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Abstract

In recent years, there is a growing interest in improving the physicochemical stability of
amorphous pharmaceutical solids due to their very promising applications to manufacture
medicines characterized by a better water solubility, and consequently by a higher dissolution
rate than those of their crystalline counterparts. In this review article, we show that the
molecular mobility investigated both in the supercooled liquid and glassy states is the crucial
factor required to understand molecular mechanisms that govern the physical stability of
amorphous drugs. We demonstrate that pharmaceuticals can be thoroughly examined by means
of the broadband dielectric spectroscopy, which is a very useful experimental technique to
explore different relaxation processes and crystallization kinetics as well. Such studies
conducted in the wide temperature and pressure ranges provide data needed in searching
correlations between properties of molecular dynamics and crystallization process, which are

aimed at developing effective and efficient methods for stabilizing amorphous drugs.
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1. Introduction

Nowadays, many active pharmaceutical ingredients (APIs) are prepared in the crystalline
form due to their several advantages. First of all, crystalline pharmaceuticals are
thermodynamically stable, and consequently, their physicochemical properties do not change
even during a long-term storage. Moreover, it is relatively easy to develop repeatable ways of
synthesis and analysis of crystalline APIs. Unfortunately, many crystalline drugs are poorly
water soluble. This is an extremely disadvantageous feature of crystalline forms of APIs
because solubility is one of the most important physicochemical properties in pharmaceutical
products design. The scale of this problem is huge, because more than 75% of drug candidates
and 40% of the marketed drugs are poorly soluble in water [1,2], and consequently their
bioavailability is strongly limited. A promising way to overcome the drawback is to transform
crystalline pharmaceuticals characterized by a long-range translational order to their
structurally disordered non-crystalline counterparts (amorphous solids), which may exhibit
only a short-range order. The amorphous pharmaceutical solids due to their higher internal
energy are often characterized by a better bioavailability than their crystalline counterparts. It
is established that solubility and dissolution rate in water are orders of magnitude greater than
their crystalline counterparts [3,4,5,6,7,8,9,10]. Unfortunately, the amorphous APIs are
thermodynamically unstable systems and may even quickly return to their thermodynamically
stable crystalline forms [11,12,13,14], which can happen during manufacturing, storage, or
dissolution (administration).

To gain a better insight into the physical instability of amorphous drugs, the study of the
glass transition (from liquid to glass or vice versa) are of special importance. The liquid-glass
transition can occur upon isobaric cooling (or under isothermal compression) of a liquid when
the time scale of molecular motions responsible for structural rearrangements becomes longer
than the time scale of the experiment. As a result, the structural relaxation toward equilibrium
is arrested below the glass transition temperature Ty (or above the glass transition pressure Pg)
and the system is in the glassy state. [15]. This transformation can only be observed if
nucleation is suppressed, for example, by sufficiently rapid cooling of a liquid [16].
Investigations of physical phenomena near the glass transition give us valuable information

on two states in which the drugs are unstable and can recrystallize, i.e., (i) the glassy state — a
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thermodynamically non-equilibrium amorphous solid state and (ii) the supercooled liquid — a
thermodynamically metastable liquid state in the temperature range between T, and the
melting temperature Tn. [16,17] It should be noted that the glass transition and related
phenomena are still intensively studied despite more than the half century research in this
field. Even the complex nature of the glass transition is continuously under discussion,
because the phenomenon falls outside the thermodynamic definitions of the first-order or the
second-order phase transitions due to its kinetic character that for instance reflects in the
dependence of the glass transition temperature T4 on the experiment (cooling or heating) rate.
Nevertheless, a progress of physical, chemical, and material sciences made in this research
area [16,17,18,19,20] enabled to develop pharmaceutical studies focused on amorphous APIs.
Especially, a lot of effort has been put into better understanding the key factors that govern
the recrystallization process in both the supercooled liquid and glassy states as well as finding
efficient methods for stabilization of the amorphous forms of drugs.

In order to determine the amorphous solid stability, some thermodynamic properties, e.g.,
the configurational entropy (Sconf), the configurational enthalpy (Hcons), and the configurational
Gibbs free energy (Geon), have been thoroughly analyzed [21,22,23,24]. Among the
configurational quantities (considered respectively as the entropic barrier, the enthalpic
driving force, and the overall thermodynamic driving force for crystallization), Scons has been
found to be useful for predicting the physical stability of amorphous drugs and some
correlations have been established between Scont (Or Heonf) and the tendency of amorphous
materials to recrystallization [25,22,26,21]. Nevertheless, it has been realized that the
investigations of only the thermodynamic factors are insufficient to completely solve the
problems related to the physical stability of amorphous APIs, because the macroscopic
thermodynamic quantities do not give us a needed insight into molecular mechanisms that
govern the recrystallization process. Therefore, probably the most relevant factor, which
should be studied to reliably predict the tendency of amorphous drugs to recrystallization, and
consequently, to considerably contribute to the development of the effective and efficient
methods for stabilization of the amorphous APIs, is their molecular mobility
[27,28,29,30,31,11]. The search for proper correlations between the molecular mobility of
amorphous solids and their physical stability is highly complicated, because pharmaceutical
materials are often characterized by complex molecular structures of different configurational
topology and a variety of intra- and intermolecular interactions, including specific interactions
such as hydrogen bonds of different strength and electrostatic forces. As a result, the glass-

forming pharmaceutical materials usually exhibit complex molecular mobility reflected in
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several relaxation processes of different nature, which can be distinguished by their properties
including their dependence on temperature and pressure. In this context, an important and
fervently debated issue is an unambiguous answer to the question: Which kind of molecular
mobility of different time scales, reflected in the structural (global) relaxation associated with
the glass transition or different secondary (local) relaxations, can be responsible for the
recrystallization of amorphous drugs?

To study the molecular mobility in both the supercooled liquid and glassy states (in which
the time scales of different relaxation processes span an enormously wide range of more than
10 orders of magnitude [32], the most useful experimental methods are those which enable to
explore the complex molecular motions with high resolution in the wide range of their time
scales and under different thermodynamic conditions. Although there are several
measurement techniques that can be exploited to investigate molecular dynamics (such as
nuclear magnetic resonance (NMR), temperature modulated differential scanning calorimetry
(TMDSC), thermally stimulated depolarization current (TSDC), quasielastic neutron
scattering (QENS), positron annihilation lifetime spectroscopy (PALS), light scattering, and
mechanical spectroscopy), the broadband dielectric spectroscopy (BDS) gives us the best
possibility to determine time scales of molecular motions of pharmaceuticals in the glassy and
liquid states. BDS measurements can be carried out in the wide range of temperatures and
pressures over a broad frequency band up to 18 decades (ca. from mHz to THz), which enable
to distinguish the global and local molecular motions characterized by their time scales that
can change up to 18 orders of magnitude. In addition, the BDS techniques can be easily
implemented, because the high quality BDS spectrometers readily available on the market are
easy to operate and provide high accuracy experimental data at low costs of measurements
(e.g., deuteration of samples is not necessary in contrast to NMR). In recent years, a
considerable progress has been made in studies at elevated pressure by means of
BDS.[19,18,33,34,35,36,37] It resulted in gaining a better insight into the molecular origin of
dielectric relaxation processes near the glass transition as well as the compression effect on
the physical stability of amorphous APIs, which is significant for instance during the tableting
process [38,12,39,40,41].

In this review article, we present recent advances in understanding the tendency of
amorphous APIs to recrystallization, which have been made with the aim of enhancing the
physical stability of amorphous drugs by studying different kinds of molecular mobility in
both the supercooled liquid and glassy states at ambient and elevated pressure by means of the

BDS techniques.



2. Idea of the Broadband Dielectric Spectroscopy (BDS) and Relaxation Processes

The dielectric spectroscopy is based on the interactions of the electric dipole moment and
charges of a material sample with an external electric field applied to the sample. This
experimental method enables to measure the response of the examined material (polar
dielectrics) to the applied alternating electric field E(®) in the wide frequency range f= w/2n
ca. from 10 to 10" Hz (which can be extended to about 10** Hz by employing THz
measurement techniques). As a result, in the frequency domain, one can explore the following

phenomena occurring in the sample [42]:

o dielectric dispersion &'(w) and absorption &"(w) caused by dipoles relaxation
(resulting from reorientational motions of molecular dipoles), which are
represented by the complex dielectric permittivity & (@)= &'(0)—i&"(@);

e electrical conduction originating from the translational motions of electric charges

(ions, electrons), which can be described by (i) the complex conductivity,

o (w)=0c'(w)+ic"(w), related to the complex permittivity by the equation,

o (0)=iweye"(0), where g is the vacuum permittivity or (ii) the complex

electrical modulus, M"(w)=M'(w)+iM"(w), related to the complex dielectric
permittivity as follows M " (@)=1/&"(w).

In the dielectric experiment, the investigated material is placed in a measurement capacitor

(see Fig.1), to which an alternating voltage U™ () is applied by a generator (typically a sine

wave voltage). As a result, the alternating electric field E(w) is generated between the

capacitor plates, which is the external field acting on the sample. Then, the impedance

analyzer determines the complex impedance of the sample, Z_ (w) =U_ /1_, by measuring the

complex voltage U (a)) between the plates of the sample capacitor as well as the current

15 () [43].
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Fig. 1 Diagram of the typical impedance analyzer, which illustrates the principle of the dielectric measurements

in the frequency domain.

The basic quantity measured by broadband dielectric spectrometers (equipped with the

impedance analyzer) is the complex electrical impedance Z*(a)), which allows to derive the

other complex quantities such as &'(@),o"(w), and M~ (). The BDS apparatuses can

usually provide the measurement data in each mentioned complex representation. For

instance, the complex dielectric permittivity £ (w) of the sample can be found from the ratio

of the complex capacitance of the capacitor filled with the investigated material C_ (a)) and
the capacitance of the empty capacitor Cy i.e., & (w)=C.(w)/C,, where C () is related to
the sample impedance as follows, C.(w)=-i/wZ.(w). Therefore, the dielectric function
¢ (w) of the material can be established from the sample impedance Z. (a)) measurements in
the following way, & (0)=¢&'(w)-ig"(w)=—i/wZ.Cy=—ilawC,(U./1]), where the
capacitance of the empty capacitor Co depends on its geometry (e.g., C, =¢&,S/d for a

parallel capacitor, where d is the distance between the capacitor plates and S is the area of one
plate).

If the molecular mobility of a material need to be investigated in the extremely wide
frequency range (10° — 10*%) Hz, which corresponds the relaxation time range (10* — 10™%) s,
a few experimental dielectric techniques have to be employed. The frequency-response
analysis, AC-bridge methods, coaxial-line reflectometry, network analysis (coaxial-line
transmition) enable to conduct the dielectric study in the frequency domains shown in Fig. 2.
The measurement techniques are described in details in Refs. [42,43,44]. In the last decade,
the frequency range typically scanned by the different BDS techniques has been extended to
THz frequencies (10** — 10*) Hz. One of milestones in the THz technology is the THz time
domain spectroscopy (THz-TDS) [45]. By means of this technique, the absorption coefficient



and the refractive index of materials are directly measured, which are subsequently used to

determine the dispersion &'() and the absorption &"(w) [46].
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Fig. 2 Dielectric measurement techniques typically exploited in the frequency range from 10 to 10™ Hz
(extended to the THz frequency domain). The broadband dielectric spectroscopy frequency range reaches the

low frequency limit of the optical spectroscopy.

Nowadays, using commercial spectrometers, the accurate dielectric measurements of
various liquid and solid materials can be performed not only over the broad frequency bands
but also in the wide temperature and pressure ranges. It makes the dielectric spectroscopy
useful in many fields of science and technology, including pharmaceutics [42] to study (i) the
molecular dynamics of liquids, liquid crystals, glasses, disordered crystals, (ii) charge
transport in ionic liquids, semiconductors, organic crystals, ceramics, etc., (iii) structural
material properties like phase compositions. The BDS can be also applied to monitor
chemical reactions (e.g., polymerization, tautomerization of drugs, mutarotation of sugars)
and phase transitions (e.g., crystallization, vitrification, evaporation). In case of
pharmaceutical applications, the BDS is undoubtedly a powerful method to investigate
different kinds of molecular mobility of drugs in various thermodynamic conditions (in both
the supecooled liquid and glassy states) in search of the correlations between the complex

molecular mobility and the physical instability of the amorphous solid forms of the drugs.

