loss curves of probucol for temperatures above 7, (297.15 K-315.15 K,
AT=2 K; 318.15 K-333.15 K, AT=3 K and 337.15 K-353.15 K, AT=4 K).

Below T, (figure 4.6), the a-relaxation process is too slow to be measured and it
moves out of the window. As the temperature lowers, the secondary relaxation process moves
towards the lower frequencies. The real and imaginary parts of the dielectric permittivity
were further analyzed with the non-linear curve fitting routine of Levenberg Marquadit
algorithm using WINFIT software Version 3.2 provided by Novocontrol. The equation used

for the analysis of dielectric spectra is Havriliak-Negami equation113 given by equation (2.9).
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Figure 4.6. Dielectric loss spectra of probucol for temperatures below 7 (295.15 K-293.15 K,
AT=2 K and 283.15 K-183.15 K, AT=10 K).
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Figure 4.7. Real part of the complex permittivity of probucol for various temperatures
ranging from 353.15 K-183.15 K.
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Debye-Stokes-Finstein (DSE) equation represents the relation between dc
conductivity and structural relaxation times in glass forming liquids. This equation describes

the relation between the translational motions of ions and rotational motions of molecules.
Ta04c = constant. 4.1)

As approaching the glass transition temperature, this equation fails for most of the
molecular liquids while the modified form of this equation known as fractional Debye-

Stokes-Einstein (FDSE) equation succeeds in overcoming this limitation.”
T, 040~ constant (4.2)

where s is the fractional exponent and its value is less than 1. The value of s obtained for
probucol was 0.89 and hence the enhancement of translational motion over rotational motion
is observed while approaching 7,. The plot of dc conductivity versus structural relaxation

time is shown figure 4.8 in log-log scale.
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Figure 4.8. dc conductivity vs. structural relaxation time in double log scale.
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4.5.1. The structural a-relaxation

The dielectric loss spectra of probucol for temperatures above T is fitted using the
HN function given by equation (2.9) and is shown in figure 4.9. The conductivity is
subtracted from the fitted data inorder to get clear and distinct a-peaks. The temperature
dependence of the relaxation time of a-process is non-Arrhenius in nature and can be well

described by the Vogel-Fulchers-Tammanns equation®*®>"7-!>*

given by equation (2.2).
Matlab code is used for obtaining relevant VFT parameters such as T, fragility etc. For
probucol, the fitted parameters are B = 2360.4, and 7, obtained from VFT fit is 294.7 K and
the anticipated value of Tj is equal to 235.8K.'> Our observations are analogous with the

. 69
previous reports.

0

10

T . a-relaxation

10

n

Figure 4.9. HN fitted dielectric loss spectra of probucol for temperatures above 7, (297.15 K-
315.15 K, AT=2 K; 318.15 K-333.15 K, AT=3 K and 337.15 K-353.15 K, AT=4 K) after
subtracting the conductivity.

This value of T} is approximately equal to the Kauzmann temperature, Tx '>°, which
is the hypothetical temperature at which the molecular motions cease completely and this
temperature can be considered as the ideal temperature for the storage and is almost 50

degrees below the 7,. In the vicinity of this temperature, primary structural relaxation
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would have the time scale of exceeding years.152 The translational molecular motions are
assumed to be negligible below this temperature. So it is recommended that the storage of
this particular API below 235.84 K would provide better shelf-life and stability. The
activation energy of a-process is estimated as 19.6 kJ/mol.">> The values of VFT fitting
parameters are tabulated in table 4.1.

In order to verify that the shape of the structural relaxation peak is invariant for
various temperatures above 7,, Master plot was created by scaling several spectra for
temperatures above 7, between the temperature range 297.15 K to 315.15 K. It shows that it
is valid for probucol. Such superposition of spectra is possible due to the temperature
independent nature of the shape of the structural peak. The spectra before and after

superposition are shown in the figure. 4.10.
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Figure 4.10. Master plot formed by overlapping the spectra between temperatures ranging
from 297.15 K- 315.15 K. The plot on the right side picturise the same spectra before
superposition.

4.5.2. Fragility

The fragility index or steepness index, m can be calculated from VFT fit using the
equation (2.3) and is defined as the slope of the relaxation time curve vs. T, /T at the glass
transition temperature 7, in the Oldekop-Laughlin-Uhlmann-Angell (OLUA) plot. If the
value of m is less than 45, then such system belongs to strong liquids and if m is greater
than 75 such system belongs to fragile liquids.”® For probucol m = 87 and is a fragile glass

5

former'* and the plot is shown in figure 4.11. In earlier studies, the fragility index of

probucol reported to be 101 by Biard et al. (2010)."
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Figure 4.11. Angell plot, here the solid line represents the fitted data and the symbols
represent experimental values.

4.5.3. The secondary relaxation

From the dielectric spectra, it is evident that probucol had a well resolved secondary
relaxations near and below 7,. The HN fitted dielectric loss curves of probucol below 7, are
shown in figure 4.12. From the fit, the value of Sy s obtained as =~ 1, which indicates that the
secondary relaxations obey Cole-Cole behavior. At temperature below the glass transition
temperature when the structural relaxation moved out of the frequency interval of the
measurement, the temperature dependence of the secondary f-relaxations is usually described
by the Arrhenius equation (2.4). The activation energy for f-process was obtained as
67.9 kJ/mol.

Table 4.1. Fitting parameters for the VFT and Arrhenius equations of probucol

a-process S-process

VFT Arrhenius
logfy(Hz) B (K) Ty (K) E, (kJ/mol) Eg(kJ/mol) m
14.61 2360.4 235.8 19.6 67.9 87
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Figure 4.12. HN fitted dielectric loss spectra of probucol for the temperatures below 7T,
(295.15 K-293.15 K, AT=2 K and 283.15 K-183.15 K, AT=10 K).

4.6. Coupling Model (CM) Predictions

The properties of structural relaxations originating from many body relaxations and
its relation to its precursor, namely Johari Goldstein relaxation can be explained using CM
predictions.'"” The dielectric loss spectra for the temperatures 301.15 K, 303.15 K and 305.15
K were fitted using Fourier transform of KWW function. For probucol, all the fitted spectra
near to the glass transition temperature 7, exhibits nearly invariant n values of 0.43 (thus
Prww = (I-n) = 0.57) and a representative spectrum at 303.15 K is shown in figure 4.13. The
value of Sxww corresponds to the deviation from the exponential behavior of the relaxation
function in the time domain. The knowledge of the distribution function also helps to

anticipate the resistance of the amorphous state against the crystallization as well as chemical

From the figure, the primitive relaxation time is calculated using equation (2.12) and
the value of T, for the above temperature is obtained as 7.1167 x 10 s and the corresponding
frequency fjis calculated as , fy = (1/2x tg) = 22.36 kHz. It was found that the estimated value
of fyagrees well with the maximum of the secondary relaxation peak and thus it is considered
as JG secondary relaxation from the CM predictions. In view of that, the secondary relaxation

observed in this system was supposed to be intermolecular in origin and is associated to the
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local motion of the whole molecule. Similar evidence was also reported by Knapik et al. by

doing dielectric experiments at ambient and elevated pressure.”
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Figure 4.13. KWW fit for the temperature 303.15 K. The red line denotes the fitted data and
the arrow indicates the position of primitive relaxation frequency.

For glass forming substances of all kinds, Ngai and Capaccioli’®’ predicted the ratio

Eg/RT, quantitatively from the coupling model and arrived at the relation,
Eg/RTy = 2.303(2 — 13.7n — logyo74) (4.3)

The ratio Eg/RT, depends on the exponent n of a-relaxation and the pre-factor 7, of the JG
p-relaxation and the ratio fall within a broad neighborhood about 24 for most glass formers.
Interestingly, the ratio Eg/RT, for probucol was obtained as 27.3 from the experimental data
and that calculated from equation (4.3) is 26.53 are matching nicely. This is further
verification that the secondary relaxation obtained for probucol is JG S-relaxation.

The relaxation map of probucol for both the processes is presented in figure 4.14.
From the figure, it is clear that CM predictions are in agreement with the experimental
secondary relaxations which emphasize that the secondary relaxations obtained in probucol

are of intermolecular origin and belongs to JG-relaxation.
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Figure 4.14. Relaxation map of probucol. Red circles denote a-relaxation, blue circles for
[-relaxation and black circle indicate the CM prediction for JG f-relaxation. Dotted red line
represents the VFT fit for a-relaxation and solid blue line represent the Arrhenius fit for
p-relaxation.

4.7. Conclusions

From the DSC study, it was proved that probucol is a noncrystallizing compound and
has good glass forming ability. It was also revealed that out of the two conformational
polymorphs, the supplied sample belonged to Form 1. From the TGA experiment, the onset of
thermal degradation for probucol is obtained at 260.7° C and thus it is verified that the sample
did not undergo thermal degradation during BDS experiment.

Dielectric studies of probucol revealed two types of relaxation process, namely the
structural o- relaxation and more local f-relaxation. This f-relaxation is revealed to be as JG
p-relaxation from the KWW fit of CM prediction. Thus the secondary relaxation in probucol
is proved to be intermolecular in origin. The a-relaxation shows non-Arrhenius behavior and
the temperature dependence of this process was described by the VFT equation while

p-relaxation shows Arrhenius temperature dependence. The presence of conductivity was
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also observed for temperatures above T,. As the fragility index is 87, probucol is considered
as a fragile glass former.

In probucol molecule, internal rotation around the CO bond may be possible since it
has dielectrically active internal degrees of freedom. This rotation will lead to conformational
changes to the OH bond relative to the aromatic ring. Another possible rotation is of the C-S-
C dipole, which may arise from the rotation of the whole molecule in its cage or from the
fluctuation of the C-S-C angles. Hence it is reasonable to suppose that this rotation may

belong to the Johari-Goldstein relaxation.'*®
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Chapter 5

Thermal, Spectroscopic Studies and Crystallization Kinetics of
Clofoctol

5.1. Introduction

Clofoctol is a bacteriostatic antibiotic and used for the treatment of upper and lower
respiratory tract infections both in adults and children."’ It was reported that clofoctol could
serve as a potential anticancer drug as it inhibits protein translation in mammalian cells.
Wang et al. identified clofoctol as a novel inhibitor of prostate cancer cell proliferation.'®
Benmore ef al. prepared the amorphous form of clofoctol by acoustic levitation by dissolving
in pure anhydrous ethanol."*’ Clofoctol has aqueous solubility of 3.62e-05 mg/mL and its
logP is 7.62.

Clofoctol chemically described as [2-(2,4- dichlorobenzyl)-4-(tetramethyl-1, 1,3,3-
butyl)phenol] was purchased from Sigma Aldrich. The empirical formula of clofoctol is
C,1H26CLO and the molecular weight is 365.33 g/mol. The chemical structure'® is shown in

figure 5.1. The sample was used as received without any further purification

OH L

H;C CHy

CHy
Figure 5.1. Chemical structure of clofoctol

5.2. Powder X-Ray Diffraction (PXRD)
The crystalline nature of clofoctol is verified using PXRD. The sharp Bragg peaks

show the crystalline nature of clofoctol.
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Figure 5.2. PXRD pattern of clofoctol

5.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was carried out to find the possibility of thermal
degradation. The onset of thermal degradation is at 256" C. Thus, it is evident that the sample

did not undergo thermal degradation while conducting BDS experiments.
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Figure 5.3. TGA thermogram of clofoctol
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5.4. Differential Scanning Calorimetry

2
L 360.5K
92.37 J/g
—
=2 22
-3
3
=
&
= 268.0 K 272.2 K
Y 6
i
-8 -
-1 0 1 I 1 I 1 I )
240 260 280 300 320 340 360 380 400

Temperature (K)

Figure 5.4. DSC thermogram of clofoctol. The curves are vertically shifted for clarification

From the DSC measurements, it was observed that clofoctol shows no crystallization
during cooling from the under-cooled melt to below 7, , but shows crystallization during
reheating above T, and thus belongs to class (II) molecules according to Baird et al. (2010)."
The glass transition temperature, 7, of the amorphous sample was observed to be at 271 K
and the melting point of crystalline clofoctol was 360.5 K. Both these values are in agreement

with the earlier report. The melting enthalpy was found to be 92.4 J/g.
5.5. Broadband Dielectric Spectroscopy

The complex dielectric function e*(f) = &'(f)-ie"(f) was measured during the heating of
the amorphous clofoctol from temperature 163.15 K to 294.15 K. Relaxation dynamics of
amorphous material are characterized by motions occurring on different length and time
scales. Two kinds of relaxation behavior are observed in the dielectric spectra of clofoctol.
Dielectric spectra are obtained by plotting real and imaginary parts of the complex dielectric
permittivity data for different temperatures over a wide frequency range. The a-relaxation

shows the signatures of typical glass forming systems and as the temperature is increased, the
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loss peaks shift towards higher frequencies. Further, the rise in loss peaks at low frequencies
is due to the presence of dc conductivity, and the magnitude of it increases in an Arrhenius
manner on increasing the temperature. Secondary relaxations are observed below T, The
dielectric loss spectra of clofoctol for temperatures above and below 7, are shown figure 5.5

and 5.6, respectively whereas the real part of dielectric spectra is shown in figure 5.7.

