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Kurzfassung

Das Verständnis des Glasübergangs und des Phasenverhaltens von amorpher Poly-
merdispersionen (ASDs) ist entscheidend für die Entwicklung neuer pharmazeutischer
Formulierungen zur Behandlung verschiedener medizinischer Zustände. Während das
Phasenverhalten von ASDs bereits mithilfe von Zustandsgleichungen berechnet und
vorhergesagt wurde, wird die Glastemperatur in der Regel aufgrund des Mangels an
physikalisch fundierten Modellen mittels empirischer Korrelationen geschätzt. Darüber
hinaus beeinflusst die Anwesenheit von Feuchtigkeit während der Verarbeitung und
Lagerung von ASDs sowohl die Glastemperatur als auch das Phasenverhalten erheblich,
was von empirischen Gleichungen nur unzureichend erfasst wird. Um diese Heraus-
forderungen zu bewältigen, wurde ein neuer theoretischer Ansatz zur Vorhersage der
Glastemperatur von trockenen und feuchten ASDs entwickelt, indem die allgemeine
Entropietheorie (GET) mit der Sanchez-Lacombe (SL) Zustandsgleichung gekoppelt
wurde.

Die GET, ursprünglich für Polymerblends entwickelt, wurde verwendet, um die En-
tropiedichte mit der α Relaxationszeit zu korrelieren, indem nur ein Parameter an
die experimentelle Glastemperatur des jeweiligen Reinstoffes angepasst wurde. Ferner
muss der in der SL Zustandsgleichung inbegriffene binäre Wechselwirkungsparameter
an binäre experimentelle Gleichgewichtsdaten angepasst werden, um dann die Glastem-
peratur der ASD vorherzusagen. Das Modell wurde zusätzlich für ternäre Mischungen
erweitert, um den Einfluss von Feuchtigkeit ohne weitere anpassbare Parameter zu
berücksichtigen.

Zunächst wurden die SL Reinstoffparameter des Polymers Polyvinylpyrrolidon (PVP)
und der aktiven pharmazeutischen Wirkstoffen (APIs) Indometacin (IND) und Ibupro-
fen (IBU) an experimentelle Druck-Volumen-Temperatur (PVT) Daten angepasst. Die
SL Parameter von Naproxen (NAP) und Griseofulvin (GRI) wurden an binäre experi-
mentelle Flüssig-Fest Gleichgewichtsdaten (SLE) in reinen organischen Lösungsmitteln
angepasst. Um die Genauigkeit des neuen Ansatzes zu testen, wurde der Einfluss des
Druckes auf die α Relaxation und die Glastemperatur von IND und IBU vorhergesagt
und mit experimentellen Daten validiert. Außerdem wurde die Glastemperatur der
trockenen ASDs bestehend aus PVP und jeweils IND, IBU und NAP vorhergesagt und
mit experimentellen Daten aus der Literatur verglichen, ebenso wie der Einfluss der
Feuchtigkeitsaufnahme auf den Glasübergang und das SLE von IND-PVP und NAP-
PVP. Der in dieser Arbeit entwickelte Ansatz kann zur qualitativen Beschreibung der
α Relaxation und zur quantitativen Beschreibung des Druckeinflusses auf die Glastem-
peratur von IND und IBU verwendet werden. Darüber hinaus kann mit dem Modell
die Glastemperatur von trockenen ASDs bestehend aus PVP und jeweils IND, IBU
und NAP in Übereinstimmung mit experimentellen Daten quantitativ vorhergesagt
werden. Ferner kann mit dem Modell der Einfluss der Feuchtigkeitsaufnahme auf die
Glastemperatur von IND-PVP und NAP-PVP quantitativ vorhergesagt werden.

Folglich kann der in dieser Arbeit entwickelte Ansatz verwendet werden, um die Ef-
fekte von Verarbeitungs- und Lagerungsparametern auf die Glastemperatur und das
Phasenverhalten der untersuchten ASDs genau zu analysieren.
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Abstract

Understanding the glass transition and phase behavior of amorphous solid dispersions
(ASDs) is crucial for designing and developing new pharmaceutical formulations em-
ployed in the treatment of various medical conditions. While the phase behavior of
ASDs has been already calculated and predicted using equations of state (EOS), the
glass temperature is usually estimated using empirical correlations due to the lack of
physically grounded models. Furthermore, the presence of moisture during processing
and storage of ASDs greatly influences both the glass temperature and phase behavior,
and these effects are poorly captured by empirical equations. To address these chal-
lenges, a new theoretical approach for the prediction of the glass temperature of dry
and humid ASDs was developed by combining the generalized entropy theory (GET)
with the Sanchez-Lacombe (SL) EOS.

The GET, originally developed for polymeric blends, has been used to correlate the
entropy density with the α relaxation time by adjusting only one parameter to the
experimental glass temperature of the corresponding pure component. Furthermore,
the binary interaction parameter used within the SL EOS must be fitted to equilibrium
binary experimental data to then predict the glass temperature of the ASD. The model
was additionally expanded for ternary mixtures to account for the influence of moisture
without using any further adjustable parameters.

First, the SL pure-component parameters of the polymer poly vinyl pyrrolidone (PVP)
and the active pharmaceutical ingredients (APIs) indomethacin (IND) and ibuprofen
(IBU) were fitted to experimental pressure-volume-temperature (PVT) data. The SL
parameters of naproxen (NAP) and griseofulvin (GRI) were fitted to binary experimen-
tal solid-liquid equilibrium (SLE) data in pure organic solvents. To test the accuracy
of the new approach, the influence of pressure on the α relaxation and the glass tem-
perature of the APIs IND and IBU was predicted and validated against experimental
data. Moreover, the glass temperature of the dry ASDs composed of PVP and IND,
IBU and NAP, respectively, as well as the influence of moisture sorption on the glass
transition and the SLE of IND-PVP and NAP-PVP was predicted and compared to
experimental data taken from the literature. The new approach developed in this work
may be used to qualitatively describe the α relaxation and to quantitatively describe
the influence of pressure on the glass temperature of IND and IBU. Besides, the model
quantitatively predicts the glass temperature of dry ASDs containing IND, IBU and
NAP in agreement the experimental data. Furthermore, the developed model is capa-
ble of quantitatively predict the influence of moisture sorption on the glass temperature
of IND-PVP and NAP-PVP.

Consequently, the new approach developed in this work may be used to accurately
analyze the effect of processing and storage parameters on the phase behavior and
glass temperature of the investigated ASDs.
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x - Molar fraction

Z - Partition function

z - Size of the cooperative rearrenging regions in Adam-Gibbs
model

z
�

- Critical size of the cooperative rearrenging regions in Adam-
Gibbs model

Greek letters

Symbol SI-unit Description

∆SLc̄p,0,i kJ mol
�1

K
�1

Difference in the molar isobaric heat capacity of pure com-
ponent i across the melting line

∆SLh0,i kJ mol
�1

Molar fusion enthalpy of pure component i

∆E J mol
�1

Molar activation energy of α relaxation

∆µ J Activation energy of α relaxation in Adam-Gibbs theory

ϵ
�

J mol
�1

Energy parameter in the Sanchez-Lacombe theory

η Pa s Dynamic (shear) viscosity

κT Pa
�1

Isothermal compressibility

µ J mol
�1

Chemical potential

ρ kg m
�3

Specific density

ρ0,i kg m
�3

Specific density of pure component i

ρ̃ - Reduced density
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ρ
�

kg m
�3

Characteristic (close-packed) density in the Sanchez-
Lacombe theory

ρ̂ mol m
�3

Molar density

τ s Relaxation time

τ0 s Constant in Vogel-Felcher-Tamman-Hesse equation (2.1)
or Arrhenius equation

υ
�

m
3

mol
�1

Close packed volume in the Sanchez-Lacombe theory

ϕ - Volume fraction

ϕ
0

- Segment fraction

φ - Relative humidity

Ω - Total number of configurations

Subscripts and superscripts

Symbol Description

α α relaxation process

β β relaxation process

c Critical quantity

calc Calculated value

E Excess quantity

exp Experimental value

gl. Glassy state

i, j, k Component

L Liquid phase

max Maximal value

mix Property of the mixture

S Solid phase

V Vapor phase
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1 Introduction

Glasses are everywhere to be found in modern society and infrastructure ranging from
common windows, tableware, lamps and decoration up to specialized equipment such
as lenses, laboratory instruments and kitchen appliances. These type of glasses are
in their majority made from oxides of the elements Si, B, Al among many others and
mixed with additives such as lime to modify their physicochemical properties depending
on the application. Moreover, glasses can be made of polymers, metals, biomolecules,
and in principle of any known substance, provided that the cooling rate during their
production is high enough to avert crystallization [1].

Although glasses appear to be a solid and posses solid-like mechanical properties, their
molecular structure is amorphous and rather liquid-like [1]. Strictly speaking, a glass
is still flowing over time, however, its viscosity is so high that it can be regarded as a
solid for any practical purpose, given that its application takes place far below from
the glass transition temperature, TG [1], as is the case for silicate-based glasses [2]. The
knowledge of TG is therefore of utmost importance in applications where TG may be
near the ambient temperature as is the case for many pharmaceuticals, e.g. [3–5].

Such pharmaceutical compounds, known in the literature as active pharmaceutical in-
gredients (APIs), can crystallize into different polymorphs and may also build glasses,
depending on the processing conditions [6, 7]. Since the amorphous form of the API
has a higher solubility than the crystalline form, e.g. [8], enabling dissolution of the
drug in amorphous form will improve its bioavailability after oral administration [6].
However, using the amorphous form of an API is challenging due to its metastable
nature and tendency to recrystallize [6, 7]. Therefore, an additional component with
a TG higher than the ambient temperature can be used to form a mixture with the
API and kinetically hinder their molecular movement, so that a potential recrystal-
lization of the drug can be avoided [6, 7]. The additional component used to form
the aforementioned mixtures, known as amorphous solid dispersions (ASDs), is usu-
ally an amorphous polymer with negligible crystallinity, since these polymers exhibit
great glass-forming ability, e.g. [9], and some of them may be used in pharmaceutical
applications or are even already commercially available, e.g. [10, 11].

Even though ASDs improve the bioavailability of poorly water soluble APIs, e.g. [6,
10, 12, 13], there are still some drawbacks associated with their use such as a lower
physical stability, e.g.[12, 14], and the potential formation of glass suspensions [6],
also known in the literature as amorphous phase separation (APS). The APS, which
thermodynamically represents a liquid-liquid equilibrium (LLE), can be induced by the
presence of moisture and has already been predicted, e.g. [15–18], using equations of
state such as the perturbed chain statistical associating fluid theory (PC-SAFT) [19].
The presence of an LLE in a given ASD is undesired, since the API-rich phase can
quickly recrystallize due to its lower TG [6].

For instance, the isobaric phase diagram of an arbitrary ASD with non-negligible crystal
solubility of the API in the polymer is qualitatively shown in Figure 1.1.
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Figure 1.1: Schematic isobaric phase diagram of ASDs adapted from Prudic et al. [20].
Glass temperature ( ), solid-liquid equilibrium (SLE) ( ) and possible LLE ( ). TG,i

denotes the glass and T
SL
0,i the fusion temperature of component i, respectively. Region I in

gray denotes the stable liquid state, region II in blue the metastable glassy state, region III
in dark green the meta- and unstable liquid state and region IV in light green the meta- and
unstable glassy state.