Dielectric relaxation processes and related molecular motions
Depending on molecular structure of examined systems as well as thermodynamic

conditions (temperature T and pressure P), different relaxation processes can be observed in



the dielectric spectra of investigated materials. A common feature of the glass forming liquids
is a global relaxation process (called structural a-relaxation), which can be measured in the
liquid state (at T>Tg). In case of low molecular weight materials, the o-relaxation reflects
reorientations of entire molecules, which are considered to have a cooperative nature, i.e.,
each molecule requires some reorientations of surrounding molecules for its reorientation. For
polymers, the structural o-relaxation is also called segmental relaxation, because it is related
to some segmental motions in polymer chains, which result in conformational changes of the
macromolecules. The structural a-relaxation reveals usually as a broad and asymmetric peak

in the dielectric loss spectra &"(w), the magnitude of which is significantly larger than that for

other relaxation processes (see Fig. 3). The characteristic time scale of any relaxation process
(including a-relaxation) is its relaxation time t, which can be determined from dielectric
spectra using the equation, 1=1/2nfyax, Where fnax IS the frequency at which the maximal
dielectric loss of the relaxation process is observed (i.e., at the maximum of the loss peak of
the relaxation process). Upon decreasing temperature or increasing pressure, the structural
relaxation peaks shift towards lower frequencies (i.e., longer time scales). It indicates that
molecular motions reflected in the a-relaxation become slower (i.e., their time scale t,
becomes longer). The structural relaxation time t, rapidly increases (over several orders of
magnitude in a narrow range of temperatures or pressures) when a liquid is approaching its
glass transition upon isobaric cooling or isothermal squeezing of the liquid. This behavior is
regarded as one of the main characteristics of the liquid-glass transition. A liquid achieves the
glassy state at some characteristic time scale tg, which is often arbitrarily assumed to
correspond the structural relaxation time t,=100s. At sufficiently low temperatures (below
the glass transition temperature Tg) or high pressures (above the glass transition pressure Py),
the structure of liquid becomes “frozen” and the system reaches the glassy state. Since the
molecular mobility reflected in the structural relaxation is very slow in the glassy state, the
experimental detection of a-relaxation in glassy materials requires extremely time-consuming
measurements and only some predictions of the a-relaxation times are performed. Therefore,
in the glassy state, usually only secondary relaxations resulting from some local molecular
motions, which are characterized by time scales considerably shorter than that of a-relaxation,
are experimentally measured by means of BDS.

The local motions of different nature are reflected in different secondary relaxations
(denoted by B, v, 6, etc.), which in general have either inter- or intermolecular origin. Among
them, the fast local reorientations of entire molecules reflected in the so called Johari -



Goldstein (JG) process are of particular interest. Independently of the heterogeneous [47,48]
and homogeneous [49] pictures, which are still discussed for molecular mechanisms of the JG
process, this intermolecular secondary [-relaxation is regarded as a precursor of the
molecular mobility of the cooperative a-relaxation. It means that such small-angle
reorientations of entire molecules are to lead to the global a-relaxation. The JG secondary
relaxation is postulated to be a universal feature of all glass formers, although a well-resolved
B-relaxation dielectric loss peak cannot be observed for some materials, for which only an
additional flank (so called “excess wing”) is present on the high frequency side of the a-
relaxation peak. As a result of the fervent debate, the excess wing has been suggested by
Johari and Pathmanathan®® as a high-frequency flank of the p-relaxation peak hidden
underneath the dominating structural a-relaxation peak. This very likely interpretation has
been later confirmed by performing high pressure BDS measurements [51]. During isothermal
compression, the excess wing becomes more and more prominent, and then a well separated
B-relaxation peak can be distinguished in dielectric spectra at sufficiently high pressure. On
the other hand, an isobaric increase in temperature leads to a growth of the coupling between
a- and B-relaxations, and consequently to a merging of the processes well above Tg, which
occurs at a time scale (tp=t,) usually less than 10°%s.

In dielectric spectra of many glass formers, besides the structural a-relaxation and the
intermolecular JG B-relaxation, other faster secondary processes can be observed, which are
denoted by v, 3, etc. according to their decreasing time scales (i.e., relaxation times 13 > t, > 15
etc.). The local motions reflected in the secondary (y, 6, etc.) processes usually have an
intramolecular character (e.g., reorientations of some parts of molecules) and are classified as
non-JG relaxations. A more detailed classification of secondary relaxations, which
additionally involves pseudo-JG processes is given in Ref.[52]. The intramolecular origin of
non-JG secondary relaxations can be well verified in high pressure experiments, because the
non-JG processes are practically pressure independent in contrast to the intermolecular
secondary JG relaxation. A useful tool to identify the JG- and non-JG secondary processes
constitutes the extended coupling model formulated by K.L. Ngai [52], which is presented in
Section 3.2.

The briefly discussed structural and secondary relaxations do not exhaust all processes that
reveal in dielectric spectra. For polymers, the so called “normal mode”, which originates from
the sum of the segmental dipole moments parallel to the polymer chain backbone [53], is
often observed in the frequency range lower than that typical for o-relaxation. For some

materials (e.g. monoalcohols), also at low frequencies, a Debye peak can appear, which is
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suggested to reflect a formation of chain-like structures. Moreover, in the low frequency limit,
a DC conduction, which originates from the translational motions of electric charges (ions),
contributes to each dielectric absorption spectra £”(w). In the THz frequency range, a few
processes have been identified, including some fast processes related to librational-vibrational
motions and the so called “boson peak”, the molecular origin of which is still not fully
understood.

The entire dielectric spectra (both the dispersion &'(w) and the absorption &"())

measured in the broad frequency range are most often analyzed as a superposition of the
individual relaxation processes (i.e., each of them is described by the separate Havriliak-
Negami (HN) function [54, 55]) and the DC conduction term:

g*(a)):g'(a))—ig"(w):—i(Z:;jN te, +§k: [1+(icfkk)1“k P 1)

where opc is the DC conductivity, N most frequently equals 1, k numbers dielectric processes

identified in a dielectric spectrum. The fitting parameter z, of Eq. (1) is commonly considered
as the relaxation time of k-process, although = slightly differ from that determined at the
frequency fmax at which the maximum dielectric loss of the k-process occurs [42]. In general,
asymmetric loss peaks (usually observed for a-relaxation) can be fitted to the HN function.

Nevertheless, the fitting parameters ax and g« of Eq. (1) range as follows 0<¢, <1 and
0< B, <1, giving the possibility to describe also symmetric peaks by the simple Debye
function (for f=1 and ox=0) and the Cole-Cole (for p=1 and 0 < ¢, <1) function [56] that is

useful in fitting broad symmetric peaks often detected for secondary dielectric processes.

The thermodynamic evolution of the time scales zx of the relaxation processes can be
described by various models. The experimental temperature dependences of structural
relaxation times in the supercooled liquid state, 7,(T), are most commonly parametrized by an
empirical Vogel-Fulcher-Tamman (VFT) equation [57,58,59,60]

DT
razroexp(_l__fl’_ J, 2)
0

where 75, To, and D are fitting parameters. The VFT equation finds a justification in the
Adam-Gibbs (AG) theory [61] which has become a reference very often invoked in studies
devoted to the understanding of mechanisms that govern the vitrification of supercooled
liquids. An extended VFT equation (discussed in Section 3.1.2.1) based on the extended
Adam-Gibbs model is used to predict the dependence t,(T) in the glassy state.

10



The experimental temperature dependences of secondary relaxation times (tp, Ty, €tC.) in

the glassy state are commonly fitted to the Arrhenius equation:

r(T) =z, exp{%] , ©)

where 7, is the pre-exponential factor, AE is the energy barrier for examined secondary
process, and kg is the Boltzmann constant. In the liquid state, the determination of secondary
relaxation times from dielectric spectra is usually very difficult due to a strong coupling of the
structural and secondary processes, and the experimental dependences t(T) obtained for
secondary relaxations can meet different scenarios, i.e., they can obey the Arrhenius law but
often with the values of its parameters, which are different from those valid for the glassy

state, or deviate from the Arrhenius equation at all [62].
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Fig.3 Illustration of dielectric spectra obtained in the broad frequency range after subtraction of the DC
conduction contribution and the corresponding relaxation map (inset)

3. Dielectric relaxations in the liquid and glassy states of drugs as physical factors which
can govern crystallization

Despite a lot of effort put into studying the effect of the molecular mobility on the physical
instability of amorphous drugs, a final adjudication which kind of molecular motions
(reflected in structural, secondary or other processes) is responsible for the recrystallization of
amorphous APIs still remains an important challenge issued to pharmaceutical sciences.

Nevertheless, a progress recently made in this field allows us to believe that we will be able to
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enhance the physical stability of amorphous drugs by changing their molecular mobility if we
find and understand the molecular mechanisms that govern the recrystallization of amorphous
materials. In this Section, we discuss the results that show how the molecular mobility
reflected in the structural and secondary relaxation processes as well as the molecular
dynamics investigated at THz frequencies can affect the physical instability of amorphous

pharmaceuticals and be useful in predicting their tendency to recrystallization.

3.1 Global (structural) a-relaxation

The structural relaxation process, which is responsible for the liquid-glass transition and
reflects cooperative and correlated motions of many molecules together, has been also
suspected to exert an effect on the recrystallization from the supercooled liquid and glassy
states. For instance, some investigations carried out for indomethacin [63,64], celecoxib
[11,65], ezetimibe [66], griseofulvin [67], intraconazole,[68] trehalose [69] have suggested
that the recrystallization of drugs in the glassy state can be caused by the molecular motions
reflected in the structural a-relaxation. Many attempts have been made to correlate some
properties of a-relaxation in the supercooled liquid state (such as the fragility parameter, the
stretching parameter of nonexponential spectral broadening, and the time and length scales of
the structural a-relaxation) with the tendency of drugs to recrystallization from both the
supercooled liquid and glassy states as well as with the ability of supercooled liquids to glass

formation.

3.1.1 Is there a correlation between the a-relaxation factors determined in the liquid
state and the physical stability of disordered solids?

Fragility

The fragility parameter m propagated by Angell [70,71] to characterize the sensitivity of
molecular dynamics of supercooled liquids to changes in temperature near the glass transition
has a few definitions, among which the kinetic definition [72] given below is most commonly

acknowledged and reflects the mentioned physical meaning of the parameter in the best way

dlog,,7,
d(Tg IT) .

m

(4)
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It is worth noting that this definition is valid in both isobaric and isochoric conditions [73,74],
but the former conditions are usually relevant to pharmaceutical applications, because
different measurements are typically carried out at a constant pressure (e.g. at ambient
pressure). For isothermal conditions, in which high pressure experiments are often performed,
one can define the isothermal fragility parameter [73,74,75] by replacing the temperatures T
and Ty respectively with the volumes V and V, (where the latter is the glass transition
volume) in Eq. (4). Recently, some general rules prospected for the fragility parameters
defined in different thermodynamic conditions have been formulated [76] and the relative
contribution of temperature and density fluctuations to molecular dynamics (possible to
evaluate from the ratio of the isochoric and isobaric fragilities [19,18]) have been postulated
to play a potential role in the physical instability of amorphous drugs, [41].

In terms of the isobaric fragility parameter, glass-forming liquids can be classified as
“strong”, “moderately fragile”, and “fragile” materials, usually using the following ranges of
the value of m: m<30, 30<m<100, and m>100, respectively. The value of the parameter m can
be regarded as a measure of the sensitivity of molecular mobility to changes in temperature
near Tq. The molecular mobility of “fragile” liquids upon approaching the glass transition

varies rapidly in contrast to that of “strong” materials. The fragility parameter m is closely

related to the activation energy for a-relaxation E, at Ty, E,(T;)=mRT, In(10), where the

isobaric activation energy is defined [77] as E,(T)=RdInz,/d(1/T) at a constant pressure
and R is the gas constant. It means that fragile liquids are characterized by a higher ratio

E.(T,)/T, in comparison with strong materials. The steepness index m also reflects a degree

of the deviation of the dependence 1,(T) from the Arrhenius law (Eq. (3)), which is more
pronounced for large values of m. The fragility has been often regarded as a key factor which
can correlate with the glass-forming ability and the physical stability of the amorphous
systems, which are both considered to be higher for strong materials [31,78,11,27,24,79,80].
The additional rationale for the special role of the fragility parameter has been provided by
Tanaka [81] in his two-order-parameter (TOP) model, which has been successfully
demonstrated in simulations [82]. According to this model, a liquid does not crystallize near
the glass transition due to some frustrations caused by a locally favored short-range ordering,
although the liquid tends to order into an equilibrium crystal characterized by a long-range
ordering. The frustrations act as impurities preventing the crystallization, leading to an

increase in the free-energy barrier for nucleation. Consequently, they facilitate the vitrification
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process. The frustrations of fragile systems against crystallization are weaker than those of
strong materials. Therefore, fragile systems should have a weaker glass-forming ability and

easier crystallize than strong glass formers (see Fig 4(a)).
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Fig. 4 (a) lllustration of the Tanaka concept of frustration against crystallization. The fragile system potentially
easier crystallizes because its frustration against crystallization is weaker than that in a strong material. (b)
Illustration of the typical decreasing pressure dependence of the isobaric fragility m and the non-monotonic
pressure effect on m observed for associated liquids. Both the scenarios potentially reflect differences in the

physical stability of systems under compression depending on their ability to forming H bonds.