10 10 10 10 10° 10 10 10 10 10

S (Hz)

Figure 5.5. The dielectric loss spectra of clofoctol for temperatures above 7, (267.15 K-
285.15 K, AT=2 K and 288.15 K-294.15 K, AT=3 K).

The fall in dielectric strength at high temperature region are due to the onset of
crystallization. . We were unable to get the dielectric spectra at higher temperatures beyond
the onset of crystallization during heating. We overcome this issue by melting the samples
and repeating the measurements during subsequent cooling. We could get the information
about the peak loss frequency to fill the relaxation map up to 10’ Hz for clofoctol. The real
and imaginary parts of the dielectric permittivity were further analyzed with non-linear curve
fitting routine of Levenberg Marquadit algorithm using WINFIT software Version 3.2

provided by Novocontrol. The dielectric spectra were fitted using HN equation.
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Figure 5.7. Real part of the complex permittivity of clofoctol for various temperatures
ranging from 294.15 K-163.15 K.
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The relation between dc conductivity and structural relaxation times is plotted in
figure 5.8, which is a straight line and follows the fractional Debye-Stokes-Einstein (FDSE)

equation (4.2). The value of the fractional exponent s is obtained as 0.94.
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Figure 5.8. dc conductivity vs. structural relaxation time on a log-log scale.

5.5.1. The structural a-relaxation

This process involves the cooperative motion of molecules which slow down
dramatically on approaching the glass transition by decreasing temperature. The falling of
peak in dielectric spectra indicates crystallization. The dielectric spectra are fitted using HN
equation and conductivity is subtracted from the fitted data to get a clear picture of the
a-relaxation peaks. The HN fitted curves are shown in figure 5.9. The structural relaxation
process shows non-Arrhenius temperature dependence and can be well described by VFT
equation. For clofoctol, the fitted VFT parameters are B = 1596.2, and the estimated value of
T, is 264.3 K and the value of 7, obtained from VFT fit is equal to 220.6 K."® So it is
suggested that the storage of this particular API clofoctol below 220.6 K would provide better
shelf-life and stability. The activation energy of a-process is estimated as 13.2 kJ/mol. The

VFT parameters are tabulated in table 5.1.
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a-relaxation

Figure 5.9. HN fitted curves for the dielectric loss spectra of clofoctol for temperature above

T, (267.15 K-285.15 K, AT=2 K and 288.15 K-294.15 K, AT=3 K) after subtracting
conductivity.

Master plot was drawn by normalizing the imaginary part of dielectric data by its
maximum value plotted against frequency/maximum frequency of the loss. The result

indicates that the dielectric response of structural relaxation is temperature independent.
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Figure 5.10. Master plot formed by overlapping the spectra between temperatures ranging

from 269.15 K- 277.15 K. The plot on the right side picturise the same spectra before
superposition.
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5.5.2. Fragility

The fragility index represents the temperature sensitivity of the relaxation time
of the primary process. Fragility index is a measure of rapidity with which ordering happens
in the amorphous glassy phase. It represents the rate at which molecular motion is arrested
when the amorphous glassy state is reached. The fragility index calculated for clofoctol is,
m = 95. This value indicates that clofoctol is a fragile glass former. In earlier studies, the
fragility index of clofoctol reported to be 70 by Biard et al. (2010)."* The Angell plot for

the pharmaceutical clofoctol is shown below, in figure 5.11.
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Figure 5.11. Angell plot, here the solid line represents the fitted data and the symbols
represent experimental values.

5.5.3. The secondary relaxation

The secondary relaxations are originating from either the small angle rotations of the
whole molecule or rotation of parts of the molecule such as side chain rotation. The HN fitted
dielectric loss curves of clofoctol below T, are shown in figure 5.12. Secondary relaxations

obey Arrhenius temperature dependence and the activation energy for y-process was obtained

as 25.6 kJ/mol.
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Table 5.1. Fitting parameters for the VFT and Arrhenius equations of clofoctol

a-process Y-process
VFT Arrhenius
logfy(Hz) B (K) Ty (K) E, (kJ/mol) E, (kJ/mol) m
13.04 1596.2 220.6 13.2 25.6 95
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Figure 5.12. HN fitted curves for the dielectric loss spectra of clofoctol for temperatures
below 7, (223.15 K-163.15 K, AT=10 K)

5.6. Coupling Model (CM) Predictions

The dielectric loss spectra of the sample clofoctol were fitted using the Fourier
transform of the KWW function for the temperatures near to the glass transition temperature
T,. As shown in figure 5.13, for clofoctol, we could only observe a deviation of loss at higher
frequencies from the KWW fits in the vicinity of 7,. It also points out that the resolved

secondary relaxation (y) is non JG.
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From the figure, it is evident that # is time dependent in the case of clofoctol. Also the
calculated logf) is located at several orders of magnitude lower than that of the resolved
secondary relaxation depending on the temperature. This difference is additional evidence
that the resolved secondary relaxation is not the JG beta relaxation. In order to examine the
validity of equation (4.3), the value of E,/RT, is calculated and is obtained as 11.6, too small
for JG beta. This result also provides an additional evidence that the JG f-relaxation is not
resolved in the isothermal loss spectra.'” Thus the secondary relaxation observed in this

system was supposed to be intramolecular in origin.
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Figure 5.13. KWW fit of clofoctol for temperatures 269.15 K and 273.15 K. The red line
denotes the fitted data and the arrow indicates the position of primitive relaxation frequency
as predicted by equation (2.12).

The relaxation map of clofoctol for both the processes is presented in figure 5. 14.
From the figure, it is clear that CM predictions are not in agreement with the experimental
secondary relaxations which underline that the secondary relaxations obtained in clofoctol are

non JG-relaxation.
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Figure 5.14. . Relaxation map : Red circles denote a-relaxation, blue circles for j-relaxation
and black circle indicate the CM prediction for JG f-relaxation. Dotted red line represents the
VFT fit for a-relaxation and solid blue line represent the Arrhenius fit for j-relaxation.

5.7. Isothermal crystallization kinetics

Isothermal cold crystallization kinetics of clofoctol was investigated for selected
crystallization temperatures - 285.15K and 288.15K. The frequency range of each
measurement was adjusted to measure the dielectric loss of structural relaxation at the
particular temperature. A new amorphous sample was prepared for each measurement. The
real and imaginary parts of dielectric permittivity with respect to frequency, recorded during
isothermal crystallization at 285.15K and 288.15 K are presented in figure 5.15 and figure
5.16 respectively. From the figure, it is evident that the amplitude of structural relaxation loss
peaks and the static dielectric permittivity notably decrease with time after an induction time
of crystallization. Such remarkable change in dielectric strength Ae is a characteristic of the

crystallization process. The isothermal crystallization kinetics is analyzed using Avrami and

Avramov model.
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Figure 5.15. Imaginary and real part of dielectric spectra of clofoctol at crystallization

temperature T’

64



0.7 - 288.15 K

0.6 - t=0 S
.. [ ]
TN
0.4 Ja 5%
[ S ,O"‘- 4 %
[ .,"
W 0.3 - st \

t=11300 S

10 10 10 10 10 10 10

288.15 K

t=0S

\
t=11300 S

0 1 2 3 4 5 6

S (Hz)

Figure 5.16. Imaginary and real part of dielectric spectra of clofoctol at crystallization
temperature 7= 288.15 K
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5.7.1. Avrami model

According to the Avrami model, the time dependences of the crystallization rate to the
nucleation and growth mechanisms can be explained in terms of the normalized real
permittivity using the equation given in (2.14). The graph of &, as a function of time during
each crystallization temperature is plotted in figure 5.17. The graph follows a sigmoidal
shape as the rate of transformation is low at the beginning and end while the transformation is
fast in between it. The parameters obtained by fitting the Avrami equation (2.15) are given in

table 5.2.
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Figure 5.17. Time dependence of normalized real permittivity for crystallization temperatures
285.15 K and 288.15 K Solid line represents fits for Avrami equation.

The values of Avrami parameters are calculated from the Avrami plot, log(-In(I- &,,))
vs. logt. The value of logK and n are obtained from the intercept and slope of the plot. The
isothermal crystallization times 1., graphically determined at log(-In(I-¢,,)) = 0.

Table 5.2. Parameters calculated from Avrami model for clofoctol

From Avrami equation fit From Avrami plot, log(-In(1-
&) vs. logt
Crystallization | N log(K[S™]) | ter[minl-x ™ | n log(K[S" | 7o
temperature [K] ") [min]
285.15 2.33+0.06 | -9.4+0.2 184 2.35+0.03 |-9.5+0.10 | 183
288.15 1.76+£0.07 | -6.5+0.3 75 1.894£0.06 | -6.9+0.21 | 76
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Figure 5.18. Avrami plots of clofoctol for each crystallization temperature.

The value of n and logK are recorded in table 5.2. The value of Avrami parameter n
changes from 2.35 to 1.89 with increasing crystallization temperature. As the nucleation rate
is changing with temperature, the nucleation processes considered to be continuous
nucleation, which means that the rate of nucleation is monotonically increasing with time.
The nucleation rate is determined by the number of critical nuclei present and the rate of
jump of atoms across the interface from parent to the critical nuclei of the product phase. The
important characteristic of continuous nucleation is that at # = 0 the number of nuclei of
supercritical size will be zero. Moreover, the growth processes could be either diffusion
controlled, or interface controlled depending on whether overall kinetics is being determined

133.140.141.1627166 14 35 observed that the crystallization rate

by diffusion or interface mobility.
constant increases with crystallization temperature, which in turn indicates that the process of
crystallization is dominated by the diffusion of molecules and not by the nucleation of
crystallites for which the temperature dependence of K is a decreasing function.'®’” Also the

/i

. . . . -1 . .
crystallization time calculated from the Avrami parameters 7., - ¢ are in accordance with

those determined graphically.
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5.7.2. Avramov model

The isothermal crystallization kinetics is also analyzed using Avramov model of
crystallization.”’® The graph of &, as a function of time during each crystallization
temperature is shown in figure 5.19. The fitting parameters for the Avramov equation (2.17)

are given in table 5.3.
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Figure 5.19. Time dependence of normalized real permittivity for crystallization temperatures
285.15 K and 288.15 K Solid line represents fits for Avramov equation.

The normalized real permittivity and its derivative with respect to /nt are plotted
against /nt, which is known as Avrami-Avramov plot. The values of the parameters » and 7.,
can be calculated from this plot. The value of 7., can be estimated from (&;,)5q, Whereas
value of 7 is calculated using the equation (2.20). It has to be noted that from equation (2.19),
eq(T4) = 0.63. But usually we obtain the value of &,(t.) as less than 0.63 from the
experimental values which means that the induction time ¢ is greater than zero. Although for
clofoctol, from the figure 5.20, we obtain that at the inflection point, the value of g, ~ 0.63,

which is an indication of no induction time."*® Thus for clofoctol, ¢y = 0.

Table 5.3. Parameters calculated from Avramov model for clofoctol

From Avramov equation fit | From Avrami-Avramov plot
Crystallization n Ter [Min] n T [min] at
temperature [K] (&) max
285.15 2.36+0.04 | 186+1 2.42 186
288.15 1.76+0.06 | 77+1 1.81 76
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Figure 5.20. Avrami-Avramov plots for temperatures 285.15 K and 288.15 K : normalized
real permittivity vs. Int (green) and its first derivative with respect to /nt (blue).
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According to the growth mechanism and nucleation, the Avrami exponent # should be
an integer value. But the values of n reported in the literature varies ranging from 1.8 to 4'®*.
For clofoctol, the value of #n estimated from both Avrami and Avramov model is = 2, can be

attributed to homogeneous nucleation with two-dimensional growth. 168
5.8. Conclusions

DSC study of clofoctol showed crystallization during reheating above 7, indicating

its poor glass forming ability.