The ASD is in a thermodynamically stable liquid state in region I, where both the poly-
mer and the API are completely miscible. In region II, the polymer and the API are
still completely miscible in the liquid phase, however, the ASD is kinetically hindered
for every temperature below TG. Consequently, after some time at constant temper-
ature, the ASD must relax towards the corresponding thermodynamically metastable
liquid state. On the other hand, in regions III and IV, the ASD is thermodynamically
either metastable or unstable for all temperatures below the SLE line. In region III,
the API recrystallizes and forms a solid phase containing only the API, as the polymer
and API are completely inmiscible in the solid phase. In region IV, the API must
recrystallize at a much lower rate than in region III, since the relaxation time of the
ASD is greater in the glassy state below the solid black line in Figure 1.1. Further-
more, an LLE can be present in the dry ASD or be induced by moisture absorption as
explained in section 2.2. The LLE region shown in Figure 1.1 must not be necessarily
encapsulated under the SLE line and may be also present in region I. This last case is
undesirable in pharmaceutical applications, as the ASD will separate into one API-rich
and one API-poor phase modifying the intended correct dosage.

To this date, there are no physically grounded models available in the literature to
predict the glass temperature of the ASD and only empirical correlations such as the
Gordon-Taylor equation (GT) [21] are used instead. This empirical approach slows
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down the development of new potential pharmaceutical formulations and is more ex-
pensive, since the glass temperature of the ASD as a function of the drug load needs to
be experimentally measured. The TG of pure components can be theoretically calcu-
lated with an equation of state (EOS) via the generalized entropy theory (GET) [9, 22]
by relating the entropy density to the relaxation time of the component as explained
in detail in section 3.2. The GET requires an EOS capable of accurately describing the
entropy of the system and its compressibility, such as the Sanchez-Lacombe theory (SL)
[23, 24]. In the framework of the SL EOS, the polymer and the API are divided into
equally large segments, respectively, and their thermodynamic properties are derived
using statistical mechanics as explained in detail in section 3.1.

To close the knowledge gap regarding the theoretical prediction of the TG, the main aim
of this work consists on developing a physical model to predict the glass temperature
and phase equilibria of dry and humid ASDs using the GET and the SL EOS. To
achieve the main goal, four tasks are required. First, the SL parameters of the pure
components forming the ASDs need to be fitted to suitable experimental data. For this
purpose, the polymer poly vinyl pyrrolidone (PVP) and the APIs griseofulvin (GRI),
ibuprofen (IBU), indomethacin (IND) and naproxen (NAP) were selected, since there
is enough experimental data in the literature to adjust the SL parameters as explained
in detail in section 3.5. Second, the glass temperature of the pure components and
its pressure dependence need to be calculated by using the SL EOS within the GET
framework as explained in detail in section 3.2. Third, the TG of the dry ASDs needs to
be predicted as explained in section 3.2 after fitting the binary interaction parameter
contained in the SL EOS to suitable equilibrium binary data. Finally, the SL EOS needs
to be expanded to ternary mixtures as explained in section 3.1 to predict the TG and
phase equilibria of the humid ASDs. It is worth mentioning that no further adjustable
parameters were used to describe the ternary mixtures using the SL EOS and the
binary interaction parameters were never fitted to the experimental glass temperature
of the binary or ternary systems.

This work is structured as follows: A brief overview of what has already been done
in the literature such as a brief description of the pure components used is given in
chapter 2. Then, an explanation of the models and calculation approaches is presented
in chapter 3. Subsequently, the core of this work is outlined in chapter 4, where the
obtained results are divided into pure components, dry and humid ASDs. Finally,
the most important insights derived from the results are summarized in chapter 5,
whereas further key aspects requiring future investigation are also mentioned. The
main focus of this thesis resides in the theoretical description of the glass transition
from a thermodynamic perspective. Thus, even though pharmaceutical formulations
are an important aspect, they are only used as a practical application of the developed
model.
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2 Background

In this chapter, a brief summary of key concepts regarding the glass transition and
its empirical and theoretical description is first presented in section 2.1. Then, a
description of the pure components used such as of amorphous solid dispersions and
their advantages, challenges and current research topics is presented in section 2.2.
Finally, a brief description of the experimental methods employed to estimate the
reported data used in this work is presented in section 2.3.

2.1 Glass transition

In this section, a brief overview of the glassy state and the glass transition is given.
First, basic concepts regarding the glass transition and the properties of glassy mate-
rials is given in section 2.1.1. Furthermore, the description of the relaxation of pure
components such as the glass temperature of pure components and mixtures using
empirical correlations is briefly elucidated in section 2.1.2. Thereafter, the theoretical
descriptions of the glass transition proposed by Gibbs and DiMarzio [25] and Adam
and Gibbs [26] are discussed in sections 2.1.3. Finally, the main characteristics of the
GET [9, 22] used in this work and derived from the Gibbs-DiMarzio model (GD) and
Adam-Gibbs model (AG) are briefly presented in section 2.1.4.

2.1.1 Fundamentals

First of all, the definition of the word “glass” needs to be settled. Commonly, glass is
associated with several objects found in everyday life such as windows, bottles, labo-
ratory and medical equipment, lenses, house decorations and all kinds of containers.
These objects are usually made of silicate glasses produced from silicon dioxide and
other excipients added to modify their physical properties according to the required ap-
plication. However, in this work, the term glass refers to a metastable thermodynamic
state of matter which polymers, pharmaceuticals and in principle any pure substance
can attain under the right conditions [1]. Consequently, this interesting yet enigmatic
glassy state needs to be precisely defined prior to its investigation, which unfortunately
is no trivial task. For this purpose, the total volume of a pure substance as a function
of temperature under constant pressure is schematically shown in Figure 2.1.

Lets assume that the pure substance can crystallize and exhibits a positive thermal
expansion coefficient, as is the case for the pharmaceuticals studied in this work and
presented in section 2.2. Initially, a defined mass of the pure substance is in a stable
liquid state characterized by any point on the solid black line at T % T

SL
0,i shown in

Figure 2.1. Then, the substance is carefully cooled down at a very low cooling rate
until the fusion temperature, T

SL
0,i , is reached, i.e. the intersection between the dashed

and solid black lines in Figure 2.1. During this first cooling step, the total volume of
the substance continuously decreases and its specific density increases, since the mass
is constant. Upon reaching the fusion temperature at a very low cooling rate, crystals

5



6 2. Background

begin to form at constant temperature until the whole sample has fully crystallized and
a stable solid phase is formed. Thereafter and upon further cooling, the temperature
and the total volume gradually decrease along the horizontal dashed black line shown
in Figure 2.1, however, the rate at which the volume decreases with temperature is
usually lower than in the liquid state [1]. The fusion enthalpy can be estimated by
calculating the amount of energy released by the sample alongside the vertical dashed
black line. Thus, the crystallization event of a pure substance may be characterized
by both the fusion temperature and enthalpy as explained in section 2.3.3.1, which are
unique to the corresponding polymorphic form of each pure component, given that it
can crystallize.

TG,A TG,B T
SL
0,i

crystal

metastable
liquid

glass A

glass B

liquid

Temperature �

V
ol

u
m

e
�

Figure 2.1: Isobaric volume change of a pure substance across the fusion and glass tem-
peratures adapted from Debenedetti [27]. The ( ) line describes the volume decrease by
averting crystallization, the ( ) line describes the volume decrease including complete crys-
tallization, the ( ) line describes the volume decrease of the glass formed using the cooling
rate Q̇B and the ( ) line describes the volume decrease of the glass formed using the cool-
ing rate Q̇A. Given that both glasses, A and B, were formed upon cooling under the same
constant pressure, the cooling rates at which the glasses were formed obey Q̇A $ Q̇B. TG

denotes the glass temperature of the corresponding glass and T
SL
0,i the fusion temperature of

the pure substance.

Lets repeat the previous thought experiment beginning again from a stable liquid
state, however, increasing the cooling rate to a value Q̇A, so that no crystals can form
upon reaching the fusion temperature. In this case, the volume further continuously
decreases below the fusion temperature along the solid black line in Figure 2.1 [1].
This thermodynamic state is known as a metastable (also supercooled) liquid, since
the substance eventually has to reach its equilibrium solid state found on the dashed
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black line in Figure 2.1 at the same temperature [1]. Upon further cooling of the sample
at Q̇A through the metastable liquid state, a point is reached where the slope of the
volume-temperature diagram clearly changes over a narrow temperature range [1] and
the glass A characterized by the solid blue line shown in Figure 2.1 is formed [1, 28]. It
must be pointed out that the change in the slope occurs within a temperature range [1]
and not at a well-defined value as is the case for the crystallization event. Nonetheless,
a single temperature value known as the glass transition temperature, TG, is calculated
from the measured data using different approaches as exemplary explained in section
2.3.3.1. Furthermore, the slope at which the volume changes with temperature is both
for the crystal and glass A very similar and lower than the slope of the corresponding
liquid [1].

Upon repeating the aforementioned experiment using an even higher cooling rate Q̇B,
the glass temperature reached, TG,B, is higher than the one attained using the lower

cooling rate Q̇A, provided that crystallization is still averted [1]. Therefore, the mea-
sured TG depends on the cooling rate used in the experiment [1, 28, 29] and it has
undoubtedly both a thermodynamic and kinetic nature as exhaustively explained by
Debenedetti [1]. Besides, it becomes clear why glasses possess a thermal history which
depends on the cooling rate and method used in their production [1]. For instance, the
specific density of the solid phase is highest followed by glass A and B, respectively,
if compared at the same temperature as shown in Figure 2.1. Thus, the mechanical
properties evaluated at the same temperature and pressure conditions of two glasses
produced from the same substance may differ from one another depending on the
method and conditions used in obtaining the glasses. Consequently, special care needs
to be taken when comparing the properties of glasses produced from the same substance
using different techniques and operating conditions.

The behavior shown in Figure 2.1 also means that a glass maintains the volume and
molecular structure of the liquid from which it was formed, however, the changes in
the volume with temperature and pressure are similar in magnitude to those of the
crystalline solid [30]. The natural question arises as to how long it takes the glass
to relax to its equilibrium crystalline state. For instance, regular household glassware
made of silicate glass is used about 500

`

C below its TG and makes it stable for all
designed practical purposes [2]. Consequently, the relaxation time of glasses is so large
that it is not possible to experimentally observe its relaxation on experimental time
scales [28]. The relaxation time can be measured using, for instance, broadband dielec-
tric spectroscopy (BDS) as briefly described in section 2.3.3.2. From the experimental
relaxation time obtained, it is possible to calculate the glass temperature by fitting the
data to empirical equations such as the Vogel-Felcher-Tamman-Hesse equation (VFTH)
[31–33] or Williams-Landel-Ferry equation (WLF) [34, 35] as explained in section 2.1.2.
However, the relaxation time at the glass temperature needs to be previously defined.
Pragmatically, TG is defined as the temperature at which the shear viscosity, η, is equal
to 1 � 10

12
Pa s [36], i.e. the relaxation time is within the experimental time scale and

equal to 100 s [36, 37]. For instance, the relaxation time around the fusion tempera-
ture is in the order of a few picoseconds, 14 orders of magnitude lower than near TG

[28]. Consequently, it can be said that a glass is a liquid frozen in experimental time
scales that behaves mechanically like a solid [1, 38]. Strictly speaking, several relax-
ation processes can be observed experimentally depending on the frequency at which
the experiment is carried out [39]. However, the glass temperature is associated to
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the α (also known in the literature as primarily, slow or segmental) relaxation process.
Therefore, the relaxation time mentioned throughout this work is always related to the
α process and denoted as τα unless otherwise explicitly stated.