It is worth noting that the potential correlation of the fragility with the glass-forming
ability and the physical stability could be exploited to predict the tendency to recrystallization
of amorphous drugs under high pressure (e.g. applied during the tableting process). This is an
attractive idea in the context of the recent reports that even a small compression causes the
recrystallization of some amorphous drugs such as celecoxib and its solid dispersions [83],
ezetimibe,[66], etoricoxib [84], and indomethacin [38]. Previous high pressure BDS studies
and some theoretical investigations have shown that the isobaric fragility monotonically
decreases with increasing pressure for most material groups (including van der Waals liquids,
polymers, and ionic liquids) [73,76,18,19]. It could suggest that the elevated pressure should
inhibit the recrystallization of the materials (see Fig 4(b)). An opposite pattern of behavior has
been observed only for associated liquids, for which the isobaric fragility usually increases
during their compression to some value of pressure and then begin to decrease [85]. This
untypical nonmonotonic behavior can be explained by competing effects of densification and
increasing temperature on the hydrogen bonding during compression (considered at z,=const,
e.g. along the glass transition line assumed at z,(T,P)=100s). An increase in pressure causes a

decrease in intermolecular distances, which initially promotes the hydrogen bonding,
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however, a continuous increase in temperature associated with the isochronal compression
breaks the hydrogen bonds. Nevertheless, the latter effect begins to dominate starting from
some sufficiently high value of pressure (the order of 1GPa for oligomers of propylene
glycol) and is most probably irrelevant to the drug manufacturing, because the tableting
process is carried out at considerably smaller pressures than 1 GPa. The patterns of the
pressure behavior of isobaric fragility m observed at relatively low elevated pressures could
be helpful in assessing the potential risk of recrystallization of amorphous drugs upon the
tableting process. Since molecules of many APIs and pharmaceutical excipients strongly
interact by hydrogen bonds, the initial increase in the isobaric fragility is expected for these
materials under compression. It would suggest that the tableting process could facilitate the
recrystallization of the amorphous pharmaceutical solids that are characterized by hydrogen
bonds. To test this potentially useful hypothesis, further high pressure studies of
pharmaceuticals are required, which have been recently only initiated (see Section 5).

Many attempts have been made to experimentally verify the predicted relationships of the
liquid fragility m determined at ambient pressure with the glass-forming ability and the
physical stability of amorphous materials, including pharmaceuticals [86,87]. Results of the
investigations are not unambiguous, and especially the suggested correlation between m and
the tendency of amorphous drugs to crystallization is questionable [88,87,25]. Although
pharmaceuticals mainly belong to fragile and moderately fragile materials, their physical
stability can be extremely different. For instance, the isobaric fragilities (established from
BDS measurements at ambient pressure) are equal to 98 for etoricoxib and 97 for celecoxib,
but amorphous forms of the materials prepared by quench-cooling have different
crystallization behaviors (etoricoxib is resistant against the recrystallization at ambient
pressure, while celecoxib very easily recrystallizes) [84]. Etoricoxib may exist as a
dynamic mixture of two different tautomers, which prevent the API crystallization, while
molecules of celecoxib form homodimers by hydrogen bonding, which facilitate a formation
of crystal nuclei. These different physicochemical properties are not distinguished by the
values of m, but determine the tendency of etoricoxib and celecoxib to crystallization. In
general, there can be several reasons for the problems observed with the correlation between
m and the physical stability in case of many different APIs: [23] (i) The single parameter (m
calculated for a given material at T, at ambient pressure) can be insufficient to exhaustively
reflect a lot of interplaying properties of APIs such as specific interactions (hydrogen bonding
or ionic interactions), various molecular structures, flexibility and conformational changes of

molecules, formation of special intermolecular structures like dimers, and chemical reactions
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like tautomerization, which can occur near the glass transition as well as in thermodynamic
conditions at which amorphous drugs are stored or manufactured. (ii) Based on the classical
theory of crystallization [89], the overall crystallization is consisted of the processes of
nucleation and crystal growth, which involve both thermodynamic and kinetic contributions
that vary with changing thermodynamic conditions (T and P) (see Section 5). Moreover,
applied amorphization methods, storage or manufacturing humidity as well as impurities,
defects, and mechanical tensions in examined samples can influence the tendency to
crystallization. Thus, the single fragility parameter may be unable to predict the possible
variety of crystallization events. (iii) In addition, a determination of reliable values of m often
causes difficulties, which can result even in misleading conclusions.

The latter point is worthy of detailed considerations. Although there are different thermal
methods for predicting the fragility parameter [90,86,25,87], we would like to stress that a
reference for all the predictions should be the dynamic fragility directly determined from
global molecular mobility studies according to the definition given by Eq. (4) which in the
best way reflects the physical meaning of this parameter (that is a measure of the sensitivity of
molecular dynamics of supercooled liquids to changes in temperature near the glass
transition). We share the opinion expressed by Johari et al. [91] that BDS and viscosity
measurements (as well as other measurements of relaxation processes) provide experimental
data that enable us to find the accurate temperature dependences z,(T) in the sufficiently wide
temperature range near Tq, which consequently allow to determine the most reliable values of
the parameter m defined by Eq. (4). To do that one should well describe the experimental
dependence z,(T). This goal is usually satisfactorily achieved (e.g. for sildenafil dielectric

data in Fig. 5(a)) by the commonly used VFT equation (Eq. (2)), the parameters of which

enable to calculate the value of the fragility m= D(I'O/Tg)/[(l—(TO/Tg ))? In(lO)] . However,

one should remember that the dependence z,(T) in case of many glass forming liquids cannot
be well fitted to a single VFT equation and two VFT functions have to be applied to describe
such data (e.g. for ibuprofen, telmisartan, salol, glycerol [92,93,42,94] or ezetimibe [66]
shown in Fig. 5(b)). Stickel [95] proposed a useful method for distinguishing these two

temperature regions for the VFT equations obeyed with different values of their parameters.
This method is based on a differential operator [d Ioglora/d(llT)T“z, which linearizes the

VFT formula and enables to establish one or two linear regions for the temperature
dependences of this operator. The dynamic crossover at the crossover temperature Tross and

the corresponding crossover structural relaxation time t¢ss at which the change occurs in the
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VFT equations is usually interpreted as a reflection of substantial change in the molecular
mobility responsible for the structural relaxation, which most probably have a strongly
cooperative character only at T<Tgoss and T,>Terosss AS Can be seen for ezetimibe, the
crossover time scale teross Can be relatively high (i.e., considerably larger than t,=10°s above
which the cooperative dynamics is often arbitrarily assumed), therefore, a good practice is to

apply the Stickel method to support the analysis of the dependence z,(T) by using the VFT

equatlon.
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Fig. 5 (a) lllustration of a significant difference in the values of the isobaric fragility (defined by Eq. (4)) found
from thermodynamically evaluated parameters of the VFT equation (Eq. (2)) and determined directly from
experimental dielectric data also by applying Eq. (2) in case of sildenafil (dielectric data taken from Ref. [100] ).
(b) An analogous comparison for ezetimibe (dielectric data taken from Ref. [66] ) additionally demonstrates that
two VFT equations are required to properly describe some temperature dependences of structural relaxation
times, and consequently reliably determine the fragility parameter. The inset in panel (b) shows how to identify

the separate fitting regions to Eq. (2) according to Stickel’s approach.

Some problems with evaluating proper values of m also result from the applied prediction
methods. One of the most popular approaches to evaluate the dynamic fragility parameter m
for various pharmaceutical systems is to estimate the VFT equation parameters by using
calorimetric measurements. Based on the assumptions that (i) the VFT divergence
temperature Ty is equal to the Kauzmann temperature Tk, which can be estimated from
different thermodynamic relations [24,88,90], (ii) the preexponential factor representing the
time scale of vibrational motions 1,=10"s, and (iii) the structural relaxation time 7,=100s at

Ty, one can calculate the strength parameter D =16In(10)(T, -T,)/T, and
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m= D(TK/TQ)/[(l—(TK/Tg))2 In(lO)] from the VFT equation (Eq. 2). It should be noted that

this prediction method can yield misleading results, because its assumptions may not be met.
For example, for ezetimibe and sildenafil, the values of the parameters z, To and D obtained
from fitting the experimental dependences 7,(T) to Eq. (2) clearly differ from the assumed

%=10"s and the values of Tx and D estimated from thermodynamic data (using

T =T, A+ AH, /CppnT,) [90]). Discrepancies between experimental and predicted

temperature dependences of z, and fragilities m can be well demonstrated as a function of the
ratio Ty/T in the so called Angell plot (see Fig. 5). In case of sildenafil, a large difference is
found between the predicted value m=139 and the value m=97 obtained from z,(T)
determined from experimental dielectric data. For ezetimibe, the predicted value m=89 is in
accord with the value m=93 obtained from the experimental dependence z,(T). Nevertheless,
the case of ezetimibe shows the parameter D in Eqg. (2), which is often alternatively
considered as a measure of fragility, can be improperly predicted from thermodynamic data

even if the parameter m is well estimated.

Non-exponentiality of dielectric a-relaxation response - £ xww

The next factor potentially responsible for the physical instability of amorphous
pharmaceuticals is the asymmetric distribution of molecular relaxation times, which is a
characteristic of structural relaxation process [30,91,96,97,9,11,66]. A commonly used
measure of the a-relaxation time distribution is the stretching parameter fxww Of the
Kohlraush-Williams-Watts (KWW) function [98]

t ﬂKWW
¢(t)=exp[(r j ] (5)

where txww IS the characteristic KWW relaxation time and the parameter 0<fxww<1 quantifies

the deviation of the time-dependent relaxation function from the Debye exponential decay
(for which Bxww=1). The dielectric spectra obtained in the frequency domain from the BDS
measurements can be described by the KWW function after its numerical Fourier
transformation to the frequency domain. The nonexponentiality of the dielectric response
function for non-Debye relaxations can be explained by assuming some distribution of
molecular relaxation times (which means that molecules in the sample reorient with different
relaxation times) instead of the same relaxation time for each molecule in given

thermodynamic conditions in the case of Debye relaxation. Shamblin et al. [30] suggested that
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the distribution of structural relaxation time may raise the crystal nucleation rate, and
consequently the “shelf life” of a pharmaceutical can be correlated with Sxww. Based on
investigations of different statistical distributions, the authors reported that both the physical
and chemical stability should decrease when Sxww decreases (i.e., when the distribution of
structural relaxation time broadens). It has been also pointed out that faster modes of
molecular motions within the distribution of relaxation times can be responsible for
nucleation in the glassy state, therefore, the glass formers characterized by small values of
Pxww would be more susceptible to nucleation [99]. However, it should be emphasized that
the expected correlation between fxww and the tendency to crystallization is not met by all
pharmaceuticals. For example, celecoxib [11], sildenafil [100], ezetimibe [66], and
acetaminophen [91] have narrow structural relaxation dielectric spectra near the glass
transition (characterized by large values of Skww = 0.67, 0.68, 0.70, and 0.79 respectively),
while the drugs easily recrystallize from their amorphous forms.

The stretching parameter fSxww has been often considered as a measure of the degree of
cooperativity and the length scale or dynamic heterogeneity of molecular mobility reflected in
the structural relaxation [72,101]. Thus, Sxww has been also regarded as the alternative
parameter to the fragility index m in search of correlations with the tendency to
crystallization, which are aimed at predicting the physical stability of amorphous
pharmaceuticals. A large interest aroused an empirical linear correlation suggested by Béhmer
et al. [72] between the fragility m and the parameter Sxww, M=250£30-320kww. According
to this correlation, fragile materials (large m) should be characterized by broad structural
relaxation peaks near Ty, i.e., a high nonexponentiality of dielectric relaxation response (small
Pxww). On the other hand, strong glass formers (small m) should exhibit narrow relaxation
peaks, i.e., a low nonexponentiality of dielectric relaxation response (large fxww) near Tg. It
should be noted that the suggested effect of the distribution of molecular relaxation times on
the crystal nucleation rate well complies with the Bohmer correlation, i.e., the small fragility
m and large Skww should imply a weak tendency to crystallization (see Fig. 6). However,
there are known examples of materials, including drugs, which do not satisfy the correlation
suggested by Béhmer et al. Among such pharmaceuticals, one can expect that at least one of
the potential physical instability factors, m or Skww misleadingly predicts the tendency to
recrystallization of amorphous forms of the drugs (as it is in the case of celecoxib, sildenafil,

ezetimibe, and acetaminophen, which are characterized by relatively large values of m and

Prww).
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Fig. 6 lllustration of the correlation suggested by Bohmer et al. between the isobaric fragility and the stretching

parameter of the KWW function as well as its potential implications for the tendency to crystallization.

In addition, it is worth noting that also the pressure behavior of Sxww does not correlate
with the pressure effect on m for many materials. When the isobaric fragility typically
decreases with increasing pressure (with the exception of associated liquids), the stretching
parameter Sxww usually remains unchanged (especially in isochronal conditions at t,=const)

[102], whereas the compression often affects the physical stability of amorphous drugs.