It has been verified from the BDS experiments that the amorphous clofoctol prepared
from the crystalline counterpart by quench cooling its melt is physically unstable and hence
easily recrystallizes. The presence of conductivity was also observed for temperatures above
T,. Dielectric studies of clofoctol revealed two types of relaxation process, namely the
structural o-relaxation and p-relaxation. This p-relaxation is revealed to be as non JG
f-relaxation from the KWW fit of CM prediction. The a-relaxation shows non-Arrhenius
behavior and the temperature dependence of this process was described by the VFT equation
while y-relaxation shows Arrhenius temperature dependence. The dynamic fragility index
calculated from VFT fit for clofoctol is 95, which indicate the fragile nature of this drug.
Isothermal crystallization studies of amorphous clofoctol were carried out for temperatures
above T, using dielectric measurements. The isothermal kinetics of clofoctol was studied
using Avrami and Avramov model to extract the characteristics crystallization time, 7. The

value of n indicates homogeneous nucleation with two-dimensional crystal growth.
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Chapter 6

Thermal, Spectroscopic Studies and Crystallization Kinetics of
Droperidol

6.1. Introduction

Droperidol is an antidopaminergic drug and is used to produce tranquilization and to
reduce postoperative nausea and vomiting in surgical and diagnostic procedures.'®
Droperidol reduced motor activity, anxiety, and causes sedation; also possesses adrenergic-
blocking, antifibrillatory, antihistaminic, & anticonvulsive properties. According to
Richards. J et al. droperidol produce a more rapid and better sedation than lorazepam in
agitated patients requiring chemical restraint.'”® Droperidol has aqueous solubility of 0.0966
mg/mL and its logP is 3.93.

Droperidol chemically described as 1-{1-[4-(4-fluorophenyl)-4-oxobutyl]-1,2,3,6-
tetrahydro-4-pyridyl}-1,3-dihydro-2H-benzimidazol-2-one] was purchased from Sigma
Aldrich. The empirical formula of droperidol is C2,H2,FN30, and molecular weight is 379.42

1

g/mol. The chemical structure'’' is shown in figure 6.1. The sample was used as received

without any further purification

M

@

M
©:HH 7
Figure 6.1. Chemical structure of droperidol

6.2. Powder X-Ray Diffraction (PXRD)

In order to verify the crystalline nature of droperidol, X-ray diffraction measurement

was carried out. The sharp Bragg peaks show the crystalline nature of droperidol.
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Figure 6.2. PXRD pattern of droperidol

6.3. Thermogravimetric Analysis (TGA)
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Figure 6.3. TGA thermogram of droperidol
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The possibility of thermal degradation is investigated using thermogravimetric
analysis and the onset of thermal degradation is obtained at temperature 303° C. Hence there

will be no thermal degradation during BDS experiment.

6.4. Differential Scanning Calorimetry

From the DSC measurements, it was observed that droperidol crystallizes during
reheating above 7, and thus belongs to class (II) molecules according to Baird et al. (2010)."
The glass transition temperature, 7, of the amorphous sample was observed to be at 307.9 K
and the melting point of crystalline droperidol was 422.4 K. Both these values are in
agreement with the earlier report. The melting enthalpy was found to be 57.6 J/g.
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o 4 303.1K 224K
= 57.67 Jig
N’
2
=
-
S
W
=
-8 |
-10

I | | I I | I | I |
240 260 280 300 320 340 360 380 400 420 440 460
Temperature (K)

Figure 6.4. DSC thermogram of droperidol

6.5. Broadband Dielectric Spectroscopy

The dielectric measurements were carried out for temperatures ranging from 133.15 K
to 339.15 K. Multiple relaxations were observed in droperidol. The typical a-relaxation was

observed above T, while two relaxations were observed below T,. The dielectric loss spectra

73



of droperidol for temperatures above and below glass transition temperature are shown figure
6.5 and 6.6 respectively and the real part of dielectric spectra is shown in figure 6.7.

The rise of the signal at low frequencies is due to the presence of dc conductivity.
The decrease in dielectric strength at high temperature side is due to the onset of
crystallization. We were unable to get the dielectric spectra at higher temperatures beyond the
onset of crystallization during heating. We overcome this issue up to a limit, by melting the
samples and repeating the measurements during subsequent cooling. We had difficulty in
measuring the loss peaks for frequencies higher than 10° Hz for droperidol due to the

interference of crystallization even during cooling.
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Figure 6.5. Dielectric loss spectra of droperidol for temperatures above 7, (303.15 K-333.15
K, AT=2K and 336.15 K-339.15 K, AT=3 K).

The real and imaginary parts of the dielectric susceptibility were further analyzed with
non-linear curve fitting routine of Levenberg Marquadit algorithm using WINFIT software

Version 3.2 provided by Novocontrol. The dielectric spectra were fitted using HN equation.
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Figure 6.6. Dielectric loss spectra of droperidol for temperatures below 7, (283.15 K-133.15
K, AT=10 K)
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Figure 6.7. Real part of the complex permittivity for droperidol for various temperatures
ranging from 339.15 K-133.15 K.
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As like in the case of probucol and clofoctol, droperidol also obeys fractional Debye-
Stokes-Einstein FDSE equation (4.2). The relation between dc conductivity and structural
relaxation times is plotted in figure 6.8, which is a straight line. The value of the fractional

exponent s is obtained as 0.93.
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Figure 6.8. dc conductivity vs. structural relaxation time on a log-log scale.

6.5.1. The structural a-relaxation

This structural relaxation is due to the cooperative motion of molecules and becomes
kinetically freezes on reaching 7,. The decrease in amplitude of dielectric spectra indicates
crystallization. The dielectric spectra are fitted using HN equation and conductivity is
subtracted from the fitted data to get a clear picture of the a-relaxation peaks. The HN fitted
curves for temperature above 7, are shown in figure 6.9. The non-Arrhenius temperature
dependence of structural relaxation process can be well described by the VFT equation. For
droperidol, B = 1651.7, and T, obtained from VFT fit is 300.8 K and the estimated value of
Tyis equal to 250.5 K. Thus to achieve better shelf life, amorphous droperidol should be kept
at a temperature below 250.5 K. The activation energy of a-process is estimated as £, = 13.7

kJ/mol. The values of VFT parameters are tabulated in table 6.1.
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a-relaxation

Figure 6.9. HN fitted curves for the dielectric loss spectra of droperidol for temperatures
above T, (303.15 K-333.15 K, AT=2K and 336.15 K-339.15 K, AT=3 K) after subtracting
conductivity

The normalized plot (master plot) for various temperatures is shown in figure 6.10.
From the figure, it is evident that all curves have coalesced into a single one, which in turn

indicates the temperature independent nature of structural relaxation.
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Figure 6.10. Master plot formed by overlapping the spectra between temperatures ranging
from 303.15 K- 311.15 K. The plot on the right side picturise the same spectra before
superposition.
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6.5.2. Fragility
The fragility index represents the temperature sensitivity of the relaxation time
of the primary process. Fragility index is a measure of rapidity with which ordering happens
in the amorphous glassy phase. It represents the rate at which molecular motion is arrested
when the amorphous glassy state is reached. The fragility index for droperidol is calculated
as, m = 85, which means that droperidol is a fragile glass former. In earlier studies, the
fragility index of droperidol reported to be 108 by Biard ez al. (2010)."* The Angell plot for

droperidol is shown in figure 6.11.
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Figure 6.11. Angell plot, here the solid line represents the fitted data and the symbols
represent experimental values.
6.5.3. The secondary relaxations

Two well resolved secondary relaxations were observed in the dielectric loss spectra of
droperidol, below T,. Arrhenius temperature dependence of secondary relaxation was verified

using the equation (2.4). The activation energies for the two relaxations are calculated as
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E, =41.5 kJ/mol and E5 = 11.6 kJ/mol. The HN fitted dielectric loss curves of droperidol for

temperatures below Ty are shown in figure 6.12.

Secondary relaxations

n”

Figure 6.12. HN fitted curves for the dielectric loss spectra of droperidol for temperatures
below 7, (283.15 K-133.15 K, AT=10 K)

Table 6.1. Fitting parameters for the VFT and Arrhenius equations of droperidol

a-process y and J-process
VFT Arrhenius
logfy(Hz) B (K) Ty (K) E,(kJ/mol)  E,(kJ/mol)  EskJ/mol) m
11.46 1651.7 250.5 13.7 41.5 11.6 85

6.6. Coupling Model Predictions

The dielectric loss spectra of the samples were fitted using the Fourier transform of
the KWW function for the temperatures near to the 7,. In the case of droperidol, as shown in

figure 6.13, the well resolved secondary relaxation was found which does not shift much with
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the temperature. Also the calculated /ogf) is located three-four orders lower to the resolved
secondary relaxation. Further, there is a clear deviation of the loss spectra around 7, from the
fits of the a-relaxation process to the KWW fits, indicating that there could be an unresolved
slower secondary relaxation process beneath the intense a-peaks. All these evidence points
out that the resolved secondary relaxation is not the JG-relaxation. In addition to the above,

there is another faster relaxation (J-process) which was resolved at much lower temperatures.
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Figure 6.13. KWW fit of droperidol for temperatures 303.15 K and 307.15 K. The red line

denotes the fitted data and the arrow indicates the position of the primitive relaxation
frequency

The values of Ey/RT, were calculated to check whether the ratio falls within a broad
neighborhood about 24 as in the case of the majority of glass formers. But for droperidol, the
small values of the ratios, £E/RT; = 16.6 and EyRT, = 4.64 also indicates that none of the
resolved secondary relaxations are JG.

The relaxation map of droperidol for all the relaxations are presented in the figure.
6.14. From the figure, it is clear that CM predictions are not in agreement with the
experimental secondary relaxations which underline that both the secondary relaxations

obtained in clofoctol are non JG-relaxation.
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Figure 6.14. Relaxation map of droperidol. Red circles denote a-relaxation, blue circles for
y-relaxation, green circle for J-relaxation and the black circle indicates the CM prediction for
JG p-relaxation. Dotted red line represents the VFT fit for a-relaxation and solid blue and
green line represents the Arrhenius fit for y and d-relaxations respectively.

In addition to the experimental investigations, we have pursued computational
investigations of droperidol, using density functional theory calculation with the help of
Gaussian 09 software. Here, we have checked the occurrence of intra-molecular secondary
relaxations by incorporating all possible side-chain rotations about various dihedral angles.
Among them, the rotation of droperidol shows a correlation with that of experimental results.
The rotation around the oxygen atom labeled 30 of droperidol, as shown in figure 6.15. has
comparable barrier opposing energy of 11.14 kJ/mol with an experimental activation energy
11.6 + 0.05 kJ/mol for the d-process.'” The calculated value of activation energy may be
slightly lower than that of observed experimental values since we considered only one single
molecule for the simulation. Even though, the obtained results are quite comparable within a

tolerance limit of few kJ/mol.!”?
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Rotating dihedral side chain

Figure 6.15. Atomic arrangement of the droperidol structure, the rotated group is marked.

6.7. Isothermal crystallization kinetics

Isothermal cold crystallization kinetics of droperidol was investigated for selected
crystallization temperatures - 330.15 K and 333.15 K. The frequency range of each
measurement was adjusted to measure the dielectric loss of structural relaxation at the
particular temperature. A new amorphous sample was prepared for each measurement. The
real and imaginary parts of dielectric permittivity with respect to frequency, recorded during
isothermal crystallization at 330.15 K and 333.15 K are presented in figures 6.16 and 6.17
respectively. From the figure, it is evident that the amplitude of structural relaxation loss
peaks and the static dielectric permittivity notably decrease with time after an induction time
of crystallization. Such a remarkable change in dielectric strength A¢ is a characteristic of the
crystallization process. As the crystalline fractional volume increases, the number of
reorienting dipoles which contributes to the structural relaxation decreases. The rise in the
degree of crystallization can be analyzed using the normalized permittivity given by equation

(2.14).
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Figure 6.16. Imaginary and real part of dielectric spectra of droperidol at crystallization
temperature 7= 330.15 K
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Figure 6.17. Imaginary and real part of dielectric spectra of droperidol at crystallization
temperature 7= 333.15 K
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6.7.1. Avrami model

According to the Avrami model of isothermal crystallization, the time dependence of
normalized permittivity often observed to follow a characteristic S-shaped, or sigmoidal
profile. The graph of &, as a function of time during each crystallization temperature is
plotted in figure 6.18. The fitting parameters of the Avrami equation (2.15) are given in table
6.2.
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Figure 6.18. Time dependence of normalized real permittivity for crystallization temperatures
330.15 K and 333.15 K Solid line represents fits for Avrami equation.