Another important concept regarding the glass transition is the temperature at which
the metastable liquid line (solid black) shown in Figure 2.1 intercepts the crystalline
line (dashed black), given that no glass is formed and the entropy instead of the volume
is plotted on the y-axis. This conceptual yet experimentally inaccessible temperature
is known as Kauzmann’s temperature, TK [1, 40]. The implication of an amorphous
disordered phase having the same entropy as the crystalline ordered phase at the same
temperature and pressure is odd enough, yet not forbidden by thermodynamics [1].
However, assuming that the extrapolation of both the metastable and crystalline lines
is valid and the formed crystal is perfect (zero entropy at T � 0 K), there must be
a positive value of the temperature at which the metastable liquid phase exhibits
a negative entropy value, which is thermodynamically impossible [1]. An extensive
discussion of the roots and implications of Kauzmann’s temperature can be found
elsewhere, e.g. [1, 41].

On the other hand, polymers with negligible crystallinity, such as PVP [42–45], do not
exhibit a crystallization event and eventually form glasses upon isobaric cooling from
the melt [38]. The glass transition of polymers using different operational conditions
was studied in detail for instance by McKinney and Goldstein [46]. Consequently, the
volume evolution of a polymer with negligible crystallinity cooled down isobarically
from the melt is described by Figure 2.1 after completely removing the dashed black
line. As for non-polymeric substances, the lower the cooling rate, the lower the glass
temperature and the higher the specific density of the glass.

Extensive and comprehensive explanations of the aforementioned and further topics can
be found in the literature, for instance, regarding the physicochemical roots of the glass
transition [29], theoretical models to describe the glass transition [28], relaxation in
complex systems [47, 48], metastable states including the glassy state [1], the dynamics
and thermodynamics of polymer glasses [38] and glass aging [2].

2.1.2 Empirical equations

In this section, the empirical equations used in this work to predict the relaxation
time of pure components and the glass temperature of dry and humid ASDs are briefly
introduced.

2.1.2.1 Vogel-Fulcher-Tammann-Hesse

The VFTH equation [31–33] describes the behavior of the viscosity, η, of a material as
a function of temperature. The VFTH equation [31–33] can also be used to describe
the relaxation time, τα, via [49]

τα � τ0 exp � BT

T � T0

, (2.1)
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where AVFTH, BVFTH and T0 are material-specific constants. Care must be taken when
performing calculations with reported values of the constant BT in equation (2.1). Since
the term 1© ln�10� appears multiplying the second expression on the rhs of equation
(2.1) after applying the decimal logarithm, some authors report the fitted parameter
BT already containing this factor and others do not include it. As pointed out by
Hodge [50], defining the parameter BT � DT0 in equation (2.1) implies that it cannot
mathematically reduce to the Arrhenius form when T0 � 0 K. Therefore, in this work,
BT is always reported as a constant and not as a function of T0, even though the original
authors who fitted the parameters may have separately reported the magnitudes D and
T0 in equation (2.1).

A popular way introduced by Angell [49] of characterizing liquids according to their
ability to form glasses, is to use the fragility index defined as the slope of the re-
laxation time on the so called Arrhenius plot log10 τα vs TG©T evaluated at TG and
mathematically defined as

m �

d log10 τα
d�TG©T �

»»»»»»T�TG

. (2.2)

The fragility index can be calculated from equation (2.1) by applying the definition as

m �

BT

TG�ln 10� �1 � T0©TG�2 . (2.3)

The reported fragility indexes used in this work were calculated from VFTH param-
eters fitted exclusively to α relaxation times, since determining it from heat capacity
measurements is disputed [51]. Furthermore, the form of the VFTH equation (2.1) in
terms of the relaxation time is used throughout this work in spite of the form including
the viscosity, since the viscosity of polymers depends on the polydispersity, the molec-
ular weight distribution and the shear rate. Thus, the Arrhenius plot log10 η vs TG©T
should be avoided for polymers [52].

2.1.2.2 Williams-Landel-Ferry

The WLF equation [34, 35] was derived from the VFTH equation [31–33] as

log10 aT �
�c1�T � Ts�
c2 � T � Ts

, (2.4)

where aT � τα�T �©τα�Ts�, Ts is a reference temperature and c1, c2 are constants.
Several temperatures can be chosen as the reference temperature [9], however, the
glass temperature is the most popular option, since the relaxation time at TG was set
to be 100 s to describe the overlapping of the molecular relaxation and experimental
time scales. Therefore, the WLF equation can be written as

log10 � τα�T �
τα�TG�� � �c1�T � TG�

c2 � T � TG
. (2.5)
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Even tough the WLF equation describes the relaxation time of a large number of
substances taking TG as the reference temperature, c1 � 17.44 and c2 � 51.6

`

C [35], the
“universality” of the constants is disputed [26, 53]. For instance, Dudowicz et al. [53]
pointed out that both constants, c1 and c2, depend on the chosen reference temperature.
Thus, they cannot be universal, since the experimental glass temperature depends on
the conditions used, i.e. heating/cooling rate in differential scanning calorimetry (DSC)
experiments.

2.1.2.3 Gordon-Taylor

The GT equation [21] was developed to describe the glass temperature of copolymers
by treating them as solutions of small molecules, as a function of the glass temperature,

TG,i, and the glassy densities, ρ
gl.
i , of the pure polymers i and j respectively formed

from the monomeric units conforming the copolymer as

TG �
wiTG,i �KwjTG,j

wi �Kwj
(2.6)

where K is defined as

K �

ρ
gl.
0,iTG,i

ρ
gl.
0,jTG,j

, (2.7)

and wi denotes the mass fraction of component i in the mixture. Since its introduction,
the GT equation has been widely applied in the literature to predict the TG of ASDs,
e.g. [3, 43, 54–63]. Furthermore, the GT equation (2.6) can be expanded to ternary
mixtures [64] composed of components i, j and k to account for humidity in the ASDs,
e.g. [16], or the TG of pharmaceuticals in the presence of excipients, e.g. [64], as

TG �
wiTG,i �KijwjTG,j �KikwkTG,k

wi �Kijwj �Kikwk
(2.8)

whereas

Kij �
ρ
gl.
0,iTG,i

ρ
gl.
0,jTG,j

and Kik �
ρ
gl.
0,iTG,i

ρ
gl.
0,kTG,k

. (2.9)

Equations (2.6) and (2.8) were used to calculate the TG of ASDs shown in sections 4.2
and 4.3, respectively. The pure component parameters used alongside the reference
from which they were taken are cited in the corresponding sections.

2.1.3 Gibbs-DiMarzio and Adam-Gibbs theories

There are several approaches to address the theoretical description of the glass transi-
tion using physically grounded models as described in detail elsewhere, e.g. [1, 52, 65]
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and references therein. In this section, the Gibbs-DiMarzio model (GD) [25] and Adam-
Gibbs model (AG) [26] are briefly elucidated, since the generalized entropy theory
(GET) [9, 22] used in this work was mainly derived by employing concepts from these
two models. Following the classification proposed by Debenedetti [1], the GD and
AG theories belong to the thermodynamic viewpoint to address the glass transition,
since they both use the configurational entropy as the key magnitude to explain the
transition.

The configurational entropy in the framework of the GD model [25] is assumed to be
the portion of the total entropy due to the different configurations available to a sys-
tem and neglecting any vibrational contributions. However, the term configurational
entropy is actively avoided throughout this work, since the definition of the total en-
tropy of a system after Boltzmann arises from the different number of configurations
available to the system, i.e. the same magnitude used in the GD model [25]. The term
entropy mentioned in this work is therefore always related to Boltzmann’s definition,
unless otherwise explicitly stated. GD [25] used lattice calculations employing concepts
originally proposed by Meyer [66, 67], Huggins [68] and Flory [69] to derive an expres-
sion of the free energy of a pure monodisperse polymer. The obtained expression for
the free energy in the GD model [25] differs from that proposed by Flory [69] in two
important aspects; first, the inclusion of holes in the lattice construction to account
for effects due to the compressibility of the system and second, the use of a more exact
expression, originally proposed by Huggins [70], to calculate the expectancy that a
specified site is available to a chain segment after several molecules have been already
placed on the lattice. The entropy can be then obtained in the classical way as the
temperature derivative of the free energy [25]. Furthermore, GD associated the ex-
perimentally observed glass temperature to their [25] predicted second-order transition
[71] temperature, T2. According to GD, the entropy becomes exactly zero at T2, when
the polymer fluid is cooled isobarically from the melt [25]. Therefore, there are two
different expressions to calculate the entropy [25], avoiding Kauzmann’s paradox [40].
Accordingly, GD regarded the glass temperature as the point at which the number
of configurations available to the system dramatically decreases to exactly only one
possible available configuration [25]. An extensive discussion of the advantages and
disadvantages such as the inherent assumptions made by GD is presented elsewhere,
e.g. [9].

On the other hand, the AG theory correlates the relaxation time of the system with
the entropy via the cooperative rearrenging regions (CRR) [26]. A CRR is a subsys-
tem of the sample which can rearrange into another configuration independently of its
environment, given that the required enthalpy fluctuation also takes place [26]. At TG,
the size of the CRR, z, must be equal to the whole sample or at least a macroscopic
portion of it, since the available configurations must be equal to one, as already pointed
out by Gibbs and DiMarzio [25]. After a statistical mechanical derivation departing
from the isothermal-isobaric ensemble and differentiating between the number of sub-
systems able and those unable to undergo a transition as explained in detail by Adam
and Gibbs [26], a critical lower size of the CRR which can undergo a transition at
all, z

�

, is obtained [26]. Furthermore, z
�

is inversely proportional to the entropy of
the system, S, and directly proportional to the entropy per segment, s

�

[26]. It must
be pointed out that even though AG did not state a value for s

�

, they did mention
that a system must have at least two configurations available for a transition to take
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place at all [26]. Therefore, a value can be estimated by using Boltzmann’s equation
for the entropy, however, this value is not universal for all species as originally implied
by Adam and Gibbs [26] and explained in detail by Johari [72]. Finally, since the
relaxation time, τα, is inversely proportional to the average probability of a transition,
the well-known AG equation [26]

τα � τ0 exp �∆µz
�

kBT

 with z

�

�

NAs
�

s , (2.10)

is obtained. In equation (2.10), τ0 denotes a factor whose dependence on temperature
is negligible compared to the exponential term and ∆µ denotes the potential energy
hindering the cooperative rearrangement per segment [26]. A detailed discussion re-
garding the advantages, disadvantages, successes and challenges of the AG theory can
be found elsewhere, e.g. [1, 9, 73]. Furthermore, it must be pointed out that the AG
relation may be converted into the WLF equation as shown by Adam and Gibbs [26]
themselves and into the VFTH equation as shown for instance by Angell [74]. Con-
sequently, the AG equation (2.10) explained for the first time the empirical relations
used to describe the relaxation of pure fluids by employing a physically grounded ap-
proach. It must be pointed out that experimental data on the relaxation of the system
is required to use equation (2.10) to calculate the glass temperature. AG [26] used for
instance the calculations obtained with the WLF equation (2.5) to estimate the order
of magnitude of ∆µ using s

�

� kB ln 2 as a first approximation.