Dynamic heterogeneity

The physical meaning of the parameters m and fSxww has been potentially related to both
the fundamental characteristics which are often assumed for molecular dynamics near the
glass transition, which are its cooperativity and dynamic heterogeneity. Since a potentially
important role of the dynamic heterogeneities of molecular dynamics in the formation of
crystal nuclei has been recently argued by theoretical and simulation investigations
[103,104,105,106,107,108], the search for the proper measure of the dynamic heterogeneity
and the studies of the potential correlation of the dynamic heterogeneity with the physical
instability of amorphous drugs constitute a highly promising research trend nowadays. There
are different measures of the characteristic size of the dynamic heterogeneity [109]. In the last
decade, the formalism of the four-point dynamic correlation function has been successfully

developed to quantify the spatially heterogeneous dynamics near Ty due to involving both

temporal and spatial correlations [110,111]. The height of the peak »,* of the four-point

time dependent dynamic susceptibility function ;(4(t) has been acknowledged as a good

measure of the dynamic heterogeneity, which should be mainly interpreted as the correlation
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volume for the structural relaxation, but it is also approximately considered as an average

number of dynamically correlated molecules. Since direct experimental measurements of
;(4(t) are complex, because they require detecting nonlinear response of the sample, Berthier
et al. [110,111] suggested a few estimates of »,;® derived by using the fluctuation-

dissipation theorem. The estimate convenient to use is based on enthalpy fluctuations, which
involves both temperature and density fluctuations that affect the molecular mobility,

e R (B dIn7 Jz
~ o 6
& Acp( e dinT ©)

where Ac,, is the difference in the isobaric heat capacities between the liquid and glassy states.
It is worth noting that Eq. (6) enables to evaluate values of ;™ at different temperatures in
isobaric conditions by using calorimetric and dielectric data. Interestingly, it has been
established [110,112] that x,™ correlates with neither m nor Sxww for different materials at
ambient pressure. In addition, analyses of high pressure experimental data have shown that
the pressure induced changes in the dynamic heterogeneities quantified by the estimates of
™ at r,=const do not cause any variations in Bkww for each examined material
(including also a pharmaceutical material glibenclamide) [113]. These findings suggest that
neither m nor Sxww properly reflect the dynamic heterogeneity or the dynamic length scale

¢ of molecular dynamics, which results from the correlation volume »,® (in the simplest

way via the relation, y;™ z(;i{“ax /a)’, where w=3 and the molecular size a=0v"? for the

molecular volume vr,). A successful attempt has been made [100] to correlate »,”* evaluated

from Eq. (6) by using the temperature dependence of the dielectric structural relaxation times
with both the induction time of nucleation and the characteristic overall crystallization time
for sildenafil in isothermal conditions above Ty As a result, it has been shown that the
increase in the dynamic heterogeneity causes a slowdown in diffusion, and consequently the
crystallization of sildenafil becomes slower.

It should be noted that there is another useful measure that can be a good alternative to

the estimate of », based on enthalpy fluctuations. This alternative approach, which exploits

heat capacity measurements, has been formulated by Donth,[114,115] who also relied on the
fluctuation-dissipation theorem but considered entropy fluctuations at the glass transition.
Although Donth originally elaborated his method to evaluate a size of the cooperatively
rearrangement regions (CRR) postulated by Adam-Gibbs theory, the formulation way and the
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quantitative results yielded by the Donth estimate show that this method should be rather
classified as a measure of the dynamic heterogeneity than the cooperativity of global
molecular mobility near Ty [111,116]. Vyazovkin and Dranca [117] compared the dynamic
length scale £&=3.4nm determined for indomethacin from the Donth method with the critical
size of crystallization nucleus r* that ranges from 0.7 to 0.9 nm depending on polymorphic
crystalline forms of the drug. As a result, the authors stated that a critical nucleus could be
formed even without involving cooperative motions related to the structural relaxation,
because r* is considerably less than the length scale & of the global molecular mobility in
indomethacin. Consequently, the formation of the critical nuclei have been suggested to occur
in indomethacin only via the local noncooperative motions of the individual molecules (e.g.
those reflected in the JG secondary process) at least in the temperature region of the
secondary B-relaxation. Using the Donth method, Kawakami [118] investigated the length
scale & of ribavirin during an annealing of the drug, finding that an enhancement of the
crystallization rate below T4 may be correlated with an increase in &.

There is currently a need for such analyses based for instance on Donth or Berthier
methods, which enable to evaluate the dynamic length scale or the correlation volume for the
structural relaxation, to gain a better insight into potential correlations of fundamental
parameters of molecular dynamics with the tendency to recrystallization. Especially that until
now, mainly time scales of different relaxation processes have been investigated in search of
correlations with characteristic crystallization rates (see Section 3.1.2.2), while also the length
scale of molecular dynamics may affect the recrystallization process in both the supercooled

liquid and glassy states.

3.1.2 Time scales of crystallization and structural relaxation in the liquid and glassy
states

Amorphous pharmaceuticals reveal different tendencies to recrystallization. Some of
them are very good glass formers and in general they are resistant to recrystallization, the
other ones recrystallize from the supercooled liquid state but their glassy forms are physically
stable during their storage, and the others easily recrystallize both in the glassy and liquid
states. To gain a better insight into understanding of nucleation and crystal growth
mechanisms, a lot of effort has been put into combined studies of the crystallization

phenomena of the amorphous pharmaceuticals near their glass transition and different kinds
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of molecular mobility that can be responsible for the recrystallization from both the
supercooled liquid and glassy states. A particular emphasis has been laid to compare or/and
correlate characteristic time scales of crystallization (such as the induction time for nucleation
to and the overall crystallization rate 1) with relaxation times of the structural process as well
as the secondary relaxation processes. To determine the characteristic parameters of
nucleation and crystal growth, experiments of crystallization kinetics are performed by using
different techniques (calorimetric, X-ray diffraction, and microscopic  ones)
[69,119,120,121,122,123,124], including the dielectric spectroscopy that is a powerful
method for detecting the recrystallization of drugs and quantifying its kinetics at both ambient
and elevated pressures [125] (see Section 5). While the crystallization rates can be
experimentally established both in the supercooled liquid and glassy states, the structural
relaxation times are extremely large in the glassy state, and their measurements are highly
time consuming. It should be emphasized that the glassy dynamics is especially important for
the physical stability studies of amorphous pharmaceutical solids, which are stored at T<Tyg,
and both the global and local relaxation processes can be responsible for the recrystallization
of glassy drugs. In such studies, to consider the molecular mobility reflected in the structural
relaxation below T4, a few methods have been proposed to predict the time scale of a-
relaxation at T<Tg, which are outlined before the discussion on the correlations between

crystallization and relaxation time scales of pharmaceutical materials.

3.1.2.1 Predictions of the temperature dependence of structural relaxation times in the

glassy state

Prediction of 7,(T) in the glassy state by a master plot construction

One of the simplest methods for determining the structural relaxation times in the glassy
state consists in the construction of a master plot[11,66,9] by horizontally shifting a selected
structural relaxation loss peak (for which both low and high frequency flanks are well
measured in the liquid state in the close vicinity of Ty ) to lower frequencies in order to
overlap loss spectra collected at lower temperatures (T<Tgy) for which only high frequency
flanks of the o-loss peak are experimentally well determined (see Fig. 7). Then, from the
frequencies at which the maxima of the shifted a-peak occur at different temperatures below
Ty, the structural relaxation times can be evaluated at T<Tg. Such an evaluation procedure of

the a-peak positions below Ty is permitted only if the shape of structural relaxation peak is
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almost temperature independent. It is considered that the master plot construction yields
reliable values of t, in the glassy state at temperatures sufficiently close to Tg, at which the
evolution of the glassy system towards an equilibrium is fast. At temperatures well below Ty,
the glass slower evolves to an equilibrium, and then the values of t, predicted by

constructing the master plot may deviate from the proper time scale of structural relaxation.
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Fig. 7 Illustration of the master plot constructed by horizontally shifting the loss peak measured at T,>T, to

overlap spectra at Ts, T4 T3 T, obtained below T

Predictions of 7,(T) in the glass state by the extended Adam-Gibbs model

A commonly used method for evaluating t, below Ty is based on the Adam and Gibbs
(AG) model [61] extended [29,126,31] into the glassy state. According to the extended AG
approach, the temperature dependence of structural relaxation times can be predicted from

the following formula

(1.7, )=1, exp{ﬂl_DTL/T)] , 7

where 7o, D, Ty are the fitting parameters found from the VFT equation (Eq. 2) for the

dependence ra(T) in the liquid state. The fictive temperature T in Eqg. 7 depends on
temperature, T;" =y, T, +(A—y.,)T ', and can vary between the Kauzmann temperature

Tk and the glass transition temperature T4 The value of T¢ can be estimated by using a

thermodynamic parameter y., defined by the heat capacities of liquid, glass, and crystal at Ty
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as follows 7, = (Cl(T,)-C¥(T,))/(Cl(T,)~C=™(T,)). If ¥, =1then T¢=T, and Eq. (7)
represents the Arrhenius law. On the other hand, Eq. (7) becomes the standard VFT equation

if ¢, =0 for which T =T. This useful approach, which is capable to describe the molecular

dynamics between the strong and fragile behavior patterns (i.e., between Arrhenius and VFT
dependences), cannot be however satisfactorily employed in the case of pharmaceuticals for
which we cannot reliably establish experimentally the heat capacity of their crystal phase (e.g.
for crystalline hydrates often found among drugs and some polymers used as excipients that

are not prone to crystallization).

Predictions of 7,(T) in the glassy state by the extended Avramov model
Difficulties in determining the temperature dependences of the heat capacity in the crystal
state for some materials, can be avoided by using the extended Avramov model to predict the

dependence ra(T) in the glassy state. Adam and Gibbs originally assumed that the

thermodynamic evolution of the time scale of structural relaxation depends on the product of

temperature T and configurational entropy Sconr, 109,,7, =109,,7, +C,s /TS where 1o

conf
and Cp, are fitting parameters. In the physical stability studies of amorphous drugs, the

configurational entropy is considered as an excess entropy of disordered states (liquid and

glass) with respect to the crystal entropy S, =S —S®" |In contrast to the AG

conf
approach, Avramov postulated that thermodynamically induced changes in structural
relaxation times can be described by a function of the total system entropy S,
log,, 7, =log,, 7, +C,, e[ B,, (S-S, )], where 1o, Cay, and Ba, are fitting parameters and
S; is the total system entropy determined at a chosen reference state (e.g. at T4 at ambient
pressure). Although high pressure analyses have shown that the original Avramov model

requires some modifications [127,128], it has been very recently suggested that the original
form of the Avramov model is sufficient to predict z,(T) below T4 to a good approximation

[129]. The simple prediction procedure is based on the measured temperature dependences of
the isobaric heat capacity Cp(T) near the glass transition in the liquid and glassy states and the
structural relaxation times 7, (T) at T>Tg. By exploiting the experimental data C,(T), one can
find the temperature dependence S(T) above and below T4 (based on the known equation

S(T) =5, +LT C,(T)d InT). It means that the extended Avramov approach relies only on S

that is the entropy of disordered states (liquid and glass). By fitting the dependence t,(S)
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above T4 to the Avramov entropy dependent model, one can determine the values of its
parameters 1o, Cay, and Bay, Which are subsequently used to generate the structural relaxation
times t, below Ty from this model as a function of S or T, employing the dependence S(T)
established from calorimetric data below Ty and brought into the extrapolated equilibrium
line. As can be seen in Fig. 8 , in case of carvedilol, all the prediction methods discussed
before, i.e., the master plot construction as well as the extended Adam-Gibbs and Avramov

models yield consistent results.
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Fig. 8 Example of consistent predictions of structural relaxation times below T4 by constructing the master plot
(green circles with red edge) and by using the extended AG and Avramov models (short dashed and dashed

curves, respectively) for carvedilol (data taken from Ref. [129] )

Predictions of 7,(T) in the glassy state by using the extended coupling model for the JG
secondary relaxation
Since the JG secondary relaxation is considered as a precursor of the structural relaxation

and a correlation between the JG- and o-relaxations has been reported,****** some methods for
predicting ra(T) at T<Ty refer to this intermolecular secondary process. One of the
approaches assumes that the separation in time between the structural and JG secondary
processes is of the same order as the separation between 7, and the primitive relaxation time
7 of the coupling model (CM) model (i.e., the JG secondary relaxation time 7, ~7,).
According to the extended CM formulated to identify the JG process,*** (see Section 3.2), the

JG secondary relaxation time, 7,, ~t. 7w g% where t.=2ps for small molecular and
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polymeric glass formers. Thus, one can predict the temperature dependence of the structural

relaxation times Ty in the glassy state from the equation,

109,57, (T) = Brww 10910 736 () + Bicoww Brww =D logt,, by exploiting Bxww established for
the experimental loss peak of structural relaxation in the liquid state near T4 as well as the

dependence 7,;(T) determined from the loss spectra measured below T, for the secondary

relaxation classified as the JG process. It is worth noting that this prediction model implies
that the ratio of the activation energy for structural and JG secondary relaxations depends on
the asymmetric broadening of the structural relaxation loss peak near Ty as follows
EY = BawmEl.