The values of Avrami parameters are obtained from the supposed Avrami plot, log(-
In(1- €,)) vs. logt which is shown in figure 6.19. The dependence of log (-In (I- €,,)) on logt
is linear and the value of /ogK and n can be obtained from intercept and slope. The isothermal
crystallization times 7., graphically determined at log(-In(1-€;)) = 0. The value of n and logK
are recorded in table 6.2. The value of Avrami parameter » changes from 2.30 to 2.22 with

increasing crystallization temperature.

85



1.0 ]
m 330.15K s

" 333.15K './
0.5 -

-~
X 00 ”’
o 5
|

S s
=
%

1.0 _
=3

-1.5 /. |

- 155 min T = 278 min

| I I I I

| T
3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

logt/(S)

Figure 6.19. Avrami plots for each crystallization temperature.

Table 6.2. Parameters calculated from Avrami model for droperidol

From Avrami equation fit From Avrami plot, log(-In(1-
) vs. logt
Crystallization | n log(K[S™]) | Ter [min]= ¢ | 1 log(K[S™) | e
temperature [K] tn [min]
330.15 2.25+0.14 | -9.5+£0.3 281 2.30+0.05 | -9.7£0.19 | 278
333.15 2.2240.13 | -8.8+0.4 152 2.2240.05 | -8.8£0.19 | 155

The value of Avrami exponent 7 should be an integer value according to the growth
mechanism and nucleation. But in reported literatures »n always shows non-integer values
which may be due to factors such as secondary crystallization process, mixed nucleation
modes, and the change in material density efc.'® Also experimental factors such as error
introduced in the determination of zero points of crystallization and the melting residence

: . 168,173
time can lead to non-integer values of n. >
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6.7.2. Avramov model

The isothermal crystallization kinetics of droperidol is further analyzed using Avramov
equation. Time dependence of normalized real permittivity for crystallization temperatures
285.15K and 288.15K are shown in figure 6.20. The fitting parameters for Avramov equation
(2.17) are tabulated in table 6.3. For each crystallization temperature, the Avramov
parameters can be determined from the Avrami-Avramov plot which pictures the dependence
of the normalized real permittivity &, with /nt and the first derivative of normalized real

permittivity de,/d(Int) with Int. The parameters obtained from Avrami-Avramov plot are

recorded in table

6.3.

Table 6.3. Parameters calculated from Avramov model for droperidol

From Avramov equation fit | From Avrami-Avramov plot
Crystallization N Ter [Min] n T [min] at
temperature [K] () max
330.15 2.31+0.07 | 27243 2.63+0.04 277
333.15 2.2140.06 | 15442 2.06+0.03 155
1.0 -
pEEEEE
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Figure 6.20. Time dependence of normalized real permittivity for crystallization temperatures
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330.15 K and 333.15 K Solid line represents fits for Avramov equation.
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From the figure 6.21, we obtain that at the inflection point the value of &, is ~ 0.63,
which means that the induction time'*® is zero. Thus for droperidol, 7 = 0. For droperidol,
from both the models-Avrami and Avramov-the value of n is obtained as ~ 2 which is

attributed to homogeneous nucleation with two-dimensional growth.'®®

6.8. Conclusions
DSC study of droperidol showed crystallization during reheating above 7, indicating

its poor glass forming ability.

It has been verified from the BDS experiments that the amorphous droperidol
prepared from the crystalline counterpart by quench cooling its melt is physically unstable
and hence easily recrystallizes. The presence of conductivity was also observed for
temperatures above T,. Dielectric studies of droperidol revealed three types of relaxation
process, namely the structural o-relaxation and y-relaxation and J- relaxation. Both of the
secondary relaxations are revealed to be as non JG B-relaxation from the KWW fit of CM
prediction. The a-relaxation shows non-Arrhenius behavior and the temperature dependence
of this process was described by the VFT equation while y and J-relaxation show Arrhenius
temperature dependence. The dynamic fragility index calculated from VFT fit for droperidol
is 85, which indicate the fragile nature of this drug. Isothermal crystallization studies of
amorphous droperidol were carried out for temperatures above 7, using dielectric
measurements. The isothermal kinetics of droperidol was studied using Avrami and Avramov
model to extract the characteristics crystallization time, .. The value of n points that the

nucleation in droperidol is homogeneous with two-dimensional growth.
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Chapter 7

Test of Correlation between By and Ag(T,), Stability
Prediction using Sxpw and Fragility Comparison.

7.1. Test of correlation between Bxyw and A&(T,)

The pharmaceuticals, chosen for study have significantly broader structural dispersion
than the majority of the drugs investigated so far and thus we have carried out the anti-
correlation study between the width of the structural loss peak at T, to the polarity of the

83,84
drugs

in the light of dipole-dipole interaction to the attractive part of the intermolecular
potential. They are instrumental in testing the anti-correlation within the family of molecular
pharmaceuticals as part of the totality of molecular glassformers studied by dielectric
spectroscopy.

Paluch and co-workers® examined the characteristics of structural a-relaxation in
practically all Van der Waals molecular glass-formers reported so far by dielectric
spectroscopy. They found that the width of the dielectric loss peak at the glass transition
temperature T, is strongly anti-correlated with the polarity of the molecule. The larger the
dielectric relaxation strength Ag(Ty) of the system, the narrower is the a-loss peak. The
frequency dispersion of the a-relaxation is obtained by fitting the complex dielectric
permittivity data 8*09 by the Fourier transform of the KWW function. Thus, narrower the
width of the a-loss peak, larger is the value of Sxyw. They explained this remarkable property
via the correlation between Ag(T,) and SByww by the contribution from the dipole-dipole

interaction potential V,,(r)=-Dr°to the attractive part of the intermolecular potential,

making the resultant potential more harmonic and the frequency dispersion of the o-

relaxation narrower. The effect increases rapidly with the dipole moment x and Ag(7,) in

view of the relation, DOC(,U4 / k];)ockY;[Ag(Y;)]z This trend is supported by molecular

dynamics simulations of binary Lennard-Jones particles as model glass-formersm.

Modifications of the repulsive part and/or the attractive part of the inter-particle potential
resulted in different dynamic properties including non-exponentiality of the structural o-
relaxation. The width of the frequency dispersion is a measure of the degrees of non-

exponentiality and dynamic heterogeneity of the a-relaxation, and in turn the viscosity and
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diffusion coefficient. Therefore the correlation found is not only of fundamental interest but

also of practical applications.
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Figure 7.1. Bxww vs. Ae(Ty). The inset pictures Brww Vs. kY;[AE(Y;)]Z

Among the 88 glass-formers considered by Paluch and co-workers, many are
pharmaceuticals and were shown to conform well to the correlation. These pharmaceuticals
are picked out in the original figures published in reference 83. by coloring them green in
figure 7.1. Most of the pharmaceuticals studied by Paluch and coworkers® (green symbols)
have larger values of Sy larger than 0.57. The exceptions are three, namely azithromycin
(Bxww = 0.52), itraconazol (Lxww = 0.52), and posaconazone (Lxww = 0.52). The three
currently studied pharmaceutical, probucol, droperidol, and clofoctol, have values of Sxpw =
0.57, 0.56, and 0.46, respectively. On the lower end of the values of Sk of pharmaceuticals,

these three new members afford a meaningful test of the correlation found by Paluch et al
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The data of Ag(T,) and kZ;[AE(I;,)]Z of the three are plotted against Sxyw, and shown by the

circles colored red in figure 7.1 and the inset respectively. The results of the three (red)

support well the correlation.'*

7.2. Stability prediction using Sxww

The value of Sxww calculated from KWW function, provides the non-exponential
character of the relaxation function in the time domain. In the frequency domain it represents
the shape of the relaxation spectra. fxyw = 1 gives symmetric and narrow relaxation. The
knowledge of the distribution function also helps to predict the resistance of the amorphous
state against the crystallization and chemical degradation. The correlation between the crystal

nucleation rate and the KWW parameter has been put forward by Shamblin ez al.'”

As per
this correlation, the amorphous stability at various temperatures but having the similar
relaxation time, decreases as the value of Sgyw decreases175’176(Shamblin’s criteria). As the
value of fSxwwdecreases, the asymmetric distribution of relaxation times becomes broader and
stability would also decrease.

Comparison of the fSxww obtained for the probucol, clofoctol, droperidol and other
drugs was made to get some idea about the amorphous stability against crystallization [table.
7.1]. Clofoctol have the lowest value of Sxuw, hence the amorphous stability. However, it is
reported that there are exceptions from this criteria and correlation between Sxyw and
tendency to crystallization is not satisfied by all APIs.**!*"!”7 For instance, acetaminophen,
ezetimibe, sidenafil and celecoxib have the value of Sxyw as 0.79, 0.70, 0.68 and 0.67
respectively, indicating narrow structural relaxation spectra. But these pharmaceuticals easily
recrystallize from their amorphous form.'”’ It is reported that verapamil hydrochloride did not
show any crystallization tendency during the measurement although its Bxyw = 0.61.
Similarly, probucol also exhibits comparatively low value of Sy = 0.57, but did not show
any tendency of crystallization during the experiment over the entire measured temperature
range while droperidol with Sk = 0.56, showed crystallization during the experiment. Thus
out of the three pharmaceuticals studied clofoctol and droperidol follow Shamblin’s criteria

whereas probucol did not obey Shamblin’s criteria.
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Table 7.1. The value of stretching parameter Sk o for different pharmaceuticals

SLNo | Pharmaceuticals PBrww
1 Clofoctol (Present study) 0.46
2 Aspirin (Johari et al. 2007)*° 0.465
3 Quinidine (Schamme et al. 2016)'*’ 0.50
4 Ibuprofen (Bras et al. 2008) 0.52
5 Azithromycin (Adrjanowicz et al. 2012)°° 0.52
6 Droperidol (Present study) 0.56
7 Probucol (Present study) 0.57
8 Indomethacin (Carpentier et al. 2006)'"® 0.59
(Wojnarowska et al. 2009)°’
9 Telmisartan (Adrjanowicz et al. 2009)"* 0.61
10 Verapamil hydrochloride (Adrjanowicz et al. 2010)'” | 0.61
11 Clarithromycin (Adrjanowicz et al. 2012)> 0.62
12 Roxithromycin (Adrjanowicz et al. 2012)*” 0.62
13 Vitamin E (Kaminski et al. 2007)"* 0.65
14 Tramadol hydrochloride (Kaminski et al. 2010)'* 0.65
15 Celecoxib (Grzybowska et al. 2010)” 0.67
16 Sildenafil (Kolodziejczyk et al. 2013)* 0.68
17 Fenofibrate (Sailaja et al. )64 0.70
18 Tramadol monohydrate (Kaminski et al. 2010)'* 0.70
19 Perphenazine (Sailaja et al. ) 0.70
20 Ezitimibe (Knapik et al. 2014)"*! 0.70
21 Ketoprofen (Sailaja et al. )* 0.71
22 Indapamide (Wojnarowska et al. 2013)” 0.72
23 Glibenclamide (Wojnarowska et al. 201 1) 0.74
24 Acetaminophen (Johari et al. 2005)* 0.79
25 Nonivamide (Wojnarowska et al. 201 ' 0.79
26 Nizatidine (Sailaja et al. )* 0.87
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7.3. Fragility comparison

The concept of fragility is of great interest in areas such as amorphous drug
formulation, food preservation efc. fragility is considered as an important factor as it
correlates glass forming ability and physical stability of amorphous systems. As proposed by
Angell glass formers are now classified by their degree of fragility i.e., by their deviation
from Arrhenius behavior. The fragility parameter, m is related to the average degree of
molecular mobility reflected in structural relaxation near 7, g.184 In contrast to strong liquids,
the molecular mobility of fragile glass formers varies rapidly near 7,. Because of this, strong

liquids are considered to be more stable than fragile liquids.

Bohmer et al. put forward a linear empirical correlation between isobaric fragility and

the stretched exponent Sxyw of KWW function given as

m = (250 + 30) — 320 Bxww (7.1)

According to this relation, strong glass formers exhibits narrow relaxation peaks or
larger values of Sgww whereas fragile glass formers have broader structural relaxation peaks
in the vicinity of 7,. Fragile glass formers are more susceptible to nucleation as faster modes
of molecular motions within the spectrum of relaxation times can be responsible for
nucleation in the glassy state.'™ However, there are a few materials that do not follow the
correlation proposed by Bohmer et al. For clofoctol the calculated value of m using the
equation (7.1) is 103 + 30, for droperidol , it is estimated as 71 £ 30 and for probucol, m = 68
+ 30. Thus the three pharmaceuticals studied follow the empirical correlation between m and

Pxww, considering the error limit.