2.1.4 Generalized entropy theory

The generalized entropy theory (GET) was first developed to theoretically explain the
glass transition of pure polymers by Dudowicz et al. [22] and was later explained in
more detail by Dudowicz et al. [9]. Then, Dudowicz et al. [75] presented some advances
in the mathematical tractability of the theory and references to previous applications.
In general terms, the GET uses the concepts presented by GD [25] to evaluate the
entropy of the system using the lattice cluster theory (LCT) [76–79] to then apply the
AG equation (2.10) [26] to calculate the relaxation time [9, 22]. However, Dudowicz
et al. [9, 22] used the entropy density rather than the entropy in the AG equation
(2.10) [26] to also account for the compressibility of the system and suggested a way
to calculate ∆µ in equation (2.10) so that the TG can be predicted. A schematic
representation of the isobaric change of the reduced entropy, dashed line, and the
reduced entropy density, solid line, over the temperature is shown in Figure 2.2.

The reduced entropy is a monotonic function of temperature which always increases
with temperature at constant pressure, unlike the reduced entropy density which ex-
hibits a maximum as explained in detail by Dudowicz et al. [9, 22]. Furthermore, three
characteristic temperatures can be identified by comparison with experimental data, as
explained in detail by Dudowicz et al. [9], from the plot of the reduced entropy density
over the temperature at constant pressure [9, 22] as shown in Figure 2.2.

The crossover temperature, TI , is defined as the inflection point of the temperature
times the reduced entropy density over the temperature and the Arrhenius temperature,
TA, is defined as the temperature value at which the reduced entropy density is maximal
[9, 22].
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Figure 2.2: Schematic isobaric change in the reduced entropy ( ) and entropy density
( ) over the temperature adapted from Dudowicz et al. [9]. TG denotes the glass tempera-
ture, TI the crossover temperature and TA the Arrhenius temperature.

The glass temperature can be then calculated at τα � 100 s from equation (2.11) as [9]

τα � τ0 exp� ∆µS
�

ρ

kBTSρ
� and

∆µ

kB
� kpTI , (2.11)

whereas S
�

ρ denotes the maximal entropy density at TA, τ0 � 10
�13

s and kp � 6. The
value of kp � 6 in equation (2.11) is an empirical relation for polymers which arised
from comparisons to experimental data as explained in detail by Dudowicz et al. [80].
Another approach used to calculate the activation energy is to fit the coefficient kp
in equation (2.11) to match the experimentally measured glass temperature as already
performed by Roericht [81]. Furthermore, a physical interpretation of the characteristic
temperatures shown in Figure 2.2 is given in detail by Dudowicz et al. [9]. For instance,
TI denotes the temperature at which the relaxation time exhibits changes in its behavior
over the temperature [9], whereas TA denotes the onset temperature of glass formation
in a polymer melt [9].

The GET was applied by Dudowicz et al. [82] to predict the TG of blends composed
of model polymers. For this purpose, the concentration fluctuations in the blend were
considered [82] by using the Kirkwood-Buff formalism (KB) [83] in reverse as first
proposed by Ben-Naim [84]. The KB formalism [83] correlates the integral of the
radial distribution function to thermodynamic properties which can be computed from
a thermodynamic model. Dudowicz et al. [82] used the LCT EOS to calculate both
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the KB integrals and the entropy density required within the GET framework. On the
other hand, Roericht [81] independently used the SL and the PC-SAFT EOS to predict
the TG of various polymeric and copolymeric blends in agreement with experimental
data. In these approaches [81, 82], the correlation length needs to be calculated using
properties available from the EOS and the Kuhn lengths of the polymers which need
to be either assumed or experimentally estimated. Since the Kuhn length is defined
only for polymeric molecules, these approaches [81, 82] cannot be applied to mixtures
containing APIs. The procedure used in this work to circumvent the Kuhn length issue
is explained in detail in section 3.2.

2.2 Amorphous solid dispersions

APIs are classified in the biopharmaceutical classification system (BCS) after their sol-
ubility and gastrointestinal permeability in four classes as first proposed by Amidon
et al. [85]. Class I APIs are both classified as highly soluble and permeable, class II
are lowly soluble and highly permeable, class III highly soluble and lowly permeable
and class IV both lowly soluble and permeable [85]. Depending on this classifica-
tion, pharmaceutical formulations may be produced using different techniques. In this
work, formulations containing only class II APIs, which may represent up to 70 % of
formulations in development [6], are further investigated.

The bioavailability, defined as the fraction of an orally administered pharmaceutical
formulation that reaches the systemic circulation, of class II APIs may be limited
either by their solubility or their dissolution rate [6]. Furthermore, the solubility of
APIs in crystalline form is in principle lower than that of the amorphous form [8].
Thus, ensuring that the API dissolves in amorphous rather than in its crystalline
form will improve the bioavailability of class II pharmaceuticals [6, 7]. Unfortunately,
the amorphous form of APIs is thermodynamically metastable and prone to relax
towards its stable state, the crystalline form, e.g. [1, 86], known in the literature
as recrystallization. One way of circumventing the potential recrystallization is to
kinetically hinder the molecular movement of the API by dispersing it inside a glassy
hydrophilic polymeric matrix to form an ASD [6, 7]. Examples of polymers recently
used to stabilize different APIs such as the preparation methods were mentioned for
instance by Baghel et al. [13], whereas already commercially available ASDs alongside
their manufacturing technique and the approval year were mentioned for instance by
Bhujbal et al. [10] and Tambe et al. [11]. Moreover, a recent update on the available
experimental methods to characterize ASDs was presented for instance by Ma and
Williams [87] and Dedroog et al. [88]. An overall classification of solid dispersions
depending on the number of phases and the state of the API was presented for instance
by Shah et al. [6].

One very important aspect in the development of ASDs is the effect that ambient
moisture has on the physical properties of the formulation, e.g. [86, 89–91]. Many
low molecular weight substances plasticize the amorphous material into which they
absorb, reducing their glass temperature and inducing the glass transition at ambient
temperature for a given composition and vapor pressure of the sorbed component [86].
Water is one of the most important plasticizers of hydrophilic components due to its
low glass temperature, e.g. [86, 91, 92]. For instance, Hancock and Zografi [86] found
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out that amorphous metastable materials between the glass and fusion temperatures
usually absorb considerably greater quantities of water than their respective glasses.
On the other hand, crystalline materials adsorb water vapor in small quantities at their
surfaces or take up larger stoichiometric quantities to form solvates, whereas amorphous
materials absorb water vapor in relatively large amounts up to 100 % by weight [86].
Moreover and as a consequence of the greater free volume in amorphous materials,
diffusive transport processes are usually significantly more rapid than in crystals leading
to different diffusion rates above and below TG, with significantly faster diffusion rates
occurring above the glass temperature [86]. Furthermore, Levine and Slade [91] stressed
out the importance of the temperature range in which water sorption experiments
are carried out, since it may be possible that no true thermodynamic equilibrium is
attained as a consequence of the plasticization due to sorbed water. Additionally,
moisture sorption may induce the formation of an APS, e.g. [16]. Therefore, the
correct description of the effects of water sorption in the ASD is of utmost importance
to also correctly predict the plasticization effect.

Oksanen and Zografi [93] observed that the amount of water vapor absorbed at a
particular relative humidity increases with decreasing temperature, along with a sig-
nificant change in the shape of the absorption isotherm. However, since the glassy
state is not at equilibrium, EOSs cannot be used without additional modifications to
calculate the water sorption in polymers below TG. Nevertheless, Doghieri and Sarti
[94] developed the non-equilibrium lattice fluid (NELF) model to account for the re-
duced water uptake by amorphous materials below their glass temperature. The main
idea behind this approach, as summarized later by Sarti and Doghieri [95], consists on
replacing the true equilibrium density of the system with the experimentally measured
density, using however the already derived expressions for systems at equilibrium as
explained in detail by Doghieri and Sarti [94]. This approach [94] has been already
applied in the literature, e.g. by Grassia et al. [96], using the SLE EOS. Moreover,
Borrmann et al. [97, 98] and Grönniger et al. [99] used the PC-SAFT EOS to calculate
the thermodynamic properties in their approach which is known as the non-equilibrium
thermodynamics of glassy polymers. However, it must be pointed out that the glassy
density of the polymer as a function of the absorbed water, and therefore of the rel-
ative humidity, is usually unknown and difficult to experimentally obtain. Therefore,
the glassy density of the polymer as a function of the relative humidity has been fitted
to the water sorption experimental data [97–99], undermining the prediction capability
of the model. To the best of my knowledge, there is no other model available in the
literature which can successfully predict the water sorption in glassy polymers without
adjusting further parameters to the water sorption data.

In this work, the APIs GRI, IBU, IND and NAP were investigated in detail. All four
APIs belong to the class II pharmaceuticals according to the BCS [85]. Their molecular
structures are shown in Figure 2.3.

GRI is an antifungal [100] pharmaceutical (chemical abstracts service (CAS) 126�07�
8) used in the treatment of ringworm in animals and humans via oral administration
since its marketing in 1959 [101]. In recent years, GRI has regained attention due to
its antiviral and anticancer effect [101]. A large compilation of studies related to the
biological activity, e.g. [100], and regarding the physicochemical properties such as
synthesis paths, e.g. [101], were reported in the literature.
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Figure 2.3: Molecular structures of the APIs investigated in this work. GRI, IBU and NAP
exhibit enantiomeric behavior.

The polymorphic forms of the studied APIs are particularly relevant for the calculations
performed in this work, as experimental SLE data was used to fit both pure component
and binary interaction parameters. The fusion properties (enthalpy and temperature)
of the APIs, which depend on the polymorphic form used in the experiments, are
required to perform SLE calculations with an EOS as explained in detail in section
3.3. Therefore, the fusion properties of the polymorphs of GRI, IBU, IND and NAP
known to this date, to the best of my knowledge, are reported in Table 2.1, whereas
only studies explicitly studying the polymorphs of the APIs and reporting both the
fusion enthalpy and temperature were regarded.

Form I of GRI (Table 2.1) is the most stable polymorph and also exhibits the largest
fusion enthalpy [102]. For a detailed discussion about the differences of all polymorphs,
the reader is referred to the original sources.

IBU is a nonsteoridal anti-inflammatory drug (NSAID) (CAS of racemate 15687�27�1)
with similar effects as aspirin [103]. It is readily used in many countries as analgesic
without prescription at low doses under 1200 mg d

�1
[104]. Chemically speaking, both

enantiomers of IBU exhibit different pharmacological properties [105], however, the
marketed product consists of the racemic mixture [105]. An extensive discussion of
the pharmacological properties of the enantiomers and the racemate can be found in
the literature, e.g. [105]. Furthermore, a compendium of studies regarding the clinical
effects of IBU, e.g. [103], such as studies on the efficacy and safety of the drug, e.g.
[104], can also be found in the literature. In regard to the polymorphs of IBU listed in
Table 2.1, form I is stable, whereas form II is metastable [106].

IND is also a NSAID (CAS 53 � 86 � 1) widely used in the treatment of arthritis
[107, 108]. The pharmacological properties, e.g. [107, 109], such as its physicochemical
properties and synthesis paths, e.g. [108], can be found in the literature.
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Table 2.1: Polymorphs and fusion properties of GRI, IBU, IND and NAP.