Predictions of 7,(T) in the glassy state by using physical aging of the secondary relaxation

Since the glassy state is thermodynamically non-equilibrium, physical properties of a
glass depend on the thermodynamic path and change during the physical aging, i.e., the slow
evolution of the glass toward equilibrium. Casalini and Roland [133] (CR) demonstrated that
the changes in the JG secondary relaxation during the physical aging of glass also give
information about a very slow structural relaxation in the glassy state. Upon aging the a-peak
moves to lower frequencies and its contribution to the B-process is smaller, whereas the
position B-peak remains unchanged but the amplitude of the B-relaxation decreases. This
behavior seems to be caused by a decrease in the population of relaxing dipoles due to
decreasing local density fluctuations during the physical aging. Thus, such changes in the p-
relaxation likely probe structural relaxation dynamics unattainable experimentally in the
glassy state. Analyzing isothermal time-dependent measurements of the imaginary part of the
dielectric permittivity ¢ ”(f) during the physical aging at a few fixed frequencies f (in the range
of B-relaxation peak) by using an empirical time-dependent decay model of the KWW
function type, the authors showed that the time scale of the physical aging T4 depends on
temperature but is independent of the frequency at which the changes in the amplitude of (-
loss peak have been examined at a given temperature. Casalini and Roland suggested that the

aging time scale is determined by the structural relaxation, therefore 7., ~ z,. Thus, the time
scale of o relaxation in the glassy state can be evaluated as 7, determined from the changes
in the p relaxation measured in the physical aging experiments. Interestingly, analogous

results can be obtained from the analyses of the physical aging of the non-JG secondary

27



relaxation [134]. The similar aging time scales obtained for the JG and non-JG secondary
processes suggest that the evolution of the glass towards equilibrium can identically affect the
intermolecular and intramolecular local mobility in the glassy state (e.g., via decreasing local
density fluctuations during the physical aging). Thus, the physical aging experiments carried
out on different kinds of secondary relaxations can be useful in predicting the time scale of

structural relaxation in the glassy state [135].

3.1.2.2 Correlations between time scales of crystallization and structural relaxation

According to the classical crystallization theory [136], the fundamental time scales of
crystallization such as the nucleation rate, the crystal growth rate, and the non-steady-state
time lag are affected by thermodynamic and kinetic contributions. In general, it is considered
that the kinetically governed part of a crystallization rate depends on the molecular diffusion.
Invoking the Stokes-Einstein (SE) equation and the Debye-Stokes-Einstein (DSE) equation,
both the translational Dyans and rotational Dy, diffusion coefficients should be proportional to
the ratio of temperature T over viscosity 1. In this way, the kinetic contributions to the

crystallization rates could inversely depend on viscosity at a given temperature. However, the

proportionalities, D

e~ T and D, ~Tn™*, which are well satisfied by weakly
supercooled liquids, are often broken in the deep supercooled region close to T (at T<1.3Ty),
where decoupling phenomena are observed between diffusion coefficients and viscosity. In
these cases, the fractional SE and DSE equations are satisfied, which imply the generalized

proportionalities, D, ~T#n = and D, ~Tn >, where the measures of the decoupling

trans

phenomena &yans and &ror Vary between 0 and 1 and can be in general different (&, # &,00)s
which means that a decoupling can be also observed between translational and rotational
diffusions [137,138,139,140,141,142]. Analogous fractional equations are also considered for
relaxation times T making an assumption that z ~ 77, where the latter proportionality relies on
the Maxwell relation between average shear relaxation time and viscosity, z=7r/G_, which
involves the high-frequency shear modulus G, that is only moderately temperature dependent
(usually increasing less than a factor of 4 upon cooling in the temperature range, where t©
increases by 10 orders of magnitude [143]). Ediger et al. [78] have shown that the Kkinetic
contribution dominates over the thermodynamic contribution to the crystallization growth
near Ty and is satisfactorily proportional to 7 ==:, where the latter finding obtained by
comparing self-diffusion coefficients and viscosities complies [138] with the fractional SE
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relation (at T=const). It means that there is a decoupling between crystallization rate and
viscosity, which can be quantified by the exponent &ians. If &rans=1, the crystallization rate is
coupled with viscosity, and consequently the crystallization process is fully controlled by the
translational diffusion, whereas the smaller value of C&yans, the smaller influence of
translational motions on the crystallization process. By analogy, one can investigate the effect
of rotational motions reflected in dielectric relaxation processes on the crystallization process.
It should be noted that the dielectric spectroscopy can measure only the rotational mobility
although both translational and rotational motions contribute to molecular dynamics of
supercooled liquids. It means that a translational motion of a molecule without its rotation
does not appear in the dielectric relaxation.[99]. Consequently, the correlations established
between the crystallization rates and the dielectric relaxation times enable us to study how the

crystallization process depends on the rotational diffusion (via the fractional DSE equation for

a rotational relaxation time D, ~ Tz, , where 1yt Can be relaxation times of structural and

rot >
secondary dielectric processes). Considering the structural dielectric relaxation times T, in this
context, one should remember that a decoupling phenomenon can be also observed between 1
and 1, Which can lead to different values of & evaluated based on the fractional DSE
equations for n and 1,. Investigations of the potential effect of rotational diffusion on the
crystallization process are important, because it seems reasonable to assume that the rotational
diffusion rather than the translational diffusion can favor the formation of crystal nuclei
between the nearest neighboring molecules [144].

In recent studies, potential relationships between the crystallization rate k (or the

characteristic crystallization time .. =k™) defined in a few ways and different kinds of

cryst
molecular mobility have been tested by using some linear correlations that can be generalized
to the following form,

logz,. =¢y l0g,, X +B (8)

oryst
where are two fitting parameters, B and the so-called coupling coefficient &, which is
regarded as is a measure of the coupling between the crystallization phenomenon
characterized by tcryst and the molecular motions probed by a measurement quantity X such as
structural and secondary relaxation times, viscosities, and diffusivities. If &x=1, the
investigated molecular mobility is assumed to be responsible for the crystallization
phenomenon, whereas the smaller value of &, the smaller effect on the crystallization process
is expected due to the examined molecular motions. It is worth noting that the coupling

coefficient & reflects the ratio of the activation energies for the crystallization process
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characterized by the time scale Tcryst and the molecular relaxations or other dynamic processes
examined via the measurement quantity X , i.e., &, = E) /E™. It means that the molecular
relaxations or other dynamic phenomena (e.g. the translational diffusion) rather should not
trigger the crystallization process if their activation energies are significantly larger than EX™

. In a few cases, the considerably large values &>1 have been reported, which could not be
explained by experimental errors, and then no link has been suggested between the considered
molecular mobility and the crystallization process. A collection of results obtained from
several investigations based on Eq. (8) is presented in Table 1. The literature data show that
the potential influence of the molecular mobility reflected in the structural relaxation on the
crystallization time scales defined in a few manners (such as the inverse overall crystallization
rate T, the crystallization onset time to, the crystal growth rate, and the characteristic
crystallization time obtained for 0.5% or 10% degree of crystallization teos%) and teos)) has
been mainly examined in terms of Eq. (8). Depending on the correlated values, different
values of the coupling coefficient & have been found. For instance, in case of indomethacin,
it has been found that the global mobility reflected in o-relaxation above Ty exerts a

significantly larger effect on the crystallization onset time (&, = 0.85) than that on the crystal
growth rate (&, =0.29). This observation suggests that diffusional processes in liquid

indomethacin are more involved in controlling the crystal growth than in controlling crystal
nucleation, and factors other than diffusion are more important in the nucleation than in the
crystal growth [63]. On the other hand, considering tco%) for nifedipine also above T, the
different coupling coefficients have been determined for the dielectric structural relaxation

time &£, =0.62 and the translational diffusion &, =0.82, which mean that the physical

stability of liquid nifedipine may be better coupled to translational rather than to rotational
motions [13]. The strong influence of the cooperative a-relaxation on the physical stability
has been established for intraconazole [68], indomethacin [63], trehalose [69], celecoxib [11],
nifedipine-(5%)PVP and nifedipine-(10%)PVP dispersions [145] above T4 as well as for
griseofulvin [13], nifedipine [13], and nifedipine-(2.5%)PVP dispersion [13] below T4. Due to
limitations in exploring the structural relaxation and the crystallization Kinetics at T<Tg, the
correlation studies have been usually conducted above Ty, and then their results have been
extrapolated to temperatures below Ty. Satisfactorily predictions of the crystallization onset
time to below T4 on the basis of its correlations with the structural relaxation time 1, above Ty

have been reported for trehalose [69], indomethacin [63], flopropione [63]. Nevertheless, such
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predictions should be carefully used, because it has been shown that the experimental values

of the coupling coefficient & determined for the same type of the crystallization time scale

may considerably differ in the liquid and glassy states (e.g., for . of griseofulvin,[67]

&, =0.56 in liquid and 0.19 in glass, whereas for tcaow) Of nifedipine, [13] & =0.65 in

liquid and 0.94 in glass). In these cases, a change in the crystallization mechanism likely
occurs when the glass transition temperature is crossed. For these drugs, Kothari et al. [13]
have also tested the coupling coefficients between te0%) and the secondary B-relaxation times,

finding surprisingly large values &, = 2.6 for griseofulvin and <., = 1.8 for nifedipine, which

indicate that there is no link between the secondary relaxation and the recrystallization of
glassy forms of the pharmaceuticals. However, further detailed investigations are needed to
verify whether or not secondary relaxation times can be correlated with the crystallization

time scales via Eq. (8).

Table 1. Selected results of the correlation studies based on Eq. (8)

Liquid state (T>Tg) Glassy state (T<Tg) Molecular
Material mobility we_II Ref.
correlated correlatt_ed W'th
Ex correlated values Ex values crystallization
celecoxib 0.7-0.75 Ter With 1, a-relax (T>T) 65
. . 0.49 Ter With T,
sildenafil 050 to with <, 100
056 Ter Wlth Ty 019 Ter Wlth Ta( EAG) 67
griseofulvin 0.65 0 With 7, 0.94 | tyosw wqh Tyeac) | o-relax (T<Ty) 13
2.6 tc(O.S%) with T3-JG —
e 0.62 te(10%) With T, 0.94 te(100) With T, a-relax (T<T,)
nifedipine ¢(10%) ' o ¢(10%) a a(EAG) [s} 13
P 0.82 to(10%6) With Digans 1.8 o100 With T4 -

nifedipine- . .

(25%5)PVP 0.67 tc(].O%) Wlth Ty 1.2 tc(lO%) Wlth Tu.(EAG) a—relaX (T<Tg) 13

”(ggj)'g'gg 0.73 £.(10%) with 7, aerelax (T>T,) 145

?1'8%9(:)%{‘/65 0.72 £,(10%) with <, a-relax (T>T,) 145

nifedipine- .

(5%)PVP 0.5 to with T, 146
phenobarbital 0.67 to with t,, 146
phenobarbital- .

(5%) PVP 0.32 to with 1, 146

. 0.94 to with 1, a-relax (T>Ty)

itraconazole 068 T With 7, B 68
trehalgiiee((jf)reeze- 1.23 to with T, o-relax (T>T,) 69
treha'(;’rﬁigpray' 113 fo with 7, aerelax (T>T,) 69

trehalose .

(dehydrated) 1.18 to with 1, a-relax (T>Ty) 69
. . 0.85 CGR with 1, a-relax (T>T)
indomethacin 029 t with 1, - 63

felodipine 0.43 CGR with 1, 63
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0.26 to with 1,
flopropione 0.20 to with T, 63
nifedipine 0.41 CGR with 1, 63
ketoconazole 0.35 CGR with 7, 63

Tueac) — Structural relaxation predicted below T, from extended AG model

1o — inverse overall crystallization rate

te0.50) — Characteristic crystallization time obtained for 0.5% degree of crystallization
te10%) — Characteristic crystallization time obtained for 10% degree of crystallization
ty — crystallization onset time

CGR - crystal growth rate

Besides the correlation studies based on Eq. (8), a straightforward comparison of the time
scales of crystallization and relaxation processes is performed to predict the physical stability
of amorphous pharmaceutical solids at the storage temperature that is below their glass
transition temperatures. For instance (see Fig. 9), it has been found that the time scale of
structural relaxation of celecoxib predicted by constructing the master plot (see Section
3.1.2.1) at the room temperature Trr<Tg (1,=110h) is in a very good agreement with the
storage time at which the maximum rate vmax Of the recrystallization of amorphous celecoxib

occurs (t,, ,=100h) [11]. Similarly, the time scale of a-relaxation predicted from the

(U
master plot construction for ezetimibe, 1,=22h at Tgrr<Ty well corresponds to the
crystallization onset time for glassy ezetimibe, to=14h at Tgy [66]. It indicates that the a-
relaxation can play an important role in the devitrification of the drugs. Nevertheless, the
molecular mobility reflected in secondary relaxations characterized by much faster molecular
motions (e.g., for celecoxib, 75 =0.02s, 7, =3ps at Trr) can also affect the recrystallization of
the amorphous drugs. If the crystallization time scale of a glassy pharmaceutical were
considerably shorter than the time scale of a-relaxation, only secondary relaxations should be
considered as factors responsible for the devitrification process.
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Fig. 9 Plot of temperature dependences of dielectric relaxation times for structural and three secondary
relaxation processes of celecoxib. The time scale of the global mobility predicted in the glassy state by
constructing the master plot (green stars) is compared with those measured for the various local mobility
reflected in secondary relaxations of amorphous celecoxib at the room temperature Trt=293K as well as with the

crystallization rate shown in the inset. All data taken from Ref. [11].