We have compared the fragility indices of some of the drugs already investigated by
others using broadband dielectric spectroscopy and are given in table 7.2 and from that it is
clear that most of the pharmaceuticals are fragile glass formers. The value of the fragility
index of our pharmaceutical also indicates that they are fragile glass formers and hence not
good glass formers. However, probucol does not show crystallization during DSC and also
does not show any indication of crystallization on BDS experiment window, while clofoctol
and droperidol showed a tendency of crystallization during both experiments. Thus

probucol is comparatively a good glass former than the two others.
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Table 7.2. Fragility indices of some pharmaceuticals

SI. No | Name Fragility Reference

1 Nifedipine 33 Biard et al. J. Pharm. Sci. 2010"

2 Carbamazepine 55.3 K. Kawakami ez al. J. Pharm. Sci. 2012'%
3 Indomethacin 67 Natalia. T et al. Phar. Res. 2001'%

4 Procane 69 Biard ef al. J. Pharm. Sci. 2010"

5 Haloperidol 72.8 K. Kawakami ef al. J. Pharm. Sci. 2012'%
6 Ketoconazole 78 Biard ef al. J. Pharm. Sci. 2010"

7 Acetaminophen 79.5 Deliang Zhou e al. J.Pharm.Sci. 2002

8 Nimesulid 82 Knapik. J et al. Mol. Pharm. 2016’

9 Fenofibrate 83.4 Deliang Zhou et al. J.Pharm.Sci. 2002

10 Captopril 84 Sailaja et al. IOSR J. Pharm. 2012%°

11 Sildenafil 85 K. Kolodziejczyk et al. Mol. Pharm. 2013
12 Droperidol 85 Present study

13 Quinidine 86 B. Schamme et al. J. Phy. Chem. 2016'*’
14 Ketoprofen 86.57 Sailaja ef al. Euro. J. Pharm. Sci. 2013%

15 Probucol 87 Present study

16 Telmisartan 87 K. Adrjanowicz et al. Eur. J. Pharm. Sci. 2009'>
17 Verapamil hydrochloride 88 K. Adrjanowicz et al. J. Pharm. Sci.2010""
18 Ibuprofen 93 Bras A. R et al. J. Phy. Chem. B 2008

19 Clofoctol 95 Present study

20 Sucrose 95.3 Deliang Zhou et al. J.Pharm.Sci. 2002*°

21 Tolbutamide 101 K. Kawakami et al. J. Pharm. Sci. 2012'%
22 Ritonavir 107.3 Deliang Zhou et al. J.Pharm.Sci. 2002°°

23 Celecoxib 110 Grzybowska et al. J. Phy. Chem. B 20107
24 Flurbiprofen 113 A. C. Rodrigues et al. Mol. Pharm. 2014
25 Azithromycin 117 K. Adrjanowicz et al., Mol. Pharm. 2012
26 Clarithromycin 118 ?

27 ABT-229 119.4 Deliang Zhou e al. J.Pharm.Sci. 2002

28 Roxithromycin 121 K. Adrjanowicz et al., Mol. Pharm. 2012
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Chapter 8

Conclusions

8.1. Conclusions

Three pharmaceutically important drugs, namely probucol, clofoctol and droperidol
were studied to get an idea about the glass forming abilities of these pharmaceuticals and also
the molecular dynamics of these APIs were probed to study the molecular relaxations,
crystallization tendency and stability of amorphous formulations.

Crystalline nature of the three pharmaceuticals was verified using Powder X-ray
Diffraction and the existence of sharp Bragg peaks during the experiment proved the long-
range order and the crystalline nature of the pharmaceuticals studied.

Thermal studies of the pharmaceuticals, namely probucol, clofoctol, droperidol were
carried out using experimental techniques-Differential Scanning Calorimetry and
Thermogravimetric Analysis. Glass transition temperature and the melting point of these
samples were calculated using DSC.

Possibility of thermal degradation during heating was investigated using TGA to
make sure that there will be no thermal degradation during BDS experiment. From the TGA
thermograms, it is concluded that there is no thermal degradation during the temperature
range studied using BDS.

From the DSC measurements, it is evident that probucol shows no crystallization
during heating and cooling. The glass transition temperature, 7, of probucol was observed to
be at 301.67 K. The melting peak of crystalline probucol appears at 400.44 K. Both these
values are in close agreement with the earlier reports by Baird ef al. The melting enthalpy is
found to be 65.79 J/g. The sample as received is polymorphic Form 1. DSC study of clofoctol
and droperidol showed crystallization during reheating above 7, indicating its poor glass
forming ability.

Dielectric measurements of the pharmaceuticals - probucol, clofoctol, droperidol were
done using a Novocontrol Concept 40 broadband dielectric spectrometer in the frequency
range of 10 mHz — 10 MHz. The temperature is controlled using dry nitrogen-flow in the
Novocontrol Quatro cryosystem with temperature stability 0.1K. The sample to be measured
is placed between the electrodes (made of stainless steel) of the capacitor. Width of the

capacitor is 0.20mm and diameter is 30mm. Teflon with the width of 50 pm is used as spacer.

96



The sample is heated few degrees above the melting point and then fast cooling is carried out,
which causes the vitrification of the sample. Dielectric spectra were measured isothermally,
after stabilizing the temperature Data analysis is carried out using WinFIT Version 3.2
program provided by Novocontrol.

Based on the investigation of the molecular dynamics of the three glass forming APIs
in the supercooled and glassy state using broadband dielectric spectroscopy, we are
summarizing the important results.

DC conductivity is present at lower frequencies. The dielectric spectra are analyzed
using Havriliak—-Negami equation. Probucol, shows no signs of crystallization over the
measured temperature ranges. Two types of relaxations are observed in the dielectric spectra,
namely a-relaxation and f-relaxation. Clofoctol shows cooperative a-relaxation above 7, and
y- relaxation below 7, whereas Droperidol shows cooperative a-relaxation above T, and two
secondary relaxations i.e., y- relaxation and J-relaxation below 7,. The a-relaxation follows
non-Arrhenius behavior described by the Vogel-Fulchers-Tammanns equation and secondary
relaxations shows Arrhenius temperature dependence. The values of T, m, Ty are evaluated
from the VFT fit.

Fragility of probucol is obtained as 87, for clofoctol, m = 95 and for droperidol the
value of m is obtained as 85. Thus all the three APIs are fragile glass former. From VFT fit
the value of 7 is estimated which is often referred as the Kauzmann temperature, Tk, the
hypothetical temperature at which the molecular motions cease. Storage of these APIs at a
temperature lower than T provides better shelf life.

The p-relaxation in probucol is revealed to be as JG f-relaxation from the KWW fit of
CM prediction. The observed secondary relaxation frequencies in clofoctol and droperidol are
several orders of magnitude away from the predicted primitive relaxation frequency.
Therefore these secondary relaxations are characterized as non JG relaxation originating from
the intramolecular degrees of freedom.

Droperidol and clofoctol show crystallization while probucol doesn’t show any signs
crystallization during BDS experiment. For clofoctol crystallization begins at temperature
258.15 K and for droperidol, crystallization begins at temperature 330.15 K.

Isothermal crystallization kinetics of amorphous clofoctol were studied for
crystallization temperatures-285.15 K and 288.15 K where isothermal crystallization kinetics
of amorphous droperidol were studied for crystallization temperatures 330.15 K and 333.15
K. A new amorphous sample was prepared for each measurement. The complex dielectric

permittivity was recorded throughout the crystallization process at specific interval of time.
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Isothermal cold crystallization of clofoctol and droperidol is analyzed using Avrami and
Avramov models. Both clofoctol and droperidol show evidence of homogeneous nucleation
with two-dimensional crystal growth.

All the three samples studied showed very good correlation between the frequency
dispersion of the a-relaxation (Sxww) and the dielectric strength A¢(7,) established in Van der
Waals molecular glass formers explained in terms of dipole-dipole interaction potential to the
attractive part of the intermolecular potential proposed by Paluch and co-workers.*

According to the Shamblin’s criteria, as Sxww decreases, the stability also decreases.
But for our sample probucol, the value of Sxyw is 0.57, still did not show any tendency of
crystallization during the experiment. For droperidol and clofoctol, the value of Sxww is 0.56
and 0.46 respectively and they showed crystallization during experiments and are in
accordance with Shamblin’s criteria. Thus it is concluded that the value of the stretching
parameter S cannot offer a meticulously reliable prediction about the amorphous stability

of the systems.
8.2. Future plans

e Two of the samples studied are highly prone to crystallization. The stability can be
enhanced by mixing with suitable apolar components. So we are planning to
emphasize studies on methods to overcome crystallization and to improve the shelf
life of pharmaceuticals. Binary route can give selective investigation of the probe
dynamics to understand spectral shape dependence on different environments and
comparing the results.

e We are planning to investigate the pharmaceuticals with biocompatible host systems
using DSC to understand the binary phase diagram and stable composition of the drug
in appropriate excipient to achieve longer shelf life. The study would be followed by
solubility investigations to evaluate the bioavailability.

e We are planning to investigate more neat pharmaceutical systems of different physical
and chemical properties, glass transition temperature, molecular complexity etc. using
broadband dielectric spectroscopy to understand the physiochemical aspects of glass
transition phenomena in pharmaceuticals using broadband dielectric spectroscopy and
other experimental techniques live DSC, FTIR, XRD etc. We will investigate the
different relaxation processes their properties, correlation with primary or structural

relaxation.
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We can extend the experimental limits of our investigation. The frequency limit of our
investigations is 10?Hz—10MHz. The high frequency limit can be extended to 100
GigaHertz by using impedance and network analyzers, in addition, the broadband
dielectric spectrometer. This can give further information about the structural
relaxation and secondary relaxations. The lower temperature limit is -150 °C. This can
be extended to -190°C by making liquid nitrogen bath based cryosystem. In addition
to these we are planning to explore some of the systems with elevated pressure
experiments. High pressure investigations can give more light to the glass transition
phenomena.

We will devise techniques to apply these results in the future to understand and
resolve issues in the areas of technological applications like designing of amorphous

pharmaceuticals etc.
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ARTICLE INFO ABSTRACT

Nowadays the study of physiochemical stability of amorphous pharmaceuticals is of great interest in the field of
medicinal application due to its enhanced water solubility and bioavailability than its crystalline counterpart.
Molecular relaxations play an important role in understanding the physical stability of amorphous drugs. Hence
herein, we investigated the molecular dynamics of three pharmaceutically important drugs, namely clofoctol,
droperidol and probucol by means of broadband dielectric spectroscopy (BDS) and differential scanning ca-
lorimetry (DSC). The dielectric spectra in the supercooled state were fitted by Havriliak-Negami (HN) function,
while in the glassy state with Cole-Cole equation. The structural relaxation followed non-Arrhenius temperature
dependence and followed time-honored Vogel-Fulcher-Tamman (VFT) equation and the secondary relaxation
followed Arrhenius equation. The Coupling model (CM) prediction was used to find the origin of the secondary
relaxations. Although the three drugs were found to be fragile, clofoctol and droperidol showed recrystallization
tendency. It was amazing that the three samples showed a good correlation between the stretch exponent Bxyw
and the dielectric strength A¢(T,). In addition, the molecular simulation was used to verify the presence of non-

Keywords:

Dielectric spectroscopy

Molecular dynamics

Amorphous pharmaceuticals
Active pharmaceutical ingredients
Bioavailability

Solubility

JG (Johari-Goldstein) secondary relaxation due to side chain rotation.

1. Introduction

Recently, the pharmaceutical industry has been focusing on the
development of amorphous pharmaceutical due to its improved solu-
bility and Dbioavailability than its crystalline counterpart
[6,10,13,18,22,23,25,27,37,42]. However, the physical stability and
shelf life of most of the amorphous drugs are incredibly low. The
foremost important issue is the onset of crystallization during drug
preparation, packaging or storage, which can initiate further growth
and expansion of the crystal nuclei, and the drug gradually transforms
to its thermodynamically favored crystalline state. This transformation
ultimately nullifies all the attained benefits in preparing the active
pharmaceutical ingredient [API] in amorphous form. Therefore, the
understanding of the molecular dynamics and mechanism of crystal-
lization from the amorphous state is inevitable in the development of
amorphous pharmaceuticals for practical applications.

Moreover, the deep insight into the molecular dynamics of phar-
maceuticals opens up a new research area for physicists, chemists, and
material scientists, who are engaging in the research field of liquid-glass
transition. The wide variety in physical and chemical structures of
pharmaceuticals which are visibly different from the ordinary glass-
formers commonly used in the study of glass transition has contributed
greatly to this field [2,3,8,11,14,17,36,41]. Both pharmaceuticals and
ordinary glassformers follow the same traits in supercooled liquid and
glassy phases. Hence, the knowledge gained from thermal and spec-
troscopic investigations of pharmaceuticals will not only benefit the
practical applications of the pharmaceuticals, but also may shed light
into the yet unresolved problems of glass transition phenomenon.