API Polymorph
*

∆SLh0,i T
SL
0,i

Reference
[kJ mol

�1
] [K]

GRI
a

I 40 � 3 % 494.15

[102]II 30 � 3 % 488.15

III 28 � 3 % 480.15

IV 28 � 3 % 478.15
[110]

V 26 � 3 % 462.15

IBU
b

I 26.4 � 0.3 % 348.4 � 0.3
[111]

II Not reported 291.0 � 0.3

IND
c

I 39.2 431.1 � 0.4
[112]

II 37 424.6 � 0.6

III 26.53 � 0.69 407.32 � 0.76
[113]

IV 30.78 � 0.38 406.72 � 0.29

NAP
d

I 26
e

429.35

[114]
II 22

e
421.35

III 23
e

413.15

IV 32
e

349.15
*
The designation of polymorphs using roman numbers is arbitrary and is

reported in descending order relative to the fusion temperature.
a
The fusion properties correspond to the enantiomer shown in Figure 2.3.

b
The fusion properties correspond to the racemic mixture of both (S) and

(R) enantiomers.
c
Three further polymorphs were reported by Surwase et al. [115], however,

the fusion enthalpies were not estimated.
d
The fusion properties correspond to the (S) enantiomer as confirmed by

Maxwell and Chickos [116].
e
These values were estimated by graphical numerical integration from the

thermographs shown in Figure 2 in the publication of Song and Sohn [114]

using a sample mass of 5mg and heating rate of 5Kmin
�1
. Thus, they are

a rough approximation and must be taken with care.

The marketed product contains the stable polymorph known in the literature as γ and
corresponding to the form I in Table 2.1.

NAP is also a NSAID (CAS of (S) enantiomer 22204 � 53 � 1) used in painful and
inflammatory rheumatic conditions which may be orally or rectally administered [117].
The pharmacological properties of NAP, e.g. [117–119], the first synthesis paths, e.g.
[120, 121], such as recent advances in its synthesis, e.g. [122], are readily found in
the literature. Form I (Table 2.1) is the most stable polymorph of NAP [114]. A
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discussion of DSC thermographs and X-ray power diffraction (XRPD) patterns of NAP
polymorphs can be found for instance in Song and Sohn [114].

In this work, PVP (CAS 9003 � 39 � 8) was selected as polymer to study the phase
behavior of ASDs due to the large number of experimental studies regarding the glass
temperature of pure PVP, e.g. [3, 43, 45, 57, 58, 60, 123–135], the TG of ASDs, e.g.
[16, 54–56, 58, 59, 64, 136, 137], SLE with APIs, e.g. [16, 44], moisture sorption in
the pure polymer, e.g. [56, 93], and in the ASDs, e.g. [138–142], such as the glass
temperature of ASDs as a function of relative humidity, e.g. [56, 142], available in the
literature. The constitutive monomeric structure of PVP is presented in Figure 2.4.

Ẑ̂̂̂
^̂̂̂̂̂
^̂\

N O

[____________]n
Figure 2.4: Constitutive monomeric structure of PVP.

PVP, also known in the market as Povidone
®

, Kollidon
®

and Plasdone
®

, is usually
obtained by free-radical polymerization of vinyl pyrrolidone in water or 2-propanol [143]
giving a Schulz-Flory molecular weight distribution [144]. Several other derivatives of
vinyl pyrrolidone and copolymers are also used in pharmaceutical formulations [143].
PVP exhibits a relative universal solubility ranging from very hydrophilic solvents
such as water to hydrophobic liquids such as butanol [143]. Furthermore, the glass
temperature of high molecular weight PVP [144] is relatively high compared to the
glass temperature of the APIs studied in this work. Therefore, PVP may be used as an
antiplasticization agent to increase the glass temperature of the ASDs, as PVP is also
non-toxic, can be quickly and completely excreted through the kidneys when orally
administered and thus may be used in pharmaceutical formulations for humans [145].

2.3 Experimental techniques

The description of the techniques presented in this section is intended as a brief intro-
duction into the experimental set up. The actual techniques used by the authors who
measured the experimental data shown in chapter 4 may differ from the description
given here. Furthermore, only the most relevant and used techniques are presented,
however, other methods which are not described in this section may have been used in
measuring the experimental data cited in this work.

2.3.1 Pressure-volume-temperature

2.3.1.1 Confining fluid method

This method can be used to measure the pressure-volume-temperature (PVT) behavior
of polymers, e.g. [146], and APIs, e.g. [147]. The basic principle as explained in
detail by Zoller et al. [148] consists on measuring the expansion or contraction of a
flexible metallic bellows attached to one end of a rigid measuring cell where the sample
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and the confining fluid, usually mercury, are contained. The length change of the
bellows is measured by a previously calibrated linear variable differential transformer
[148]. The experimental set up allows measuring the volume change of the sample
upon isothermal pressure changes or isobaric temperature changes, whereas the best
way needs to be tested for each particular investigated component [148]. Since the
expansion or contraction of the bellows is not only a function of the properties of both
fluids, pressure and temperature, but also of the geometry of the experimental set up, a
calibration run using only mercury needs to be performed prior to measurement on the
sample [148]. Furthermore, the cross section of the bellows also needs to be precisely
estimated as well as its variation with temperature due to the thermal expansion of
the material, however, its pressure dependence is for all practical purposes negligible
[148].

2.3.2 Solid-liquid equilibrium

2.3.2.1 Gravimetric method

This method can be used to measure the SLE of an API in organic solvents, e.g.
[149, 150]. It consist on mixing known masses of a solute, the API, in a liquid solvent,
so that the resulting mixture is supersaturated [149, 150]. The supersaturated mixtures
are kept at constant temperature under permanent stirring for a fixed period of time
[149, 150]. Gracin and Rasmuson [149] assumed that equilibrium of the solutions
containing IND was reached after 72 h, whereas Zhao et al. [150] assumed that the
equilibrium of solutions containing GRI was reached after 24 h. Then, the undissolved
crystals were allowed to settle down for at least 2 h without stirring [149, 150]. A
sample of the clear saturated solution is then taken using a preheated syringe and is
placed in a preheated and previously weighed vial [149, 150]. The vial is thereafter
placed in a vacuum oven at room temperature and the solvent is allowed to evaporate
until no change in the sample weight is recorded [149, 150]. The solubility can then be
computed from the known masses of the empty vial, vial plus saturated solution and
vial plus dry residue [149, 150].

2.3.2.2 Ultraviolet spectrophotometry

The concentration of the API in the liquid phase of the saturated solutions can be
also measured using the ultraviolet (UV) absorbance. First of all, a calibration curve
is constructed by mixing known masses of solute and solvent together to then mea-
sure the UV absorbance of the mixture at the previously identified optimal wavelength
[151–155]. A linear function is then fitted to the measured points of UV absorbance
over the solute concentration. Subsequently, an excess mass of the solute is diluted
in the solvent and allowed to reach equilibrium at constant temperature under stir-
ring. The saturated solutions are then isothermally filtered to remove any undissolved
crystals and are accordingly diluted to fall between the range of the calibration curve
constructed. Finally, the UV absorbance of the liquid phase in the saturated solutions
is measured at the optimal wavelength and constant temperature to then interpolate
the solute concentration from the calibration curve. Since the calibration curve is of-
ten constructed using molarity to express concentration, the density of the saturated
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solutions at the given temperature is required to calculate the molar fraction. The
density of the saturated solution may be calculated from correlations [155] or directly
measured using appropriate techniques [151]. For instance, a thorough description of
the method and its variations was reported by Østergaard [156].

2.3.3 Glass temperature

2.3.3.1 Differential scanning calorimetry

This experimental technique can be used to estimate the fusion temperature of pure
pharmaceuticals, e.g. [3, 116, 149, 150, 157], the SLE of APIs with polymers, e.g.
[3, 16, 44, 59, 60, 136], the glass temperature of pure components, e.g. [3–5, 58, 106]
such as the TG of ASDs, e.g. [3, 16, 43, 54–60, 64, 92, 93, 136, 137, 158–162].

The basic principle behind the method consists on isobarically measuring the heat
flow through the sample and a reference as a function of time as explained in detail
for instance by Höhne et al. [163] and Zheng et al. [164]. The different types and
modes of operation in DSC are explained in detail by Höhne et al. [163]. The heat-
flux method is briefly illustrated in the next lines as it was employed to gather most
of the experimental data measured via DSC reported in this work. Two crucibles,
one empty and one containing the sample, are placed inside a furnace with known
thermal resistance in which the atmosphere can be modified using a purge gas [163].
The temperature of both the reference and the sample is measured over time using
thermocouples of the same type upon applying a known heating rate [163]. The DSC
signal, expressed as an specific heat flow usually in mW g

�1
, can be then computed from

the measured temperatures and known thermal resistance via Fourier’s law, provided
that both crucibles inside the furnace are an exact copy of one another [163]. Prior
to a DSC measurement, the apparatus needs to be calibrated to account for any heat
losses by measuring the DSC output signal of a material with known heat capacity
[163]. Common materials used in the calibration of the DSC apparatus are indium and
sapphire.

The glass temperature can be measured using DSC by analyzing the output heat flow
against the temperature. First of all, the thermal history of the sample needs to be
erased by performing a first heating run up to a temperature above TG in an inert
atmosphere, usually using dry nitrogen. In the case of non-crystalline polymers, the
relevant DSC run used to estimate TG may be performed upon cooling, since there is
no risk of crystallization at low heating rates, as is the case for APIs. Furthermore,
the well-documented enthalpy overshoot observed by performing the DSC run upon
heating [163] can be also avoided. The enthalpy overshoot, also known as enthalpy
recovery and enthalpy relaxation, is proportional to the annealing time the sample has
undergone as explained in detail elsewhere, e.g. [165]. The DSC thermograph obtained
upon isobarically cooling a pure sample is schematically shown in Figure 2.5.

After performing the first heating run to erase the thermal history, the metastable
liquid is cooled down exhibiting a linear decrease of the heat flow with temperature
down to the onset temperature, Ton, where a sharper linear decrease in the output DSC
signal is observed [163] as shown in Figure 2.5. The decrease in the measured heat flow
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flattens towards a less pronounced decrease of the heat flow at the offset temperature,
Toff, after the glass is formed [163].
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Figure 2.5: Schematic isobaric DSC thermograph of the glass transition upon cooling,
where Ton, Tmid and Toff denote the onset, midpoint and offset (also known as endpoint)
temperatures, respectively.

The region between Ton and Toff is known as the glass transition region. It must be
pointed out that the designation of Ton and Toff is interchanged when the sampling run
is measured upon heating. The glass temperature is calculated from the thermograph
as the temperature at which the inflection point in the heat flow over the temperature
is observed, i.e. at Tmid in Figure 2.5.

The TG of APIs is usually measured upon heating to avoid recrystallization of the
sample during the DSC scan upon cooling from the melt. The crystalline API is
initially completely melted inside the calorimeter under an inert atmosphere of usually
nitrogen. Then, the sample is quenched cooled by for instance submerging the sample
pan in liquid nitrogen [4] to avert crystallization and ensure that a glass with no
remaining crystals is formed. Thereafter, the amorphous sample is heated at a constant
rate to then calculate the TG from the thermograph as the onset temperature of the
glass transition event [163].