3.2 Secondary relaxations

A potential influence of the local mobility reflected in secondary relaxations on the
physical instability of amorphous drugs have been suggested for a few reasons [147]. Two of
them are especially worth noting: (i) the unsatisfactory explanations provided only based on
the global mobility for the crystallization kinetics of various pharmaceutical materials both
above and below their glass transition temperature and (ii) the crystallization phenomena that
may occur even at temperatures less than T4-50K, for which a common belief has been long
held that the molecular mobility effect on the physical instability of glasses is negligible (at
such low temperatures, the time scale of structural relaxation is extremely long, and then the
global mobility seems to be irrelevant to the crystallization process). Nevertheless, it should
be noted that the global molecular mobility governs the glass formation and undoubtedly
dominates molecular dynamics near the glass transition. Therefore, a lot of attention has been
paid to study the intermolecular local mobility reflected in the JG secondary relaxation, which
is regarded as a precursor of the structural relaxation and often considered as the most
important kind of the local mobility responsible for the recrystallization of glasses. In this
context, a proper identification of the JG relaxation among other secondary processes in
dielectric spectra is of great importance. Based on the extended coupling model (CM) [132], a
useful criterion has been proposed [52] to classify secondary relaxations according to their
inter- or intramolecular character, which enables to distinguish between JG and non-JG
secondary processes in both dielectric spectra and maps of relaxation times.

In the extended CM maodel, it is assumed that there is a characteristic microscopic time t.,
independent of thermodynamic conditions, which distinguishes between the dynamic regimes
of the non-cooperative and cooperative molecular motions. In the time domain below ft,

molecules relax independently with the characteristic primitive (non-cooperative) relaxation

time z,, according to the Debye relaxation function: ¢(t) = exp(—t/rp). Whereas, at t>t., the

molecules interact in a cooperative manner with the cooperative relaxation time t,, according

to the KWW function ¢(t) = exp [— (t/z, )ﬁ*‘w] (see Eq. (5)). Then, the primitive relaxation
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time 1, can be derived from the continuity condition at t=t. as follows 7, =t/ g/,
where t;=2ps has been found [148,149,150] for small molecular and polymeric glass formers
from quasielastic neutron scattering. Since the JG relaxation is regarded as the precursor of

structural relaxation, its relaxation time z,; should well correspond to the primitive relaxation
time 7, ie., 7,c ~7,. In this way, one may classify a secondary relaxation observed in

dielectric spectra as the JG B-process if its relaxation times satisfy the following criterion,

T ™ té_ﬁKWW TfKWW : 9)
Otherwise, the examined secondary relaxation is a non-JG process (or a pseudo-JG relaxation
involving both intra- and intermolecular motions, which has been suggested as an effect of

hydrogen bonding [52]). It is worth noting that Eq. (9) can be easily employed in the
frequency domain simply considering that f,, =1/27r,; is the frequency at which the JG
relaxation loss spectrum reaches its maximal value (see Fig. 10).
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Fig. 10 Illustration of the identification of the JG relaxation in the dielectric loss spectra (data taken from Ref.

[93])

The JG relaxation process as a key factor responsible for the recrystallization (both
nucleation and crystal growth) deep in the glassy state was proposed by Oguni et al.
[151,152,153,154,155,156] based on calorimetry and optical microscopy studies of organic
molecular glasses. Striking results reported by the authors [153] were detections of nucleation
in 3,3’-dimethoxy-4,4’-bis(2,2-diphenylvinyl) biphenyl about 175K below T4 and even 220K
below Ty in another organic glass former (2,2’-dihydroxybenzophenone) [157], where the

34



latter finding was well accompanied with the dielectric secondary relaxation occurring in the
nucleation temperature region.

It should be noted that the actual roles of global and local mobility in inducing the
recrystallization of amorphous materials as well as the JG process as a universal feature of all
glass formers are still fervently debated. As an argument for no effect of the JG secondary
relaxation on the recrystallization process in the glassy state, some examples of materials are
given, which recrystallize in the glassy state, although they do not reveal any evidence for the
JG process in dielectric spectra (as suggested for 5-methyl-2-[(2-nitrophenyl)amino]-3-
thiophenecarbonitrile (ROY) [158]) or exhibit the JG relaxation that disappears in the glassy
state too quickly with time to be related to crystal growth (as deduced for ortho-terphenyl
(OTP) [159]). Nevertheless, the conclusions rejecting any influence of the JG relaxation on
recrystallization in the glassy state seem to be premature due to insufficient experimental
evidences taken into account. In this context, a few difficulties in experimental observations
of the JG process should be noted. (i) As already mentioned, the amplitude of JG B-relaxation
peak is often much smaller in comparison with that of a-relaxation. In these cases, the B-peak
can be hidden under the high frequency flank of the structural relaxation peak due to a strong
coupling between a- and JG-relaxations, and then an excess wing is observed in dielectric
spectra (see Fig. 3). (ii) The JG process is not well detectable by using each experimental
technique. For instance, if small dipole moments are assigned to relaxing entities that
contribute to the JG relaxation, a weak or no response of the intermolecular local mobility is
detected by means of the dielectric spectroscopy. This is the case of OTP, for which a well
resolved B-process has been found by using the adiabatic calorimetry [160], while the JG
relaxation only can be barely observed by means of the dielectric spectroscopy after rapid
quenching and can disappear on annealing [161]. (iii) Thus, the experiment rate may affect
the possibility of the JG-process detection. It has been suggested that materials for which no
B-relaxation has yet been observed would simply have to be quenched faster in order to give
rise to a B-peak [161]. In the light of presented experimental limitations, one cannot exclude
the role of the JG relaxation in the recrystallization process especially deep in the glassy state.
Therefore, a good practice that has already become a standard research procedure is to always
consider the possible influence of the precursor of structural relaxation on the devitrification
of amorphous pharmaceutical solids.

An additional rationale for such investigations has been very recently provided by THz

spectroscopy studies, which enable to probe fast molecular dynamics of amorphous drugs.
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Sibik et al. suggested [162] that the librational-vibrational modes of a series of polyhydric
alcohols measured in the THz frequency range are well coupled to the structural and JG
secondary dielectric processes observed by standard BDS techniques. Investigating a wide
temperature range (well below and above Tg) available by the THz time domain spectroscopy
technique, the authors argued that additional thermally dependent contributions to the fast
molecular dynamics observed in the temperature range, 0.65T¢<T<Tj, are related to the JG
secondary relaxation, while the dielectric losses at THz frequencies become dominated by the
structural relaxation process above Tg. Further, Sibik et al. [163] studied a few pharmaceutical
materials at THz frequencies, finding differences in the temperature ranges Tg<T<T, in which
the increasing mobility related to the JG relaxation was observed for examined amorphous
drugs (i.e., the ratio Tp/Ty varied from 0.55 to 0.76 as well as the different levels of the JG
relaxation contribution to the fast molecular dynamics were established for different drugs).
Based on these results, a strong correlation between the increase in the fast molecular
dynamics and the crystallization onset has been suggested as a promising way to predict the
stability of amorphous pharmaceutical solids. It is worth noting that the fast molecular
dynamics study probed by the THz spectroscopy has been identified [164] as the caged
molecule dynamics, showing up in dielectric spectra as a nearly constant loss (NCL). The
regime of caged molecule dynamics is terminated by the onset of the primitive relaxation,
which is assumed by the coupling model and can be regarded as a precursor of the JG -
relaxation. Hence, one can establish a connection between the magnitude and the temperature
dependence of the NCL and the JG relaxation, which explains a monotonic increase of NCL
with temperature and the change to a stronger dependence of dielectric loss observed in the
THz spectroscopy in the sub-Ty region, Tg<T<T, Moreover, the temperature Tg has been
found as a “second glass transition”, because 1)6=100s at Tg, while t,=100s at T4 The
consistent description suggested for the molecular mobility investigated in the extremely wide
frequency range (from mHz to THz) facilitates a better understanding of the potential
relationship of the local molecular mobility and the tendency of amorphous solids to
recrystallization.

In recent years, the local motions reflected not only in the intermolecular JG relaxation
but also in the secondary relaxations originating from intramolecular motions have been
increasingly considered as factors that govern the recrystallization of amorphous
pharmaceutical solids. In this context, indomethacin is a model drug that is worthy of
discussion. Different kinds of molecular mobility have been thoroughly investigated as
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potential factors of the physical instability of the drug that recrystallizes both above and
below Tg. Bhugra et al. [63] established that the crystal growth in contrast to the nucleation is
quite well coupled with the diffusion process probed by the structural dielectric relaxation in
indomethacin above Ty (see Table 1). By comparing the critical size of crystallization nucleus
and the dynamic length scale of structural relaxation (see Section 3.1.1), Vyazovkin and
Dranca [117] suggested that the crystal nucleation in amorphous indomethacin may occur via
the local noncooperative motions of the individual molecules in the temperature region of the
secondary B-relaxation. The authors also showed [165] that crystal nuclei began to form in
amorphous indomethacin deeply in the glassy state at T=<T4—56K after 147 days of physical
aging. Carpentier at al. [166] studied molecular dynamics of indomethacin using dielectric
and NMR spectroscopies, reporting a presence of two secondary relaxations in the glassy
state. The slower B-relaxation was classified as the JG process in terms of Eq. (8) based on the
extended CM, and the faster y-relaxation was attributed to intramolecular motions (the
chlorobenzyl group rotations detected in NMR measurements). Both the interpretations have
been later confirmed by finding better resolved JG B-relaxation peaks in dielectric spectra of
amorphous indomethacin measured at elevated pressure (P=400MPa) and giving evidence
that the non-JG vy-relaxation is insensitive to pressure [167]. Based on the NMR
measurements carried out for metastable and stable crystalline phases of indomethacin, a
possible scenario has been suggested that the mobility inducing the crystal nucleation far
below T4 comes from the combined effects of the JG secondary relaxation and the
chlorobenzyl group rotations [166].

The case of indomethacin shows that thorough investigations of all secondary processes
observed in the glassy state of pharmaceuticals are important to exhaustively determine
molecular mechanisms that govern the complex recrystallization phenomenon. The role of
intramolecular relaxations in predicting the physical stability of glasses can be especially
exposed if specific interactions (e.g. hydrogen bonds) exert an essential effect on the tendency
of amorphous drugs to recrystallization. Considering another important issue, which is the
influence of water on the susceptibility of amorphous drugs to recrystallization, we need to
remember that water contained in a material not only results in its plasticization (i.e., an
increase in the global mobility associated with a decrease in Ty of the hydrated material), but
also affects the local mobility of the material. After adding water to a material, a new
relaxation process originating from local motions of water molecules begins to emerge in the
frequency range typical for secondary processes [85,168], which makes the local molecular

dynamics of hydrated drugs more complex than their anhydrous counterparts. The enhanced
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global and local mobility of hydrated materials are usually correlated with their higher
tendency to crystallization. However, it was also reported that water can act as an
antiplasticizer for local motions [147]. For instance, an increase in the water content caused
an increase in the activation energy of B-relaxation in poly(vinylpyrrolidone) [169]. Thus,
both single pharmaceuticals and pharmaceutical mixtures require individual investigations to

properly assess the influence of their molecular mobility on their physical stability.