In this work we present, the thermal, spectroscopic and computa-
tional investigations of three hydrogen bonded APIs namely, clofoctol,
droperidol and probucol to serve the dual purposes mentioned above.
The relaxation dynamics of APIs were investigated in supercooled and

Abbreviations: API, Active pharmaceutical ingredient; CM, coupling model; JG, Johari-Goldstein; VFT, Vogel-Fulcher-Tamman; BCS, biopharmaceutical classifi-

cation system
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< glassy states over a broad frequency and temperature ranges at ambient
E 5 5 § pressure. To find the origin of the secondary relaxations, CM predic-
tions were used. It was further verified from the computational in-
vestigations with the help of density functional theory. The pharma-
ceuticals, chosen for study have significantly broader structural
) dispersion than the majority of the drugs investigated so far and thus
=~ 288 we have carried out the anti-correlation study between the width of the
structural loss peak at Ty to the polarity of the drugs [21,34] in the light
of dipole-dipole interaction to the attractive part of the intermolecular
potential. They are instrumental in testing the anti-correlation within
E] the family of molecular pharmaceuticals as part of the totality of mo-
§ %" é lecular glassformers studied by dielectric spectroscopy.
£
% § %"fé 2. Materials and methods
= s E 5
F ke é% 2.1. Materials
CHIEE:R
£ 853

The APIs and its use along with its physical properties [5] are listed
in Table 1. The samples with analytical standard grade were purchased
from Sigma Aldrich and used as received without further purification.

2.2. Methods

2.2.1. Differential scanning calorimetry (DSC)

DSC measurements were done using 821° DSC (Mettler-Toledo,
Switzerland) operating with STAR® software version 9.1. The instru-
ment was calibrated using high purity indium and zinc as standards.
The sample weighing 3-5 mg was sealed into a pin holed aluminum pan
and placed inside the calorimeter. The instrument was purged with dry
nitrogen at the rate of 40 ml/min. The measurement was performed at a
heating rate of 10 K/min. The sample was first heated to few degrees
above the melting point and kept for a while. It was rapidly cooled at a
rate of 20 K/min to ensure the smooth passage of the sample without
any chance of crystallization to deep glassy state. The glassy sample was
further heated at 10 K/min to get the glass transition temperature and
other thermodynamic parameters.

Molecular weight (g/mol)
365.33
379.42
516.84

2.2.2. Broadband dielectric spectroscopy (BDS)

Dielectric measurements were carried out using a broadband di-
electric spectrometer (Novocontrol GmbH, Germany) for a frequency
range of 10 mHz-10 MHz. The sample capacitor was made by keeping
the sample between two stainless steel electrodes of 30 mm effective
diameter and keeping two narrow Teflon spacers of 50 um thickness to
get an empty cell capacitance of approximately 100 pF. The tempera-
ture was controlled with the use of dry nitrogen-flow by the
Novocontrol Quatro cryosystem achieving a temperature stability
better than + 0.1 K. As done for DSC, the pharmaceutical was kept in
the melt state for a while and cooled fast across the melting region to
deep glassy state to ensure complete vitrification. Then, the dielectric
spectra were measured isothermally, after stabilizing the temperature
for about 600s. The real and imaginary parts of the dielectric sus-
ceptibility were further analyzed with non-linear curve fitting routine
of Levenberg Marquadit algorithm using WINFIT software Version 3.2
provided by Novocontrol.

1-{1-[4-(4-fluorophenyl)-4-oxobutyl]-1,2,3,6-tetrahydro-4-pyridyl}-1,3-dihydro-2H-benzimidazol-2-one

4,4’-[(1-methylethylidene) bis(thio)]-bis[2,6bis(1,1-dimethylethyl)]phenol.

2-(2,4-dichlorobenzyl)-4-(tetramethyl-1, 1,3,3-butyl)phenol

3
¥
=2
=}
2
{=4
o
1=
<
S
S
3
8‘ )
5| § 3. Results and discussion
- =}
Ell
% E 3.1. Differential scanning calorimetry
3|8
kS From the DSC measurements, it was observed that all the three API's
s
2 namely clofoctol, droperidol and probucol did not show any crystal-
2‘;‘_ lization tendency during cooling. During subsequent heating from the
g ~ 3 glassy to their respective melting temperatures, as shown in Fig. 1,
@ S = . . .
~E|l&| 3 ) § probucol showed no tendency of crystallization, while clofoctol and
= = . . . . . . .
% B E lS g 2 droperidol showed exothermic events indicating cold crystallization.
S-S Our experimental results are in good agreement with the earlier
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Fig. 1. DSC thermogram of a) probucol, b) droperidol and c¢) clofoctol.

report by Baird et al. (2010) [5]. Thus the thermal data confirms that
probucol belongs to class (III) with high glass forming ability (during
cooling) as well as high glass stability (upon reheating above Tg), while,
clofoctol and droperidol belongs to class (II) according to Baird et al.
(2010) [5]. Glass transition temperature (Tg) of amorphous drugs were
observed as 271K for clofoctol, 307.9K for droperidol and 301.6 K for
probucol. Consequently, the melting point reflected as the onset of
melting endotherm in DSC and the corresponding enthalpy was mea-
sured to be 360.5K (92.4J/g) for clofoctol, 422.4K (57.6J/g) for
droperidol and 399.5K (65.7 J/g) for probucol. Among the three APIs,
probucol is known to have at least two conformational polymorphs.
Both have monoclinic space groups and the packing is determined by
Van der Waals interactions [28]. Form I is thermodynamically stable
and the onset melting point is at 399.15K and for Form II, the onset
melting point is at 389.15 K. The sample exhibited a melting point at
399.59K and thus is Form I.

3.2. Dielectric relaxation

High glass forming ability of the three APIs from DSC measurements
opened up an opportunity for detailed analysis of molecular dynamics
in supercooled and glassy states using broadband dielectric spectro-
scopy. The isothermal complex dielectric response over wide frequency
range £*(f) = £ (f) —ie"(f) was recorded during heating of the amorphous

30

APIs, where, ¢' is the real and ¢” is the imaginary part of dielectric
permittivity. As shown in Fig. 2, the relaxation above Ty is the struc-
tural or a-relaxation which is due to the cooperative reorientation of
the molecules and becomes kinetically frozen while cooling around T,.
The a-relaxation shows the signatures of typical glass forming systems,
where the loss peaks shift towards higher frequencies as the tempera-
ture is increased. Further, the loss peaks show a rise at low frequencies
resulting due to the presence of dc conductivity, whose magnitude in-
creases on increase of temperature in an Arrhenius manner. The dc
conductivity usually arises from the translational diffusion of ionic
impurities in the material.

To get an idea about the temperature dependence of a-relaxation
process for temperatures above T, the dielectric loss spectra of clo-
foctol, droperidol and probucol were shown after subtracting the con-
ductivity. It is worth noting that the loss peaks shows a smooth trend
over the entire range of temperature reported. The decrease in di-
electric strength at the high temperature sideis due to the onset of
crystallization in clofoctol and droperidol. We were unable to get the
dielectric spectra at higher temperatures beyond the onset of crystal-
lization during heating in the case of clofoctol and droperidol. We
overcome this issue, by melting the samples and repeating the mea-
surements during subsequent cooling. We could get the information
about the peak loss frequency to fill the relaxation map up to 107 Hz for
clofoctol, while we had difficulty in measuring the loss peaks for
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Fig. 2. HN fitted curves for the dielectric loss spectra of clofoctol (267.15K-285.15K, AT = 2K and 288.15K-294.15K, AT = 3K, from left to right), droperidol
(303.15K-333.15K, AT = 2K and 336.15K-339.15K, AT = 3K, from left to right) and probucol (297.15K-315.15K, AT = 2K; 318.15K-333.15K, AT = 3K and
337.15K to 353.15K, AT = 4K, from left to right) for temperatures above Tg after subtracting the conductivity.

frequencies higher than 10° Hz for droperidol due to the interference of
crystallization even during cooling. Interestingly, probucol did not
show any tendency of crystallization during heating from the deep
glassy state. DSC measurement also showed the same behavior. Below
T, the a-relaxation process is too slow to be measured in our experi-
mental time scale retaining the secondary or B-process. The loss peaks
of the secondary process (Fig. 3) moves towards lower frequencies on
cooling at a much slower pace vis a vis to the structural relaxation. To
get a clear understanding about the shape parameters, the dielectric
spectra were analyzed using Havriliak-Negami equation [19] given by

Ae

N
e
gn(w)=¢ —ie" = e, + [ B— |
i (@) © Zk (1 + (icoTyne)HNe)Brnk wey

@™

where ¢.. is the permittivity at the high frequency limit, Ae = ;- ¢,
where ¢; is the static, low frequency permittivity, 7 is the characteristic
relaxation time of the medium corresponding to the maximal 10sS fiax,
w is the angular frequency and k denotes the summation over different
relaxation processes. The exponents a and B describe the symmetric
and asymmetric parameters responsible for deviation or broadening of
the dielectric spectra from the classic Debye response. For secondary
relaxations, (3 is taken to be 1 and the Havriliak-Negami equation re-
duces to the Cole-Cole equation.

The temperature dependence of the relaxation processes are de-
picted in Fig. 4. The a-process of the three APIs are very well described
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by the Vogel-Fulcher-Tammanns equation [4,15,16,38,40] given by,

f, = fa’t o(=B/(T—Tp)) (2)
where Ty is the limiting temperature which indicates the divergence of
the relaxation time at infinite viscosity corresponding to the complete
blocking of the structural relaxation, fo* is a constant and B = DT, D is
the strength parameter whose value is related to the degree of deviation
of the 74 (T) curve from the Arrhenius equation [4]. For clofoctol, the
fitted VFT parameters are B = 1596.2, and T, obtained from VFT fit is
264.3 K and the estimated value of Ty is equal to 220.6 K. This value of
Ty is approximately equal to the Kauzmann temperature, Tx [35],
which is the hypothetical temperature at which the molecular motions
cease completely and can be considered as the ideal high-temperature
limit for storage without crystallization of pharmaceutical and is almost
50 degree below the Tj. In the vicinity of this temperature, the primary
relaxation would have the time scale of exceeding years [1]. Below this
temperature, the translational molecular motions are assumed to be
negligible. So it is suggested that the storage of this particular API
below 220.6 K would provide better shelf-life and stability. For dro-
peridol, B = 1651.7, and T, obtained from VFT fit is 300.8 K and the
estimated value of Ty is equal to 250.5K and for probucol, the fitted
parameters are B = 2360.4, T, obtained from VFT fit is 294.7 K and the
estimated value of Ty is equal to 235.8 K. Our observations are com-
parable with the previous reports [26].

The fragility or steepness index, m can be calculated from VFT fit
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and is defined as the slope of the relaxation time curve vs. Ty/T at the
glass transition temperature T, in the Oldekop-Laughlin-Uhlmann-
Angell (OLUA) plot, given by [39].
_ dlog(z)
a(%) ®

If the value of m is < 45 then such system belongs to strong liquids
and if m is > 75 such system belongs to fragile liquids [29]. For clo-
foctol m = 95, for droperidol m = 85 and for probucol m = 87; hence
all are fragile glass formers. We have compared the fragility indices of
some of the drugs already investigated by other using broadband di-
electric spectroscopy and are given in Table 2 and from that it is clear
that most of the pharmaceuticals are fragile glass formers.

As further shown in Fig. 4, in the glassy state of the investigated
pharmaceuticals, the evolution of secondary relaxation processes re-
vealed linear temperature dependence and consequently be well de-
scribed by the Arrhenius equation.

IT =T,

AE,
Y B
b=l exp( RT ) @

where R is the gas constant (R = 8.314Jmol 'K, foﬁ is the pre-
exponential factor related to the lattice vibrational frequency and AEg is
the activation energy to overcome the energy barrier. Both clofoctol
and probucol showed only one resolved secondary relaxation, while
droperidol has two processes in the glassy state. Since the cooperative
relaxations remain frozen below T, the secondary relaxations

I:
10

f(Hz)

Fig. 3. HN fitted curves for the dielectric loss spectra of clofoctol (223.15K-163.15K, AT = 10K from right to left), droperidol (283.15K-133.15K, AT = 10K from
right to left) and probucol (295.15K-293.15K, AT = 2K and 283.15K-183.15K, AT = 10K from right to left) for temperatures below T,.
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originating from small angle rotations of whole or parts of molecules
within their surroundings are still active. From the molecular origin,
they are divided as inter or intra-molecular secondary processes. Intra-
molecular secondary relaxations originating from the motions of a
subset of the entire molecule were traditionally being ignored in the
discussion of glass transition because of their trivial role in the glass
transition phenomena. While, the local motions originating from the
entire molecule were got attracted ever since the classic publications of
Johari and Goldstein (also known as Johari —Goldstein (JG) relaxa-
tions) almost 4 decades ago highlighting their presence even in rigid
glass formers lacking intra-molecular degrees of freedom. On further
detailed studies pointed out that the JG relaxations might be the pre-
cursor of structural relaxation. Since, the motion that can induce in-
termolecular ordering in the glassy state is the JG, they are believed to
be one of the important factors responsible for the recrystallization of
amorphous drugs during storage. Apparently, it is significant to ascer-
tain the nature and origin of the resolved secondary relaxations and to
identify whether JG relaxation is present or not. For that purpose,
coupling model (CM) predictions were used.