As mentioned in section 2.1.1, the glass temperature depends on the cooling rate at
which the glass was formed. Therefore, the thermograph shown in Figure 2.5 shifts
towards lower temperatures when a lower cooling rate is used in the DSC run. In this
work, the experimental TG from different sources is compared, where possible, only
when the heating/cooling rates used during measurement are similar.
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DSC can also be used to measure the fusion temperature and enthalpy as shown in
Figure 2.6.
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Figure 2.6: Schematic isobaric DSC thermograph of the solid-liquid transition of an API
upon heating, whereas Ton, Tmax and Toff denote the onset, peak maximum and offset (also
known as endpoint) temperatures, respectively.

Given that the sample can crystallize, as is the case for the APIs investigated in this
work, the thermograph shown in Figure 2.6 is found at temperatures above the glass
transition event shown in Figure 2.5. At this point it is important to stress out that the
scale of the heat flow in the fusion event shown in Figure 2.6 is much larger than in the
glass transition event shown in Figure 2.5 as evidenced in the thermographs obtained
by for instance Knopp et al. [44], Prudic et al. [60] and Lopez et al. [43]. Therefore, care
must be taken when concluding from thermographs found in the literature that no glass
transition took place. The schematic fusion event shown in Figure 2.6 measured upon
heating also exhibits an onset temperature, where the completely crystalline sample
begins to melt. The fusion event is complete upon reaching the offset (also known as
endpoint) temperature, where the whole sample already melted and no more crystals
are present [163]. The peak maximum temperature is located where the DSC output
signal of the fusion event is absolutely maximal [163]. The fusion temperature is often
reported as the onset temperature of the fusion event, e.g. [3, 116], whereas the fusion
enthalpy is assessed from the gray area shown in Figure 2.6 as explained in detail
elsewhere, e.g. [163].

Furthermore, it is possible to estimate the SLE equilibrium temperature of ASDs,
e.g. [3, 16, 44, 59, 60, 136], often called end point dissolution temperature, via DSC
using different methods as explained in detail by for instance Mathers et al. [3]. For
instance, the melting point depression method is based on the fact that the fusion
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temperature of the API decreases, provided the ASD formed is miscible, by increasing
the content of the polymer in the ASD [3]. The fusion temperature can be then
estimated from the corresponding thermograph (similar to that presented in Figure
2.6) as the onset, peak maximum or offset temperature [3]. It is still controversial
which of the three temperatures illustrated in Figure 2.6 should be taken as the true
fusion temperature [3]. For instance, Mathers et al. [3] assigned the fusion temperature
to the peak maximum, whereas Prudic et al. [60] assigned it to the offset temperature.
If mentioned by the authors, the point assigned to the fusion and glass temperatures
in the DSC thermographs is mentioned where the corresponding experimental data is
shown.

The DSC method can be improved by using a temperature modulation during measur-
ing [163]. In modulated differential scanning calorimetry (mDSC), the same heat-flux
DSC arrangement is used, however a different temperature (heating/cooling) profile
is applied to the sample and reference via the furnace [163]. Specifically, a sinusoidal
ripple (modulation) is overlaid on the standard linear temperature ramp as shown for
instance by Gill et al. [166] and Zheng et al. [164].

2.3.3.2 Broadband dielectric spectroscopy

This technique consists on measuring the dielectric loss as a function of frequency usu-
ally at constant pressure over several temperatures to then obtain the relaxation time
as a function of temperature from the measured data [147, 167–171]. A comprehensive
description of the required theoretical background is outside the scope of this work
and can be found elsewhere, e.g. [39]. The main idea behind the method consists on
measuring the response of the examined dielectric material to an applied alternating
electric field over a wide frequency range [172]. Specifically for BDS, a dielectric, de-
fined as a material that can sustain polarization or surface charge without loss due to
conductivity [39], is required. In practice, the polarization is lost due to conductivity
and the term dielectric applies to those materials which can hold polarization for a cer-
tain amount of time [39]. Experimental set ups to apply the technique are described
elsewhere, e.g. [147, 167–171]. For instance, the imaginary part of the isobaric dielec-
tric loss spectra as a function of frequency at different temperatures is schematically
shown in Figure 2.7.

Each dielectric loss spectra shown in Figure 2.7 exhibits a maximum at a certain
frequency and temperature, f̄max�T �, which can be related to the relaxation time, τα,
via

τα �
1

2πf̄max�T � . (2.12)

After measuring the dielectric loss spectra at different temperatures, the relaxation
time can be computed from equation (2.12) and plotted against the temperature. The
results are then often fitted using the empirical equations presented in section 2.1.2, i.e.
the VFTH equation (2.1) or the WLF equation (2.5), to obtain the glass temperature
at τα � 100 s.
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Figure 2.7: Schematic isobaric dielectric loss spectra of a pure component showing only
the α relaxation. The dielectric loss is measured at constant temperature corresponding
to the respective colors so that T3 % T2 % T1. The relaxation time at a given pressure
and temperature is calculated from the maximum value of the corresponding dielectric loss
spectrum using equation (2.12).

2.3.4 Water sorption

2.3.4.1 Isopiestic method

The method consists on estimating the water activity at constant temperature in several
solutions physically interconnected to each other to allow for mass transport between
them as described in detail by Ochs et al. [173]. The isopiestic method can be applied
to calculate the water sorption in polymers, for instance in PVP [174]. Sadeghi and
Taghi Zafarani-Moattar [174] measured the water activity at constant temperature in
four solutions contained in flasks connected via a five-leg manifold. Two of the flasks
contained NaCl solutions, two other the water-PVP solutions and the fifth one was used
as water reservoir [174]. Since the water activity of all interconnected solutions depend
on each other, estimating the water sorption in the NaCl solutions enables indirect
estimation of the water activity in the solutions containing PVP [174]. Equilibrium was
assumed to be reached after 120 h and the water uptake was estimated gravimetrically
[174]. Furthermore, Sadeghi and Taghi Zafarani-Moattar [174] calculated the vapor

pressure of the PVP aqueous solutions, P
LV

, from the measured water activity using
the following relation
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ln aW � ln� P
LV

P LV
0,W

� � �BV
0,W � v

L
0,W� �P LV

� P
LV
0,W�

RT
, (2.13)

where aW denotes the water activity, P
LV
0,W the vapor pressure of pure water, B

V
0,W the

second virial coefficient of water vapor and v
L
0,W the molar volume of liquid water.

The comprehensive derivation of equation (2.13) can be found in Pitzer [175]. In
deriving equation (2.13), the standard pressure of the water activity was set to the
vapor pressure of water at the temperature of the solution, the reality of the vapor
phase was accounted for using the virial EOS expanded in the pressure truncated to
the second term, the liquid phase was assumed incompressible and the partial molar
volume of water was assumed equal to the molar volume [175]. Furthermore, the virial
coefficient used was taken from Le Fevre et al. [176], the molar volumes of saturated
liquid water from Kell [177] and the vapor pressure of pure water from Wexler and
Greenspan [178] as described in Table 1 on page 219 in Pitzer [175].

2.3.4.2 Desiccator method

This method can be used to investigate the vapor sorption in polymers, for instance
in PVP [92, 93, 158]. It consists on placing previously dried samples of the polymer
in desiccators containing saturated salt solutions under humid air [92, 93, 158]. The
polymer samples are usually dried over P2O5 [158] or under vacuum at elevated temper-
ature [93] prior to analysis. Then, hygroscopic salts such as, amongst others, sodium
hydroxide, sodium bromide and potassium nitrate are placed in sealed desiccators at
a known constant temperature [92, 93, 158]. The humidity absorbed by the salts at
different temperatures is well documented in the literature, e.g. [93], and cited refer-
ences, so that the relative humidity prevailing in the atmosphere within each desiccator
containing a different salt is known. Thereafter, the dried polymer samples are placed
in the desiccators after previous equilibration and the weight gain is monitored over
time until no change or certain weight gain conditions are met. For instance, Oksa-
nen and Zografi [93] assumed equilibrium was reached after the weight gain was less
than 5 mg g

�1
compared to the previous measurement, whereas Buera et al. [158] let

the samples equilibrate for at least a week. The measured weight after equilibrium is
reached can be then correlated to the relative humidity (RH) prevailing inside each
desiccator [92, 93, 158].

2.3.4.3 Dynamic gravimetric methods

Unlike the desiccator method, the experimental set ups mentioned in this section allow
for a dynamic change in the RH over the investigated sample without removing it
from the measuring cell, e.g. [56, 98, 140, 142, 159, 179, 180]. Andronis et al. [159]
used a self-made set up developed and depicted by Kontny et al. [181], where the
water sorption can be dynamically measured using an electrobalance. On the other
hand, there is the possibility of performing the measurements inside commercially
available units equipped with a balance inside the measuring chamber in which the
partial pressure of water can be conveniently set up [56, 98, 140, 142, 179, 180]. The
sample weight gain over time is carefully monitored until no weight change is registered
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or a certain condition is met, whereas the initial humidity in the sample is previously
removed after exposing it to a dry atmosphere until no weight change is registered
[56, 98, 140, 142, 179, 180]. For instance, Crowley and Zografi [56] assumed equilibrium
was reached after the weight change was less than 0.001 mg over 7 min, Dawson et al.
[179] after a lower weight change than 0.005 % over 40 min and Borrmann et al. [180]
after a lower weight change than 0.0001 % min

�1
. The absorbed water at equilibrium

can be then plotted against the corresponding RH to which the sample was exposed
to.
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In this chapter, an overview of the models used for calculations in this work is given.
The derivation of the SL EOS for pure components and multicomponent mixtures is
presented in section 3.1. The calculations of the glass temperature using the SL EOS for
pure components and ASDs such as the influence of pressure on the glass temperature
are considered in section 3.2. A brief introduction to the calculation of API crystal
solubility (SLE) and moisture sorption (vapor-liquid equilibrium (VLE)) of polymers
and APIs using the SL EOS is presented in sections 3.3 and 3.4, respectively. Finally,
the parameter fitting approach used to fit the SL parameters of pure components is
explained in detail in section 3.5.

3.1 Sanchez-Lacombe equation of state

The SL EOS was originally derived for pure components [23] and then extended to
binary mixtures [182]. Later, mixing rules in the characteristic pressure, P

�

, rather
than in the interaction energy parameter, ϵ

�

, were used to ensure quantitatively better
results [24]. The derivation of the SL EOS for a pure substance and then for mixtures of
C components using mixing rules in P

�

is briefly discussed in the following paragraphs.

The main idea behind the model is to introduce an incompressible lattice with vacant
sites, where equally large parts of a chain molecule are placed as schematically shown
in Figure 3.1. The chain molecule, also known as r -mer [23], is composed of the
compendium of all bonded chain segments represented by the filled circles in Figure
3.1, whereas the vacant sites are represented as empty circles.

1

2 3

4

5

Figure 3.1: Schematic lattice construction of a chain molecule adapted from Sanchez and
Lacombe [23]. Filled circles represent equally large chain segments, empty circles denote
vacant lattice sites and thick lines denote chemical bonds. The volumes of the chain segments
and vacant sites, υ

�

, are equal, whereas each of the three chain molecules is composed of
r � 5 chain segments.