4. Enhancement of the physical stability of amorphous drugs

A growing interest in advantages of amorphous drugs (i.e., their better solubility and
consequently bioavailability) over their crystalline counterparts has resulted in many attempts
to find effective and efficient methods for preparing amorphous pharmaceutical solids, which
will be physically stable upon their storage (at least during their shelf life) and after
administration. A very promising way to achieve this goal is to prepare amorphous
compositions of APIs with certain excipients (including both polymers and small molecule
compounds, which are crystallization inhibitors) as well as amorphous binary mixtures of two
different APIs. In search of ideal excipients that are not APIs to such applications, the
additives are preferred, which are sufficiently effective at the lowest possible concentration to
physically stabilize amorphous drugs.[145]

The enhancement of the physical stability of amorphous APIs by mixing them with
excipients has been originally based on the antiplasticization effect of the added material on
API, i.e., a decrease in the global mobility associated with an increase in Ty of the binary
system compared with that of the pure API. This strategy consists in the preparation of
mixtures of a drug with an excipient having a higher T, than that of the drug. In a typical
case, the mixing of two materials results in the glass transition temperature of their binary
mixture, which can be described by the Gordon-Taylor (GT) equation [170]:

T ()= XT, +K(@L-xX]T,,

x+K(1-x)
where x is the mass fraction of the component 1, Tq: and T, are respectively glass transition

: (10)

temperatures of the components 1 and 2, whereas K is a fitting parameter, which can be
interpreted as a measure of interactions between components and described for instance by the
ratio of changes in the heat capacities of the components at their glass transition temperatures,
ACp/ACp. ™ If a drug characterized by its glass transition temperature Tg; is mixed with

another component having its glass transition temperature Ty, > Ty, then Eq. (10) predicts
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that the glass transition temperature of the mixture will be higher than the glass transition

temperature of the pure drug (T, (x) > T,,). As a result, the molecular mobility of the prepared

mixture is reduced in comparison with the pure drug, thereby one can expect a lower tendency
of this amorphous binary system to devitrification. Therefore, the commonly used excipients
in mixtures with drugs are polymers often characterized by high values of Tg.

However, the strategy of the physical stability improvement based on Eq. (10) is not
universal, because the glass transition temperature is not always a proper predictor of the
tendency to recrystallization. Similarly to single component pharmaceutical systems, there are
known amorphous binary systems characterized by nearly the same values of Ty and different
tendencies to recrystallization. For example, amorphous nifedipine crystallizes more readily
than amorphous felodipine, although their values of T4 are very close, i.e., (45.5+0.3)°C for
nifedipine and (46.4+0.3)°C for felodipine. The crystallization tendency compared between
these drugs do not change in the presence of 3 wt% polyvinylpyrrolidone (PVP) [21]. If
different polymers characterized by nearly the same value of Ty are added to the same API,
they can also exert different effects on the physical stability of the amorphous pharmaceutical
systems. For example, poly(acrylic acid) (PAA) better prevents the recrystallization of
acetaminophen than PVP, although the values of T, for PAA and PVT are almost identical,
resulting in very close values of Ty for amorphous solid dispersions ( (30.3+0.3)°C for
acetaminophen with PVVP and (31.3£0.5)°C for acetaminophen with PAA) [172]. Moreover,
predictions given by Eq. (10) can be considerably different from experimental values of T,
obtained for amorphous binary systems. The breakdown of the GT equation is usually argued
by specific intra- and intermolecular interactions (e.g. hydrogen bonds and ionic interactions),
which can be essential to facilitate or hinder the formation of crystal nuclei and/or the crystal
growth [173,174]. Thus, an alternative strategy for the selection of excipients to amorphous
solid dispersions containing drugs relies on finding such additives, the molecules of which are
able specifically interact with APl molecules to prevent the recrystallization process
[175,176,177,178,179, 180,181].

In current pharmaceutical investigations, a combined influence of antiplasticization
(generally understood as a decrease in the global or/and local molecular mobility [147]) as
well as specific interactions on the physical stability of amorphous solid dispersions is most
often considered to effectively suppress their recrystallization. For instance, Kothari et al.
[182] investigated a possible role of drug-polymer H-bonding interactions and molecular

mobility on the physical stability of nifedipine dispersions with polymers such as PVP, PAA,
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and hydroxypropylmethyl cellulose acetate succinate (HPMCAS). As a result, the authors
have found that the strength of drug-polymer hydrogen bonding, the increase in structural
dielectric relaxation times of the dispersions, and the resistance to crystallization can be
ranked depending on polymer additives as follows PVP > HPMCAS > PAA (compared at two
polymer concentrations of 10 and 20 wt% in the drug dispersions). The best effectiveness of
PVP in stabilizing nifedipine in the amorphous binary compositions has been attributed to the
decrease in molecular mobility caused by the strong hydrogen bonding between molecules of
PVP and nifedipine. An interesting comparison of the roles of antiplasticization and hydrogen
bonding in the physical stabilization can be drawn for amorphous mixtures of celecoxib with

the polymer PVpP83184

and a small molecule compound octaacetylmaltose (acMAL) [8]. For
the amorphous binary mixture of celecoxib with PVP, a strong antiplasticization effect has
been observed, however, the increase in T4 of the amorphous mixture with increasing content
of PVP has not complied with the predictions based on the GT equation. This deviation from
the dependence Ty(x) estimated by Eq. (10) has been explained by hydrogen bonding between
the —NH, group of celecoxib and the —C=0 group of PVP. In the physical stabilization of
amorphous celecoxib by mixing with acMAL, the antiplasticization effect does not play any
role if it is considered in the conventional sense, because the glass transition temperatures of
celecoxib and acMAL have the same value (Ty=331K). Indeed, there is no increase in T of
the amorphous binary systems compared with its drug component, and even the values of T,
of celecoxib-acMAL mixtures are slightly lower than that for pure celecoxib. Nevertheless,
after adding cMAL to celecoxib, some changes occur in the global mobility compared with
that of pure celecoxib, which are reflected in a decrease in the isobaric fragility m determined
from Eq. (4) using dielectric data (see Fig.11). The drop in the isobaric fragility well
corresponds to the enhanced physical stability of the co-amorphous binary system in the
liquid state, which is in accord with the general expectations that stronger materials should be
more stable as well as with the predictions of the TOP model formulated by Tanaka (see
Section 3.1.1). However, no crystallization tendency of the co-amorphous solid dispersion of
celecoxib with acMAL has been mainly attributed to a significant suppression of both the
intermolecular and intramolecular local mobility of pure glassy celecoxib after mixing with
acMAL. Based on the broadband dielectric spectroscopy studies and the density functional
theory calculations, it has been established that even a small content of acMAL (10wt%) in
the glassy binary mixture with celecoxib causes a slowdown in the JG p-relaxation as well as
a rapid decrease in the dielectric strength of a non-JG y-relaxation due to arresting rotations of

the —phenyl-SONH, group of celecoxib (which are responsible for the y-process) by strong
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hydrogen bonds formed between the —phenyl-SONH, group of celecoxib and the —-C=0 group
of acMAL. The pioneering application of acMAL to effectively stabilize amorphous
celecoxib [8] has inspired further successful attempts [185, 186] at exploiting acetylated

saccharides as crystallization inhibitors of other amorphous pharmaceuticals.
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Fig. 11 Example of a correlation between the significant enhancement in the physical stability and the decrease
in the isobaric fragility after adding a small amount of octaacetylmaltose (10% and 30% wt of acMAL) to
celecoxib (CEL). Data are taken from Ref. [8].

In search of excipients effectively preventing the recrystallization of amorphous
pharmaceutical solids, an active interest has been taken in studying additives that can stabilize
amorphous APIs via ionic interactions. Mistry et al. [175] have suggested that a further
enhancement in the physical stability may be achieved in case of ionic interactions between
molecules of drug and excipient, because such interactions are stronger than hydrogen
bonding. The authors investigated ketoconazole solid dispersions with three polymers such as
PVP, PAA, and poly(2-hydroxyethyl methacrylate) (PHEMA), finding that the strength of
drug - polymer interaction, the increase in dielectric o -relaxation times, and the enhancement
in physical stability (crystallization inhibition) can be ranked depending on polymeric
excipients in the following order: PAA > PHEMA > PVP. These results have been elucidated
by ionic interactions and hydrogen bonding between ketoconazole and PAA as well as

hydrogen bonding and weaker dipole-dipole interactions of ketoconazole with PHEMA and
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PVP. The strong ionic interactions have been attributed to a huge decrease in the global
mobility of ketoconazole-PAA binary systems with increasing polymer concentration as well
as to a delay in the crystallization onset temperature and the crystallization process. Using
dimethylaminoethyl methacrylate copolymer, Liu et al. [187] successfully stabilized
indomethacin due to suppression of the indomethacin dimer formation via ionic interactions
between the drug and the copolymer. There are also known applications of inorganic silicates
to enhance the physical stability of amorphous drugs, in which the important role of ionic
interactions is also suggested.[ 188,189,190, 191, 192, 193, 194,195]

A tempting idea to enhance the physical stability of amorphous drugs is to prepare
amorphous mixtures of two different APIs. The first attempts to combine two amorphous
drugs with one another were made by Yamamura et al. [196]. In 1996, the researchers first
formed an amorphous binary composition of the nonsteroidal anti-inflammatory drug
(NSAID) naproxen with cimetidine used in the treatment of heartburn and peptic ulcers. A
few years later, the same group prepared the drug mixtures containing cimetidine and
indomethacin (NSAID) both in their disordered state [197]. Spectroscopic studies show that
the formation of amorphous cimetidine/naproxen and cimetidine/indomethacin compositions
was possible due to non-bonding intermolecular interactions between the imidazole ring of
cimetidine and the carbonyl group of the naproxen or indomethacin.

In 2009, Alleso et al. discovered that an amorphous mixture of two drugs cimetidine and
naproxen indeed enhanced the dissolution rate of both substances compared to their
crystalline counterparts.’® In the same year, Chieng et al. [199] showed that the amorphous
composition of indomethacin with ranitidine is characterized by a much better physical
stability than those of the pure amorphous drugs. In 2011, Lébmann et al. prepared and
investigated the amorphous mixture containing two NSAIDs: naproxen and indomethacin at
different molar ratios (2:1, 1:1 and 1:2) [200]. Both the x-ray powder diffraction (XRPD) and
the differential scanning calorimetry (DSC) studies proved that naproxen in binary amorphous
drug-drug mixture with indomethacin could be made amorphous, whereas pure naproxen
could not be amorphisized due to its very high tendency to crystallization. Additionally, the
authors observed a substantial increase in the intrinsic dissolution rate of indomethacin in the
mixture compared to the crystalline form of pure indomethacin. The authors also achieved an
improvement of dissolution rate of glipizide upon formation of co-amorphous
simvastatin/glipizide mixtures [201], where glipizide acts as an anti-plasticizer and raises the

glass transition temperature of the simvastatine and stabilizes the amorphous mixture.
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Indomethacin was also studied in composition with ranitidine hydrochloride and ritonavir in
the same drug — drug ratio. The stability of amorphous forms in both formulations were
identified during the storage periods of 30 and 90 days respectively [199,201]. Martinez L. et
al [202] obtained very stable binary system paracetamol-antypiryne in a very wide range of
temperatures (-50° to 160°C) and without any sign of crystallization even after storage longer
than one year at room temperature. The latest investigations show that even a small amount of
indapamid (8.8wt%) that reveals a low tendency to crystallization alone is able to suppress the
recrystallization of amorphous ezetimibe [203]. The co-amorphous mixture of ezetimibe and
indapamid has remained physically stable even after 72 days of storage at room temperature.
This resistance against recrystallization significantly enhanced by mixing ezetimibe with
indapamid has been suggested to result from the anitiplasticization effect exerted by
indapamid. The slowdown in the molecular mobility of co-amorphous binary mixture with
increasing indapamid content has been well described by the GT equation (Eq. (10)) and well
correlated with a decrease in the isobaric fragility determined from Eq. (4) by using dielectric
experimental data.

Co-amorphous compositions of two drugs are extremely interesting also because of their
medical advantages. Namely, it has been many times reported that the combination therapy of
two drugs gives better results than monotherapy [204,205,206]. Since the vast majority of
medical papers consider compositions of two crystalline drugs, there is a clear need for
improving the solubility and bioavailability of these mixtures by converting the crystalline

binary compositions into their amorphous forms.