According to the CM predictions, the structural relaxation is corre-
lated to its precursor, the JG relaxation through CM equation [32]. The
corresponding correlation function of the model is the Kohlrausch-
Williams-Watts (KWW) stretched exponential function that holds only
fort> >t
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Fig. 4. Arrhenius map of clofoctol, droperidol and probucol. Red circles denote a-relaxation, blue and green circles for secondary relaxations and black circle denotes
the CM prediction for JG B-relaxation. Solid red line represents the VFT fit for a-relaxation and solid blue and green lines represent the Arrhenius fit for secondary
relaxations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Fragility indices of some pharmaceuticals.
Sl.no  Name Fragility =~ Reference
1 Nifecupine 33 Biard et al. J. Pharm. Sci. 2010.
2 Carbamazepine 55.3 K. Kawakami et al. J. Pharm. Sci. 2012.
3 Indomethacin 67 Natalia. T et al. Phar. Res. 2001.
4 Procane 69 Biard et al. J. Pharm. Sci. 2010.
5 Haloperidol 72.8 K. Kawakami et al. J. Pharm. Sci. 2012
6 Ketoconazole 78 Biard et al. J. Pharm. Sci. 2010
7 Acetaminophen 79.5 Deliang Zhou et al. J.Pharm.Sci. 2002.
8 Ibuprofen 93 Bras A. R et al. J. Phy. Chem. B 2008.
9 Ketoprofen 86.57 Sailaja et al. Euro. J. Pharm. Sci. 2013.
10 Fenofibrate 83.4 Deliang Zhou et al. J.Pharm.Sci. 2002.
11 Captopril 84 Sailaja et al. IOSR J. Pharm. 2012.
12 Sildenafil 85 K. Kolodziejczyk et al. Mol. Pharm. 2013.
13 Nimesulid 85 Knapik. J et al. Mol. Pharm. 2016.
14 Droperidol 85 Present study
15 Probucol 87 «“
16 Clofoctol 95 “
17 Sucrose 95.3 Deliang Zhou et al. J.Pharm.Sci. 2002.
18 Tolbutamide 101 K. Kawakami et al. J. Pharm. Sci. 2012.
19 Ritonavir 107.3 Deliang Zhou et al. J.Pharm.Sci. 2002.
20 Celecoxib 110 Grzybowska et al. J. Phy. Chem. B 2010.
21 Flurbiprofen 113 A. C. Rodrigues et al. Mol. Pharm. 2014.
22 Azithromycin 117 K. Adrjanowicz et al, Mol. Pharm. 2012.
23 Clarithromycin 118 “
24 ABT-229 119.4 Deliang Zhou et al. J.Pharm.Sci. 2002.
25 Roxithromycin 121 K. Adrjanowicz et al, Mol. Pharm. 2012.

t 1-n
el {2)"]

where n = (1 - Bxww) is the coupling parameter of the CM and

(5)
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0 < n < 1, and the cross over at t. leads to a relation between 7, and
7o given by
T = [l ®

There are experimental evidences [12,43] that the cross-over from
the primitive relaxation to Kohlrausch relaxation is at t. = 2ps for
molecular systems. The correspondence between the independent
(primitive) relaxation time of the coupling model (CM),zy, and the (JG)
B-relaxation time, zg, was predicted and demonstrated by K.L Ngai [30].
The primitive and the JG relaxation processes are not identical, but they
are closely related and are in good agreement for many molecular and
polymeric glass formers [9,31] and for many APIs also [24].

The dielectric loss spectra of the samples were fitted using Fourier
transform of the KWW function for the temperatures near to the Tg. In
the case of clofoctol, as shown in Fig. 5, in the vicinity of T,, we could
only observe a deviation of loss at higher frequencies from the KWW
fits. It also points that the resolved secondary relaxation (y-) is non JG.

In the case of droperidol, as shown in Fig. 6, the well resolved
secondary relaxation was found which does not shift much with the
temperature. Also the calculated logf, is located three-four orders lower
to the resolved secondary relaxation. Further, there is clear deviation of
the loss spectra around Ty from the fits of a-relaxation process to the
KWW fits indicating that there could be an unresolved slower secondary
relaxation process beneath the intense a-peaks. All these evidence
points out that the resolved secondary relaxation is not the JG relaxa-
tion. In addition to the above, there is another faster relaxation (8-
process) which was resolved at much lower temperatures.

For probucol the n value for all the fitted spectra near to the glass
transition temperature shows nearly invariant n values of 0.43
(Bxww = 0.57) and a representative spectrum at 303.15K is shown in
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Fig. 5. KWW fit of clofoctol for temperatures 269.15K and 273.15 K. The red
line denotes the fitted data and the arrow denotes the position of Primitive
relaxation frequency as predicted by Eq. (6). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 6. KWW fit of droperidol for temperatures 303.15 K and 307.15K. The red
line denotes the fitted data and the arrow denotes the position of the primitive
relaxation frequency as predicted by Eq. (6). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 7. KWW fit of probucol for the temperature 303.15 K. The red line denotes
the fitted data and the arrow denotes the position of primitive relaxation fre-
quency as predicted by Eq. (6). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 7. The value of Bxww provides the deviation from the exponential
behaviour of the relaxation function in time domain. The knowledge of
the distribution function also helps to predict the resistance of the
amorphous state against the crystallization and chemical degradation.

From the figure, the primitive relaxation time is calculated using Eq.
(6) and the value of 7, for the above temperature is 7.1167 x 10 °s
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and the corresponding frequency, fo = (1/2n 79) = 22.36 kHz. It was
found that the value of f, agrees well with the maximum of the sec-
ondary relaxation peak and thus it is JG secondary relaxation from the
CM predictions. Therefore the secondary relaxation observed in this
system was supposed to be intermolecular origin and is related to the
local motion of the whole molecule. The same evidence was also re-
ported by Knapik et at. by doing dielectric experiments at ambient and
elevated pressure experiments [26].

For glass forming substances of all kinds, Ngai and Capaccioli [33]
predicted the ratio Eg/RT, quantitatively from the coupling model and
arrived at the relation,

Eg/RT, = 2.303(2-13. 7n — log,, ) %)

The ratio Eg/RT, depends on the exponent n of a-relaxation and the
pre-factor 7, of the JG B- relaxation and the ratio fall within a broad
neighborhood about 24 for most glass formers. For clofoctol the acti-
vation energy for y-process was obtained as 25.6 kJ/mol and the value
of E,/RTy = 11.6 is too small for JG B-relaxation. This result supports
that the JG B-relaxation is not resolved in the isothermal loss spectra.
For the case of droperidol, the resolved secondary processes are y-
process (41.5kJ/mol) and the 8-process (11.6 kJ/mol). The small va-
lues of the ratios, E,/RTg = 16.6, Es/RT; = 4.64 indicates that none of
the resolved secondary relaxations are JG. Interestingly, the ratio Eg/
RT, for probucol (Eg=67.9 kJ/mol) was obtained as 27.4 from the
experimental data and that calculated from (7) is 26.53 are matching
nicely. This is further verification that the secondary relaxation ob-
tained for probucol is JG P-relaxation.

In addition to the experimental investigations, we have pursued
computational investigations of one of the title molecules, droperidol,
using density functional theory calculation with the help of Gaussian 09
software. Here, we have checked the occurrence of intra-molecular
secondary relaxations by incorporating all possible side-chain rotations
about various dihedral angles. Among them, the rotation of droperidol
shows a correlation with that of experimental results. The rotation
around the oxygen atom labeled 30 of droperidol as shown in Fig. 8 has
comparable barrier opposing energy of 11.14 kJ/mol with an experi-
mental activation energy 11.6 = 0.05kJ/mol for the 8-process. The
calculated value of activation energy may be slightly lower than that of
observed experimental values since we considered only one single
molecule for the simulation. Even though, the obtained results are quite
comparable within a tolerance limit of few kJ/mol [20].

3.3. Test of correlation between i and Ae(T,)

Paluch and co-workers [34] examined the characteristics of struc-
tural a-relaxation in practically all Van der Waals molecular glass-for-
mers reported so far by dielectric spectroscopy. They found that the
width of the dielectric loss peak at the glass transition temperature Ty is
strongly anti-correlated with the polarity of the molecule. The larger
the dielectric relaxation strength Ae(T,) of the system, the narrower is
the a-loss peak. The frequency dispersion of the a-relaxation is ob-
tained by fitting the complex dielectric permittivity data ¢*(f) by the
Fourier transform of the KWW function. Thus, narrower the width of
the a-loss peak, larger is the value of Bxww. They explained this re-
markable property via the correlation between Ae(T,) and Bxww by the
contribution  from the dipole-dipole interaction potential
V4P = — Dr~%to the attractive part of the intermolecular potential,
making the resultant potential more harmonic and the frequency dis-
persion of the a-relaxation narrower. The effect increases rapidly with
the dipole moment p and Ae(Ty) in view of the relation, D« (u*/
kT,) ckag[As(Tg)]z. This trend is supported by molecular dynamics si-
mulations of binary Lennard-Jones particles as model glass-formers [7].
Modifications of the repulsive part and/or the attractive part of the
inter-particle potential resulted in different dynamic properties in-
cluding non-exponentiality of the structural a-relaxation. The width of
the frequency dispersion is a measure of the degrees of non-
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Fig. 9. Bxww Vs Ae(Ty). The inset pictures Byyw Vs kTg[Ae(Tg)]z.

exponentiality and dynamic heterogeneity of the a-relaxation, and in
turn the viscosity and diffusion coefficient. Therefore the correlation
found is not only of fundamental interest but also of practical appli-
cations.

Among the 88 glass-formers considered by Paluch and co-workers,
many are pharmaceuticals and were shown to conform well to the
correlation. These pharmaceuticals are picked out in the original figures
published in Ref. 34 by coloring them green in Fig. 9. Most of the
pharmaceuticals studied by Paluch and coworkers [34] (green symbols)
have larger values of Bxww larger than 0.57. The exceptions are three,
namely azithromycin (Bxww = 0.52), itraconazol (Bxww = 0.52), and
posaconazone (Bxkww = 0.52). The three currently studied pharmaceu-
tical, probucol, droperidol, and clofoctol, have values of Bxww = 0.57,
0.56, and 0.46 respectively. On the lower end of the values of Bxyw of
pharmaceuticals, these three new members afford a meaningful test of
the correlation found by Paluch et al.... The data of Ae(Ty) and
kTg[As(Tg)]2 of the three are plotted against Sxww, and shown by the
circles colored red in Fig. 9 and the inset respectively. The results of the
three (red) support well the correlation.

4. Conclusions

Molecular dynamics in glassy and supercooled phases of three im-
portant pharmaceuticals viz. clofoctol, droperidol and probucol were
investigated in neat form using differential scanning calorimetry (DSC)
and broadband dielectric spectroscopy (BDS). From the DSC
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) -
Rotating dihedral side chain

. Atomic arrangement of the droperidol structure, the rotated group is marked.

measurements all the three samples showed good glass forming ability
and the glass transition temperatures were recorded from the heating
endotherm: clofoctol (271.0K), droperidol (307.9K) and probucol
(301.6 K). Clofoctol and droperidol showed cold crystallization, while
probucol showed smooth behaviour without indications of crystal-
lization throughout its supercooled region till melting. Dielectric mea-
surements show typical behaviour of glass forming systems showing
structural relaxation above Ty and secondary relaxations below Tg
originating from inter and intra-molecular degrees of freedom.
Clofoctol and probucol revealed only single secondary relaxation, while
droperidol showed two secondary relaxations. From the coupling model
predictions, the resolved secondary relaxation in probucol is identified
as JG in its origin and the resolved secondary relaxations in the other
two samples were identified to be intramolecular in origin. The fastest
secondary relaxation in droperidol was further investigated by density
functional theory (DFT) calculations and the activation energy was
found to be matching with the experimental values and the origin was
identified to be from the rotation about the oxygen in the dihedral side
chain. All the three samples showed very good correlation between the
frequency dispersion of the a-relaxation (Bxww) and the dielectric
strength Ae(T,) established in Van der Waals molecular glass formers
explained in terms of dipole-dipole interaction potential to the attrac-
tive part of the intermolecular potential.
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Abstract. Molecular dynamics of phenylbutazone in the supercooled liquid and glassy state is studied using broadband
dielectric spectroscopy for test frequencies 1 kHz, 10 kHz and 100 kHz over a wide temperature range. Above the glass
transition temperature T,, the presence of the structural o- relaxation peak was observed which shifts towards lower
frequencies as the temperature decreases and kinetically freezes at T,. Besides the structural o- relaxation peak, a -
process which arises due to the localized molecular fluctuations is observed at lower temperature.