Several assumptions were made by Sanchez and Lacombe [23] in deriving their EOS.
On one hand, only the nearest neighbor chain segment interactions were considered,
indeed only the nearest neighbor energy pair interactions between non-bonded chain

27



28 3. Theory

segments, ϵ
�

, are non-zero (2 � 3 interaction in Figure 3.1) [23]. All other nearest
neighbor interactions, i.e. bonded chain segments (1�2), vacant site and chain segment
(3� 4) and interactions between vacant sites (4� 5) are assumed zero [23]. Each chain
molecule has a number of chain segments, r, and each chain segment a volume, υ

�

[23].
Moreover, the volume of the vacant site is equal to the chain segment volume [23].
Additionally, it was assumed that the close-packed volume of the chain molecule, i.e.
rυ

�

, is temperature and pressure independent [23]. On the other hand, the internal
degrees of freedom exhibited by the chain molecules may be described by a flexibility
parameter, δ, which was mentioned in the original publication [23]. However, this
parameter was neglected for all practical calculations by Sanchez and Lacombe [23],
as well as in this work. Furthermore, the compressibility of the system is described
only by the variation in the number of the vacant lattice sites, as the lattice itself is
assumed incompressible [23].

From a statistical mechanical point of view, the goal is to derive an adequate expression
for the partition function Z in the Gibbs ensemble (constant number of molecules, N ,
pressure, P and temperature, T ) for the chain molecule within the lattice, which is
related to the free enthalpy, G, via [23]

G�T, P,N� � �kBT lnZ�T, P �, (3.1)

where kB is Boltzmann’s constant. The derivation can also be performed using the
canonical ensemble (constant N , volume, V and T ) which leads to the free energy A
[183]

A�T, V,N� � �kBT lnZ�T, V �. (3.2)

The use of both partition functions Z�T, P � and Z�T, V � lead to the same results in
the thermodynamic limit N � 10

23
[184]. For instance, the derivation of the SL EOS

via the canonical ensemble was carried out by von Konigslow et al. [185]. An analytical
expression of any of the thermodynamic potentials leads to the whole description of
the thermodynamic behavior of the chain molecule, since all thermodynamic potentials
can be calculated from each other via Legendre transformation and all thermodynamic
properties follow from their derivatives.

Of course, an expression of the partition function in equation (3.1) has to be first
estimated. Sanchez and Lacombe [23] further assumed random mixing of vacant sites
and chain segments to derive an expression of the partition function as

Z�T, P � � �

=
N0�0

Ω exp ��β�E � PV ��, (3.3)

whereas N0 denotes the total number of vacant sites, Ω the total number of config-
urations available to the chain molecule, E the potential energy of the lattice and
β � 1©�kBT �. Replacing equation (3.3) in equation (3.1) after using a mean-field
random mixture assumption to estimate Ω leads to [23]

G̃ �

G

rNϵ�
� �ρ̃ � P̃ ṽ � T̃ s̃, (3.4)
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where ρ̃ � ρ©ρ� is the reduced density, ρ
�

� M̄©�rυ�� is the close-packed specific
density, P̃ � P©P �

is the reduced pressure, P
�

� ϵ
�©υ� is the characteristic pressure,

T̃ � T©T � is the reduced temperature, T
�

� ϵ
�©R is the characteristic temperature,

N the total number of chain molecules and s̃ the reduced entropy defined as [23]

s̃ �
s

R
� � ��1

ρ̃
� 1
 ln �1 � ρ̃� � 1

r ln ρ̃� . (3.5)

It should be noted that the mean-field random mixture assumption leads to unreliable
results when concentration fluctuations play a major role, i.e. thermodynamic prop-
erties at molecular level may not be assumed equal to the bulk properties. Therefore,
the SL EOS is not expected to correlate well with experimental data near the critical
point as pointed out by Sanchez and Lacombe [23] themselves. Equation (3.4) and
(3.5) may be used to derive all other thermodynamic properties of interest, however,
the corresponding reduced density needs to be first calculated via minimization of G̃
with respect to the reduced volume ṽ � 1©ρ̃ to obtain the SL EOS as [23]

ρ̃
2
� P̃ � T̃ �ln �1 � ρ̃� � �1 �

1
r
 ρ̃� � 0. (3.6)

The reduced density, ρ̃, is also equal to the fraction of occupied lattice sites [23].
Therefore, it is very important to point out that the entropy calculated with equation
(3.5) depends only on the possible configurations available to the system.

The thermodynamics of a pure component can be completely described by using equa-
tions (3.4), (3.5), (3.6) and either the molecular parameters r, ϵ

�

and υ
�

or the scaling
parameters ρ

�

, T
�

and P
�

, which need to be fitted to experimental data. The SL
parameter fitting approach used in this work is discussed in detail in section 3.5. Con-
cerning the SL molecular parameters, fitting the segment number, r, to experimental
data fixes the size of the chain molecule to a certain value. Therefore, only a description
of monodisperse chain molecules is possible with the original SL EOS, even though it
may be modified to account for polydispersity, e.g [186].

The extension of equation (3.6) to binary and multicomponent mixtures requires the
calculation of the mixture parameters (r, υ

�

and ϵ
�

), however, the functional form of
the EOS remains unaltered [182]. Furthermore, equation (3.5) has to be extended to
incorporate possible configurations between both components. For this purpose, the
incompressible lattice construction of a binary mixture of chain molecules is considered
in Figure 3.2.

The only nearest neighbor non-zero energy interactions in the mixture are the ones
between non-bonded chain segments of the same species, ϵ

�

ii, and the chain segments of
different species, ϵ

�

ij [182]. Furthermore, the volume of the vacant sites in the mixture,
υ
�

, needs to be somehow estimated from the pure component segment volumes, υ
�

i ,
which is not trivial. As in the case for pure components, the vacant site volume of the
mixture is not a function of temperature or pressure, however, it must be a function of
composition for it to correctly limit to the pure component segment volumes. As υ

�

is defined per lattice site, it is natural to take the average using the segment fraction
ϕ
0
i � r

0
iNi©<i r

0
iNi as first proposed by Lacombe and Sanchez [182] as



30 3. Theory

υ
�

�

C

=
i�1

ϕ
0
iυ
�

i . (3.7)

In equation (3.7), Ni is the number of molecules of species i and C denotes the total
number of components in the mixture. Lacombe and Sanchez [182] further introduced
the segment number of species i in the mixture as

ri �
r
0
i υ

0
i

υ�
, (3.8)

so that the close-packed volume of the chain molecule is conserved and defined the
average segment number of the mixture as

r � � C

=
i�1

ϕi

ri
��1 , (3.9)

whereas ϕi denotes the volume fraction of component i.

υ
�

1

υ
�

2 υ
�

Figure 3.2: Schematic lattice construction of a binary mixture of chain molecules adapted
from Sanchez and Lacombe [24]. Black and blue filled circles represent equally large chain
segments of species 1 and 2, respectively. Species 1 is composed of r

0
1 � 5 and species 2 of

r
0
2 � 2 chain segments. The volumes of the chain segments of each pure species are different,
i.e. υ

�

1 % υ
�

2 , whereas the volume of the vacant lattice sites, υ
�

, is an arbitrary function of
both υ

�

1 , υ
�

2 and the composition of the mixture, but not of temperature and pressure.

Furthermore, an additional mixing rule for the chain segment interaction energy of
different species is required. Lacombe and Sanchez [182] first introduced a double sum
over the volume fractions to calculate the interaction energy in the mixture. However,
in a subsequent publication [24] the mixing rule in the interaction energy was replaced
by applying the double sum mixing rule over the characteristic pressure as

P
�

�

C

=
i�1

C

=
j�1

ϕiϕjP
�

ij , (3.10)

where

P
�

ij � kij
Õ
P �

i P
�

j , (3.11)
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kij is the binary interaction parameter of the mixture used to correct the mixing rule
and P

�

ii � P
�

i . Sanchez and Lacombe [24] argued that mixing rules in P
�

delivered
quantitatively better results, since the energy interaction is normalized by the corre-
sponding lattice site volume from the definition of P

�

. In fact, calculations of the water
sorption in PVP performed within this work using mixing rules in P

�

delivered physi-
cally feasible results (shown in section 4.3), whereas calculations using mixing rules in
ϵ
�

(not shown) exhibited “forbidden sorption areas”, which could not be reached using
any value of the binary interaction parameter. The kij contained in equation (3.11)
may be temperature-dependent. In this work, following temperature dependence was
considered

kij � kij,0 � kij,TT, (3.12)

whereas T must be the thermodynamic temperature in K. Using mixing rules in P
�

,
the interaction energy is calculated as ϵ

�

� P
�

υ
�

using equations (3.7) and (3.10) [24].

With all mixing rules being defined, the extension of equation (3.5) to multicomponent
mixtures yields [182]

s̃ �
s

R
� � ��1

ρ̃
� 1
 ln �1 � ρ̃� � 1

r ln ρ̃ �
C

=
i�1

ϕi

ri
lnϕi� . (3.13)

The contributions to the entropy calculated from equation (3.13) are, as for pure com-
ponents, only of configurational nature.

For the description of multicomponent mixtures, equation (3.11) needs to be evaluated
for each binary mixture. In this work, no further adjustable parameters were used
to describe the thermodynamic properties of multicomponent mixtures, so that all
calculations of ternary mixtures API-polymer-water are predictions.

The thermodynamic properties following from the derivatives of equations (3.4), (3.5),
(3.6) and (3.13) were obtained analytically and were numerically proofed. Moreover,
the chemical potential derived in this work for binary mixtures was equal to the ex-
pression reported by Sanchez and Lacombe [24]

µi �RT �lnϕi � �1 �
ri
rj

ϕj � r

0
i ρ̃Xiϕ

2
j��

r
0
iRT w� ρ̃

T̃i

�
P̃iṽ

T̃i

� ṽ ��1 � ρ̃� ln �1 � ρ̃� � ρ̃

r0i
ln ρ̃�} ,

(3.14)

where

Xi �
∆P

�

υ
�

i

RT
(3.15)

and

∆P
�

� P
�

i � P
�

j � 2P
�

ij . (3.16)
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The chemical potential of components in ternary mixtures was analytically derived as
the partial molar property of the free enthalpy obtained from equation (3.4) using the
reduced entropy estimated from equation (3.13) with C � 3 as

µi � G̃

Ẑ̂̂̂
^̂̂\Nϵ

� � ∂r

∂Ni


P,T,Njji

� rϵ
�

�Nr � ∂ϵ�
∂Ni



P,T,Njji

�Nrϵ
� � ∂G̃

∂Ni
�
P,T,Njji

[_______] , (3.17)

whereas all involved expressions containing sums need to be evaluated with C � 3.
Values obtained from equation (3.17) were compared to the ones obtained from the
general expression for the chemical potential of species in a multicomponent mixture
reported for instance by Xiong and Kiran [187] delivering the exact same results.