5. Crystallization of amorphous drugs at elevated pressure

As already mentioned in previous sections, the interest in studying the crystallization
of supercooled and glassy pharmaceutical systems at high pressure is driven by compression
paths used to prepare tablets of API and formulations, showing often a very complex
inhomogeneous scenario [38]. On the other hand, the possibility to change simultaneously and
independently molecular thermal energy and density offers an additional tool to investigate
the role of dynamics and thermodynamics in determining the tendency to recrystallization and
explore its behavior through the T-P diagram. For instance, a possible line of future
investigations, which has been recently started [207,208], is the study of the possible role of
polymorphs and their influence on the stability of amorphous state over the T-P plane. In

recent years, there is a growing interest in studies combining pressure and temperature
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variations since they allow to affect thermodynamic and dynamic properties for a given
system in quite different ways. With this respect, the broadband dielectric spectroscopy is a
unique technique to monitor both dynamics and real-time crystallization kinetics at high
pressure. In fact, classical techniques to monitor crystallization, such as X-ray diffraction,
differential scanning calorimetry and infrared absorption (FTIR) are usually employed to
study the amount of crystallized phase (and so the stability) of amorphous systems created
off-line at high pressure [38, 209], but very few studies have been performed directly on-line
at very high pressure, mainly exploiting calorimetric, volumetric and FTIR techniques [208,
210, 211]. The broadband dielectric spectroscopy can be easily performed at high pressure,
giving access to both dynamics and crystallization kinetics. In fact, in most of the cases, when
supercooled molecular systems start to crystallize, only the amorphous phase contributes to
the dielectric response, being the dielectric strength Ae proportional to the number of active
dipoles per volume unit. In absence of additional mesophases or confined amorphous phases
that could bear additional effects and prevent a simple analysis [212], the amount of
crystallization fraction can be estimated directly from dielectric spectra using the following
relations exploiting a normalized change in the dielectric dispersion &', (t),
alt)= &, (t)zl—ij—((to)):l—Hzl—exp[—(kt)”] (11)

where the conversion degree o is a measure of how rapidly active dipoles decrease during the
crystallization process. The last term is the Avrami function [213, 214], where k that is the

overall crystallization rate constant (related to both nucleation and growth and corresponding

to the characteristic overall crystallization time 7. =k™) and n is the Avrami exponent

cryst
often correlated with the nature of crystal growth. The Avrami function may bear also an
offset time term to, related to the onset of crystallization if t is replaced with t-to. Samples can
be melted at high pressure, then cooled to the target temperature to be monitored isothermally.
In Fig.12 and 13 there are some examples of monitoring the crystallization kinetics for
amorphous drug probucol [215] and indomethacin [39].
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The possibility to access simultaneously to dynamics (from the relaxation times obtained from
the frequencies of the dielectric loss peak maxima) and to crystallization kinetics allow to test
also the previously mentioned Eq. (8) also at high pressure. An examples can be found in
Figure 14 for probucol at 353 K and different pressures where the crystallization rate and the

reciprocal o-relaxation times are compared [215].
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Fig. 14 Logarithm of inverse crystallization rate (k‘1 = Tqryet) and inverse relaxation time for probucol at 353 K

plotted versus pressure.

The crystallization times as well as the relaxation ones increases on increasing density and
keeping temperature constant. That is expected, since the molecular mobility is quite reduced
on increasing density, but actually the relaxation times seem to be more affected than the
crystallization rate. The possibility that this result could be related to a different dynamic
variable to which the crystallization growth or nucleation is coupled has already been
mentioned in this paper. On the other hand, we have to consider here that, on changing
density, all the excess thermodynamic quantities, including entropy and free energy are
reduced on increasing density. The tempting idea could be that, on changing pressure at
suitable temperature, less or more stable amorphous state could be obtained.

The recent years have seen a flourished series of papers studying the crystallization
kinetics at different pressures by dielectric spectroscopy [12,39,40,41,216,217]. If a rationale
can be found about the stability against recrystallization (or the instability) at high pressure,
the suitable T-P conditions should be chosen to effectively perform such stability

investigations. It has been shown [19,102] that in most glass-forming systems, despite the

46



pressure or temperature conditions, once a fixed structural relaxation time t,(T,P) is chosen,
all the dynamic results are very similar. In other terms, in isochronal conditions (i.e., at
14(T,P)=const) the shape of a-relaxation peak (hence the distribution of structural relaxation
times), the coupling between the structural relaxation times t,, and the JG-relaxation times 1
[218,219], and the decoupling exponent between translational and rotational diffusion
coefficient remain unchanged [19]. These findings have been rationalized by a couple of
models. For instance, we have already introduced the Coupling Model by Kia Ngai [20],
according to which all dynamic quantities are invariant at selected T and P at which the
primitive relaxation time 1, is kept constant. Thus, one can suggest that a good choice is to
perform the kinetics studies in the same isochronal conditions defined at the same t,(T,P) or
the same tp(T,P). Another support can come from the theory of isomorphs [220], which
predicts the possibility to find such state points that can be isomorphically transformed one
into the others, providing curves in the T-P diagram called isomorphs along which various
dynamic observables are expected to be invariant despite varying density p and temperature
T, if it is possible to describe the thermodynamic evolution of a given dynamic observable by
a function of the single scaling variable defined originally by the ratio h(p)/T, which takes
into account the increase in the intermolecular barrier due to the increase in density. Having
both the experimental and theoretical supports, the choice of studying the crystallization
kinetics in isochronal conditions appears as the best way to investigate the stability of
amorphous drugs against recrystallization within the well-defined molecular mobility.

The fundamental advantage of the isochronal method for exploring the crystallization
kinetics has been recently elucidated in terms of the classical theory for the crystallization
under high pressure and demonstrated using a model drug indomethacin as an example [39].
According to the crystallization theory [17,221,222], the quantities typically used to
characterize the crystallization process such as the nucleation rate 1, the crystal growth rate g,
and the non-steady-state time lag z depend on thermodynamic and kinetic factors and can be

expressed by some functions of temperature and pressure in the following way,

(T, P) = C, ep[-AW (T, P) / k,T]1exp[-U (T, P,) f, (P)] (12a)
9(T,P) = C,0[-Au 5 (P)]exp[-U (T, B,) ,(P)] (12b)
7,(T,P) = Cylo, F {P)/[As, f, (P)F e U (T, Ry f,(P)] (120)
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where the parameters C; are constant, the functions f; are only pressure dependent, and the
thermodynamically governed terms involve the thermodynamic barrier to nucleation,

AW (T,P), the specific surface energy of the melt/crystal interface, o(T,P), and the
thermodynamic driving force of crystallization, Au(T,P), which is the difference in the
chemical potentials of the ambient and the newly formed phase. The symbols &, and Ay,
refer to the normal pressure case and the function Q[-Au f,(P)] denotes a general
expression that can take different forms depending on particular mechanisms of the crystal

growth. However, the Kinetic contribution to Eqgs. (12a)-(12c), which reflects the molecular

mobility, is represented by the exponential factor exp[-U(T,R,) f,(p)] or its inverse, where
U(T,PR,) is the overall activation energy at the normal pressure po,=0.1MPa. As already

mentioned in Section 3.1.2.2, the Kinetic factor of the crystallization process is considered to

be dependent on the molecular diffusion, and consequently to be related to the inverse

viscosity m™* or the inverse structural relaxation time ' for I(T,P) and g(T,P), while

7, (T,P) is non-inversly dependent on n or t,. Therefore, even if the decoupling phenomena
discussed in Section 3.1.2.2 may occur, one can assume that the kinetic contribution to the
characteristic crystallization quantities 1(T,P), g(T,P), and z,(T,P) is invariant to a good
approximation in isochronal conditions, e.g., at 7, (T,P) =const. Then, the thermodynamic

contributions to these quantities can be conveniently extracted by changing pressure along
such a defined isochronal curve in the T-P diagram. Among other things, in most examined
systems, such studies revealed that the pressure derivative of the crystallization temperature
dT/dP calculated along an isochrone changes differently (usually less strongly at high P)
than the pressure derivative of the melting temperature dT/dP along the melting line in the
T-P diagram. Thus, the supercooling range Tn(P)-Tc(P) increases with increasing pressure. It
means that one can presume that keeping the same kinetic barrier upon crystallization process
does not guarantee that we are still in the same relative position with respect to the melting
point.

The progress made in the crystallization studies by exploiting the isochronal paths has
also revealed some limitations in the previous methods for determining the thermodynamic

parameters of the crystallization process such as Au(T,P) and o(T,P). In the classical

approach suggested by Gutzow et al. [17, 221,222] to study the crystallization process at some
temperature and pressure (T.r,Pc), the integration pathway has been employed (see Fig. 15),

which starts from the melting temperature at the normal pressure, Tn(Po), achieves the
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crystallization temperature T.(Po) along the isobar Py, and then isothermally reaches the
crystallization state (T.,Pc). Along the pathway, for instance, the difference in the chemical

potentials Au(T, P) can be determined by the following equation

T P
Au(T,P)=—| o) AS(T. P )T + Lo AV (T, (R,),P)dP (13)
where AS =S§;,, -3, and AV =V, -V, denote the differences in the entropies and volumes

of the liquid and crystalline states, respectively. Very recently, it has been shown [40] that the
integration pathway employed in Eq. (13) is proper in the cases in which T¢ < Ti(Po) (as
presented in Fig. 15(a)), but it becomes inadequate if T > Tr(Po) (as depicted in Fig. 15(b)),
because then it requires extrapolating the entropy of crystal to the liquid state, which leads to
physically unjustified results as above the melting point the crystalline state does not exist.
The newly suggested integration pathway [40] overcomes the essential limitation, because
(see Fig. 15(b)) it starts from the same initial point (Tm(Po),Po), but first achieves the
crystallization pressure P along the isotherm Tn(Po), and then isobarically reaches the
crystallization state (T.,,Pcr). Then, the difference in the chemical potentials can be rewritten
as follows

Au(T,P)=— f 5, AS(T.PIT + j: AV(T,(P,), P)dP (14)

It is worth noting that the integration pathway employed in Eq. (14) can be also applied to the
cases at which the crystallization temperatures T, < Tm(Po). Thus, the thermodynamic driving
force toward crystallization typically expressed by the difference between chemical potentials
of liquid and crystalline phases, Ay, the liquid/crystal interfacial free energy, o, also based on
the integrals exploited in Egs. (13) and (14) as well as the critical size of crystallization
nucleus r*, which depends on o, can be properly evaluated along the new integration pathway
as it has been done in [40] successfully exploiting both the commonly used Tait equation of
state [223] and the recently derived equation of state [224,225,226] to parametrize the
temperature-pressure dependence of volume in order to thoroughly verify the new integration

pathway.
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Fig. 15 Illustration of the integration pathways originally suggested by Gutzow et al. [17,221,222] and newly
proposed in Ref. 40 to calculate the thermodynamic driving force toward crystallization in two cases (a) T <
Tm(Po), and (b) T, > Tiy(Po). The new integration pathway is not shown in panel (a), although it is also valid at
Teor < Ti(Po).

The extensive studies performed in the last few years show a quite complex scenario.
As mentioned previously in this paper, high pressure paths might yield amorphous materials
with a higher stability, due to a less excess of free energy, a reduced fragility, a less
decoupling, and a larger activation energy for local processes. The effect of density over the
thermal fluctuations in favoring fast growth of crystals close to the glass transition
temperature, where the sample is viscous and the molecular motions are quite hindered, has
been also theorized [227]. Isochronal experiments similarly gave opposite results, with the
crystallization rate both strongly reduced (for ibuprofen [12,41]) or enhanced (for ROY) [216]
with increasing pressure. In a very recent paper, the crystallization kinetics for racemic and
single enantiomers of a pharmaceutical system have been reported to have opposite trends
with pressure, i.e., the overall crystallization rate of the single component system increases
with compression, while it decreases in case of the racemic mixture [217]. Being the
crystallization scenarios very rich, it is important to have a reliable method at our disposal to
represent and predict the evolution of the crystallization behavior with pressure and to relate it
to dynamics and thermodynamics. It should be noted that there is a competition between these
two factors affecting the crystallization kinetics under pressure in a different manner: the
mobility term is reduced by density, differently from the other one that can have a complex
behavior. Depending on their combination theoretically described by Egs. (12a)-(12c), the

recrystallization of a liquid under compression may be faster or slower. The crystallization
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kinetics studied in isochronal conditions and the choice of the proper thermodynamic
pathways to analyze the thermodynamic parameters relevant to the recrystallization process
enable to reliably assess the variation in the thermodynamic and kinetic contributions to the

recrystallization phenomenon.

Conclusions

The recent progress made in studying the physical stability of amorphous APIs
undoubtedly shows that the molecular mobility is a key factor that governs the
recrystallization process of pharmaceuticals from the glassy state, although it is still difficult
to determine which kinds of molecular mobility are responsible for the undesirable
devitrification of amorphous drugs in any case. Thus, in the further research perspectives on
this field, such investigations should be certainly involved, which are aimed at gaining a
better insight into correlations between properties of the different kinds of molecular mobility
and the crystallization process. The powerful experimental method for conducting such
studies is the broadband dielectric spectroscopy, which enables to examine both molecular
dynamics and crystallization Kinetics in the wide temperature-pressure range, covering an
extremely broad frequency band that enables to reveal the characteristic time scales of
different dielectric relaxation processes and crystallization kinetics. Nevertheless, the complex
nature of amorphous pharmaceutical solids may most likely require exploring some
combinations of both dynamic and thermodynamic various factors to completely understand
molecular mechanisms of the devitrification process, and consequently allow us to predict and
control the physical stability of amorphous APIs. For this purpose, novel research procedures
are expected to be very useful, which are able to reliably distinguish between thermodynamic
and Kinetic contributions to the examined physicochemical phenomena. In this context, the
study of the pressure effect on the molecular mobility and the crystallization kinetics should
shed a new light on both application and cognitive aspects of the physical stability of

amorphous pharmaceutical solids.
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