Keywords: Broadband dielectric spectroscopy, Molecular dynamics.
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INTRODUCTION

In recent years the development of amorphous
pharmaceuticals has become one of the most important
aspects of pharmaceutical research due to the fact that
amorphous pharmaceuticals shows better solubility
and bioavailability than their crystalline form [1]. As
the amorphous state is having higher free energy than
the crystalline state, the amorphous pharmaceuticals
are thermodynamically unstable and quickly return to
their crystalline form [2]. Stability of the amorphous
phase is significantly affected by the molecular
dynamics, intrinsic properties like Glass Forming
Ability (GFA), fragility, viscosity, crystallization rate
and storage temperature etc. According to recent
studies molecular dynamics play a crucial role in
determining the physical and chemical stability of
amorphous pharmaceuticals. It is believed that
initiation of crystallization can be triggered by
intermolecular dynamics involving the [-relaxation
mode. Thus it is very important to understand the
nature and molecular mechanism responsible for the
secondary relaxations observed in the glassy state.

To study the molecular relaxations in amorphous
pharmaceuticals, broadband dielectric spectroscopy
(BDS) proved to be one of the best tools. The unique
advantage of broadband dielectric spectroscopy is its
tremendous ability for monitoring the molecular
mobility over broad frequency range and in a wide
range of temperatures and pressures. Even the
microscopic or molecular level information can be

achieved by this technique.

EXPERIMENTAL

Phenylbutazone (synonyms: 4-Butyl-1,2-
diphenyl-3,5-pyrazolidinedione) was purchased from
Sigma Aldrich and used as received without any
further purification, which is stable against
crystallization during the experiment. Glassy
pharmaceuticals were prepared by quench cooling the
melt. Dielectric measurements were carried out using
Novocontrol Alpha analyzer. Sample cell is made up
of a parallel plate capacitor separated by silicon fiber
spacers of 50 micron diameter with an empty cell
capacitance of approximately 100 pF and the sample
is filled between the plates. The temperature is
controlled using dry nitrogen-flow in the Novocontrol
Quatro cryosystem (-170°C — 125°C). The sample
was heated to few degrees above the melting point
and cooled rapidly to -170°C, the achievable lowest
temperature in this experimental setup. Dielectric
spectra for different frequencies were measured during
heating of the sample from deep glassy state.

Phenylbutazone is a  non-steroidal  anti-
inflammatory drug (NSAID). It is a potent pain
reliever, antipyretic and anti-inflammatory, usually
used in animals.

RESULTS AND DISCUSSIONS

The chemical formula of phenylbutazone is
Ci9H20N,0, with a molecular weight of 308,37g/mol,
melting point ranges between 379K-381K, according
to manufacturer’s specification. Boiling point is 675K.
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Abstract.

Using broadband dielectric spectroscopy the molecular mobility of dibucaine is investigated in the

supercooled liquid and gassy states, over a wide temperature range for some test frequencies. Above the glass transition
temperature T,, the presence of structural a- relaxation peak was observed due to the cooperative motions of the
molecule and upon cooling frozen kinetically to form the glass. The secondary relaxation process was perceivable below
T, due to localized motions. The peak loss frequency of a-relaxation process shows non-Arrhenius behavior and obeys
Vogel-Fulcher-Tammann equation over the measured temperature range whereas the - process shows Arrhenius

behavior.

Keywords: Molecular mobility, Glass transition temperature, Broadband dielectric spectroscopy.

PACS: 77.22.Gm, 64.70.P-

INTRODUCTION

Investigating the molecular dynamics of
amorphous pharmaceutical is very important for
proposing an alternative way to achieve better
solubility and bioavailability via oral route. One of the
unique features of molecular dynamics of glass-
forming systems is the continuous and dramatic
increase of the structural relaxation time from values
of the order of picoseconds in the liquid state to
hundreds of seconds in the vicinity of the glass
transition temperature. Drugs prepared in the
amorphous forms are characterized by better
bioavailability and solubility than their crystalline
counterparts [1]. But the amorphous pharmaceuticals
can quickly revert to their crystalline forms since
supercooled and glassy states are thermodynamically
unstable [2] and hence the stability of the amorphous
phase against the physical and chemical degradation is
a crucial issue to be addressed to determine the
applicability of the amorphous active pharmaceutical
ingredient ~ (API)  for  practical  application.
Crystallization in amorphous materials can be
triggered by the intermolecular relaxation modes [3]
and these relaxations are very important in

determining the shelf life of amorphous
pharmaceuticals.

It is well accepted that broadband dielectric
spectroscopy (BDS) is a useful tool for studying
molecular dynamics in amorphous pharmaceuticals
because of the rotational degrees of freedom enjoyed
by supercooled and glassy materials. The relaxation
properties over a very wide range of frequencies at
different thermodynamic conditions (T, P) can be
monitored using this technique.

EXPERIMENTAL

Dielectric relaxation spectroscopy probes the
interaction of a macroscopic sample with a time
dependent electric field. The resulting polarization is
expressed by the frequency-dependent complex
permittivity which characterizes the relaxation
dynamics of the molecules within the sample.

Dibucaine with purity > 99% was purchased from
Sigma Aldrich, USA and used as received without
further purification. Amorphous dibucaine was
prepared by cooling the melt with very high cooling
rate to avoid crystallization. Dielectric measurements
were carried out using Novocontrol Alpha analyzer.
The sample cell is made up of a parallel plate

Solid State Physics
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Abstract. While developing new pharmaceutical products based on drug substances in their amorphous form, the
molecular mobility of amorphous active ingredients have to be characterized in detail. The molecular mobility in the
supercooled liquid and glassy states of ergocalciferol is studied using broadband dielectric spectroscopy over wide
frequency and temperature ranges. Dielectric studies revealed a number of relaxation process of different molecular

origin.

Keywords: Amorphous pharmaceuticals, Broadband dielectric spectroscopy, Molecular dynamics, Glass transition.

PACS: 77.22.Gm, 64.70.P-

INTRODUCTION

When a liquid is cooled avoiding crystallization,
we get supercooled liquid and on further decrease of
temperature a glassy state can be reached. At glass
transition temperature Ty, molecular motions slow
down to the time scale of the order of few hundreds of
seconds. Below T,, the molecular rearrangement is
extremely slow and the molecules cannot reach their
equilibrium condition. Relaxation dynamic studies
provide detailed information about molecular mobility
above and below T,. Amorphous Pharmaceuticals
have greater solubility and dissolution rate than their
crystalline counterpart [1]. Molecular mobility of the
amorphous state forms a key factor responsible for the
physical and chemical stability of the active
pharmaceutical ingredient (API). Thus, understanding
the nature and molecular mechanism responsible for
the secondary relaxations observed in the glassy state
is very crucial to ascertain the shelf life of these APIs.
One of the best tools available to investigate the
relaxation properties of the amorphous materials is the
broadband dielectric spectroscopy (BDS) since it
provides information about molecular dynamics in
liquid and glassy states over a wide range of
frequency, temperature and even at elevated pressures.

EXPERIMENTAL

Ergocalciferol with purity > 98% was purchased
from Sigma Aldrich, USA and used as received
without further purification. It is stable against

crystallization throughout the experiment. Glassy
ergocalciferol was prepared by cooling the melt by
exposing very high cooling rate to avoid
crystallization. Dielectric measurements were carried
out using Novocontrol Alpha analyzer in the
frequency range of 10 mHz - 10 MHz. The
temperature is controlled using dry nitrogen-flow in
the Novocontrol Quatro cryosystem (-170°C
125°C). The sample was heated to few degrees above
the melting point cooled rapidly to -170°C. Dielectric
spectra were measured isothermally, after stabilizing
the temperature.

RESULTS AND DISCUSSIONS

The chemical formula of ergocalciferol is
(CyH40) with a molecular weight gf 396.Q5g/m01
and melting point ranges between 114 C —118 C. The
chemical structure of ergocalciferol is given below.
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Abstract

During the development of new pharmaceutical products in amorphous form, the molecular mobility of amorphous active
ingredients has to be characterized in detail. Here, using broadband dielectric spectroscopy, the molecular mobility in
supercooled liquid and glassy states of two pharmaceuticals namely atropine and tolnaftate have been studied. The dielectric
permittivity and loss spectra of glassy and ultraviscous states of the above two pharmaceuticals have been measured for
some test frequencies over a wide temperature range. Above the glass transition temperature T, the presence of the
structural a- relaxation peak was observed which shifts towards lower frequencies as the temperature decreases and
kinetically freezes at T, The secondary relaxations perceivable below the glass transition temperature is due to
intramolecular modes and are usually designated as f, y and o etc. are clearly observed in the €” spectra of atropine, while
in tolnaftate no secondary relaxation processes is observed in the loss spectra, but an excess contribution to the high-
[frequency tail of the a-peak, called excess wing is observed. The a- process shows non-Arrhenius behavior for both the
samples. The dielectric relaxation time increases on cooling according to the Vogel-Fulcher-Tammann equation. The
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secondary relaxation process shows Arrhenius behavior.

Keywords: Amorphous pharmaceuticals, Broadband dielectric spectroscopy, Molecular dynamics.

Introduction

In the pharmaceutical industry, the characterization of drugs is
very important. Several multitude analytical techniques are used
for this purpose. The pharmaceutical industry is aiming to
achieve drug preservation and administration via amorphous
form because amorphous pharmaceuticals have the superiority
in preservation, drug delivery, bioavailability and other
advantages. Most of the water insoluble active pharmaceutical
ingredients (APIs) exhibit low bioavailability. Thus in order to
induce pharmaceutical effects, the dose of the used drug has to
be increased which in turn results in the increase of the side
effects of the pharmaceuticals. This can be avoided by the
preparation of the pharmaceuticals in its amorphous form.
Amorphous API has better solubility properties with body fluids
and has higher bioavailability comparing to its crystalline
counterpart. In many cases, the drug absorption time is four to
five times faster than the crystalline form. Increasing the
bioavailability of  pharmaceutical compounds by
solubility/dissolution enhancement is extremely important to the
pharmaceutical industry. Bioavailability improvements that can
be attained by using an amorphous form of a drug present a
more significant challenge in pharmaceutical industry'. But the
amorphous systems are not thermodynamically stable and they
can revert to their crystalline form.

One of the major issues to be avoided during the preservation of
amorphous pharmaceuticals is the crystallization of the samples.
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Crystallization can be triggered by the intermolecular dynamics
involving the B-relaxation mode’. Intermolecular secondary
relaxations also play an important role in deciding their shelf-
life. Molecular mobility of the amorphous state appears as a key
factor responsible for the physical and chemical stability of the
amorphous API. Hence it’s crucial to understand the nature and
molecular mechanism responsible for the secondary relaxations
observed in the glassy state. One of the best tools to investigate
the relaxation properties of the amorphous materials is
broadband dielectric spectroscopy (BDS). Application of this
technique enables us to monitor the molecular dynamics of
examined systems over a very wide range of frequencies at
different thermodynamic conditions (P, T). Thus critical study
of broadband dielectric spectroscopy and other phase
information will give insight to the basic physics and give way
to device better technology for these issues. In this work broad
band dielectric data have been obtained for 2 well-known drugs.

Materials and Methods

Atropine (synonym: (RS)-(8-methyl-8-azabicyclo[3.2.1]oct-3-
yl)3-hydroxy-2-phenylpropanoate) with purity > 99% and
tolnaftate (synonym: Methyl-(3-methylphenyl) carbamothioic
acid O-2-naphthyl ester) were purchased from Sigma Aldrich
and used without any further purification. Atropine occurs as
white crystals or crystalline powder and is also known as
Hyoscyamine. Tolnaftate is a white to creamy white crystalline
odorless powder.