3.2 Glass temperature

For the calculation of the glass temperature of pure components at constant pressure
using the SL EOS and the GET, the Arrhenius and crossover temperatures, TA and TI ,
respectively, are required as explained in section 2.1.4. For simplicity, the abbreviation
GET means from here on the combination of the original theory [9, 22] with the SL
EOS. Both TA and TI may be calculated with the SL EOS from the derivatives of the
reduced entropy density, s̃ρ̃, with respect to the temperature as

�∂s̃ρ̃
∂T



P

»»»»»»»»»»T�TA

� 0 (3.18)

and

�∂2
T s̃ρ̃

∂T 2
�
P

»»»»»»»»»»T�TI

� 0. (3.19)

Equations (3.18) and (3.19) were derived analytically from equations (3.5) and (3.6),
to be then numerically solved to estimate TA and TI . Furthermore, the relaxation time
may be calculated in terms of the SL EOS as

τα � τ0 exp �∆Es̃�TA�ρ̃�TA�
RT s̃ρ̃

�, (3.20)

where s̃ρ̃ is evaluated at T , τ0 � 10
�13

s [9] and ∆E is the molar activation energy

∆E � RkpTI , (3.21)

whereas kp is an adjustable parameter which was fitted to the experimental value of TG

as discussed in detail in section 4.1.2. Moreover, the fragility index defined in equation
(2.2) can be analytically calculated in terms of the SL EOS as
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m �

1

ln 10

∆Es̃�TA�ρ̃�TA�
RTG�s̃ρ̃�2 �∂T s̃ρ̃

∂T


P

»»»»»»»»»»T�TG

. (3.22)

The procedure for the calculation of TG for binary and multicomponent mixtures is the
same as for pure components. However, the molar activation energy of the mixture,
∆Emix, needs to be somehow estimated from the pure molar activation energies, ∆Ei.
In this work, two different approaches were considered without using further adjustable
parameters. On one hand, ∆Ei was averaged over the volume fractions as

∆Emix �

C

=
i�1

ϕi∆Ei � R
C

=
i�1

ϕikp,iTI,i. (3.23)

On the other hand, the crossover temperature of the mixture, TI,mix, was calculated
from equation (3.19) and the parameters kp,i were averaged over the volume fraction
as

∆Emix � RTI,mix

C

=
i�1

ϕikp,i. (3.24)

The influence of moisture on the glass temperature of ASDs can be evaluated using
the exact same procedure previously described for binary mixtures, however, setting
C � 3 in equations (3.7), (3.10), (3.13) and (3.23). In this work, no further adjustable
parameters were used to calculate the thermodynamic properties or the glass tempera-
ture of ternary systems API-PVP-water, therefore, the results presented in section 4.3
are all predictions.

The influence of pressure on the glass temperature was also calculated by combining
the SL EOS and the GET. For this purpose, the procedure previously described for
pure components was performed at several pressures by using the same kp fitted to
experimental values of the glass temperature at atmospheric pressure. Thus, the cal-
culations shown in section 4.1.2.1 are also a prediction, since no further adjustable
parameters were used.

3.3 Solid liquid equilibrium

The starting point to find an expression to calculate an SLE are the equilibrium con-
ditions between a liquid, L, and solid phase, S, of a mixture containing C components

T
L
� T

S
Thermal equilibrium

P
L
� P

S
Mechanical equilibrium

µ
L
i �P L

, T
L
, x

L
i � � µ

S
i �P S

, T
S
, x

S
i � ¾ i...C Material equilibrium,

(3.25)

where µi denotes the chemical potential of component i in the corresponding phase.
The material equilibrium may be replaced by the isofugacity condition as



34 3. Theory

f
L
i �P L

, T
L
, x

L
i � � f

S
i �P S

, T
S
, x

S
i � ¾ i...C, (3.26)

where fi denotes the fugacity of component i in the mixture in the corresponding phase
[188]. Furthermore, the fugacity is defined as [188]

dµi � RTd ln fi. (3.27)

Equation (3.27) may be isothermally integrated from a pure component standard state
at P

0
to the equilibrium state of component i in the mixture at the pressure of the

system, P , to obtain [188]

µi�P, T, xi� � µi,0�P 0
, T � � RT ln ai�P, T, xi�, (3.28)

where

ai�P, T, xi� � fi�P, T, xi�
f0,i�P 0, T � , (3.29)

and ai is the activity of component i in the mixture. Replacing equation (3.29) in
equation (3.26) for each phase after defining P

0
� P and assuming that the solid phase

always solidifies as pure crystals (a
S
i � 1) follows

a
L
i �

f
S
0,i

fL
0,i

, (3.30)

whereas all quantities are to be evaluated at the equilibrium temperature and pres-
sure of the mixture. Equation (3.30) relates the behavior of a component in a mixture
described by the activity as a function of only properties of the pure component. There-
fore, only a model to estimate ai alongside some pure component properties, yet to be
identified, are required to calculate the SLE. The ratio of both pure component fugac-
ities in equation (3.30) can be related to the free enthalpy by isothermally integrating
equation (3.27) to obtain [188]

ln�fS
0,i

fL
0,i

� � g
S
0,i � g

L
0,i

RT
, (3.31)

whereas the pure component chemical potential was replaced by the corresponding
molar free enthalpy. The right hand side of equation (3.31) can be then evaluated by
integrating the Gibbs-Helmholtz equation for the free enthalpy [188]

�∂�G©T �
∂T



P,N

� �
H

T 2
(3.32)

at constant pressure to correct the deviations of both fugacities from the fusion tem-
perature, T

SL
0,i , to the equilibrium temperature of the mixture as [188]
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ln�fS
0,i

fL
0,i

� � �∆SLh0,i

R
� 1

T
�

1

T SL
0,i

� � E T

TSL
0,i

∆SLc̄p,0,i�T0�
R

� 1

T0
�

1

T

 dT0, (3.33)

where ∆SLh0,i denotes the molar fusion enthalpy of pure i, ∆SLc̄p,0,i�T0� the difference
in the molar isobaric heat capacity of pure i across the melting line and T0 denotes
the temperature dependence of the molar isobaric heat capacity. The value of the
integral in equation (3.33) is often very small compared to the term containing the
fusion enthalpy [188], thus, it was neglected in calculations performed in this work.
The ratio of pure component fugacities becomes then

ln�fS
0,i

fL
0,i

� � �∆SLh0,i

RT
�1 �

T

T SL
0,i

� . (3.34)

Replacing equation (3.34) in (3.30) and expressing the activity as a function of the
chemical potentials via equation (3.28) follows

µ
L
i �P, T, xi� � µ

L
i,0�P, T � � �∆SLh0,i �1 �

T

T SL
0,i

� . (3.35)

Equation (3.35) can be solved for the temperature at a given pressure and composition,
provided that expressions for the chemical potentials and both the fusion enthalpy and
temperature are known.

3.4 Moisture sorption

The equilibrium water sorption in polymers and APIs can be calculated from the
equilibrium conditions listed in equation (3.25) by replacing the solid phase with the
vapor phase, V. Furthermore, the material equilibrium condition as a function of the
chemical potential is more practical in this case, as the SL EOS allows for direct
computation of the density of both the liquid and vapor phases. Moreover, only air and
water vapor are present in the vapor phase, since polymers and APIs do not evaporate.
Additionally, the solubility of air (mostly composed of oxygen and nitrogen) in the
liquid phase is negligible at atmospheric pressure. Therefore, the material equilibrium
condition reduces to

µ
L
H2O�P, T, xL

H2O� � µ
V
H2O�P, T, xV

H2O�. (3.36)

Equation (3.36) can be further simplified by assuming that Dalton’s law holds in the
vapor phase. This assumption is reasonable, insofar the VLEs containing water con-
sidered in this work were calculated at temperatures from 25

`

C to 50
`

C. The vapor
pressure of water within this temperature range is much lower than the atmospheric
pressure, therefore, even a relative humidity equal to 1 delivers a small partial pressure
of water compared to air. Consequently, weak interactions between the water molecules
are to be expected in the vapor phase. From equation (3.36) follows then
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µ
L
H2O�P, T, xL

H2O� � µ
V
0,H2O�PH2O, T, x

V
H2O�. (3.37)

The partial pressure of water, PH2O � x
V
H2OP , needs to be used in the expression to

calculate µ
V
0,H2O and can be estimated from the definition of the relative humidity, φ,

φ �
PH2O

P LV
0,H2O

�T � , (3.38)

whereas P
LV
0,H2O�T � denotes the vapor pressure of water at the temperature of the sys-

tem. Equation (3.37) can be then iterated for x
L
H2O as a function of the relative humidity

after specifying the total pressure and temperature. It is important to stress out that
the total pressure of the system was held constant at 1 bar to calculate the isothermal
water sorption as a function of φ presented in section 4.3. In equation (3.37), µ

L
H2O

was calculated from equation (3.14) after preiterating the reduced density of the liquid

phase from equation (3.6) using the SL parameters of the liquid mixture and µ
V
0,H2O

was calculated from equation (3.4) using the reduced entropy given in equation (3.13)
with C � 1 after preiterating the reduced density of the vapor phase from equation
(3.6) at the corresponding partial pressure and temperature using the SL parameters
of water.

Furthermore, the influence of moisture on the SLE of the ASDs was also investigated.
Since the calculation of the ternary SLE is influenced by the amount of moisture
absorbed in the ASD, both the ternaries SLE and VLE need to be solved simultaneously
as a solid-liquid-vapor equilibrium (SLVE). To elucidate the phases and components
involved, the ternary system is schematically shown in Figure 3.3.

S

API

L

API � PVP � H2O

V

Air � H2O

P, T � constant.

Figure 3.3: Schematic representation of the phase equilibria of a humid amorphous solid
dispersion adapted from Prudic et al. [142]. The letters L, V and S denote the liquid, vapor
and solid phases, respectively.

Since there is no component present in all three phases as shown in Figure 3.3, the
material equilibrium needs to be split up into two parts regarding the already mentioned
assumptions as
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µ
L
API�P, T, xL

API, x
L
H2O� � µ

S
0,API�P, T �

µ
L
H2O�P, T, xL

API, x
L
H2O� � µ

V
0,H2O�PH2O, T �, (3.39)

whereas both expressions need to be simultaneously satisfied. The material equilibrium
of the API listed in equation (3.39) can be solved using equation (3.35) by calculating

the chemical potential, µ
L
i �P, T, xi�, using equation (3.17). Analogically, the material

equilibrium of water must be solved using the chemical potential in the ternary mixture
given in equation (3.17). It must be pointed out that the chemical potentials of both
water and the API in the ternary liquid mixture are functions of the compositions of
two components, in other words, the composition of the dry ASD must be specified. In
the calculations performed in this work, the composition of the water-free ASD, the RH
and the total pressure were specified, whereas the equilibrium temperature and water
composition in the liquid ternary mixture were calculated. Moreover, the chemical
potential of pure water in the vapor phase must be calculated at the partial pressure
estimated from the specified relative humidity and the vapor pressure at the equilibrium
temperature according to equation (3.38), whereas the required vapor pressure was
calculated using the SL EOS as well.

3.5 Parameter fitting approach

Sanchez and Lacombe [23] fitted the pure component parameters to vapor pressure
and saturated liquid density data 15

`

C to 20
`

C away from the critical point. Since
vapor pressure data of polymers is unavailable, Sanchez and Lacombe [23] fitted the
molecular parameters of polymers by a conventional nonlinear least-squares method
applied to liquid density data above the glass temperature. This very same approach
was used in this work to determine the SL parameters of PVP. Considering that vapor
pressure data of APIs is also unavailable, the SL parameters of IBU and IND were
fitted to PVT data above the glass temperature as well. Fitting the SL parameter
set to PVT data using a least-squares method was straightforward in all cases and
delivered an unambiguous parameter set as discussed in section 4.1, even when the
starting values were varied.

On the other hand, the parameter sets of GRI and NAP were fitted to experimental SLE
data in organic solvents as described in section 4.1, since no pure PVT data was found
in the literature. The SLE equation (3.35) was solved using the SL EOS by calculating

µ
L
API using equation (3.14) after preiterating the reduced density of the liquid phase

from equation (3.6) using the SL parameters of the mixture. Moreover, µ
L
0,API was

calculated from equation (3.4) by inserting the reduced entropy computed from (3.5)
after preiterating the reduced density of the liquid phase from equation (3.6) using the
SL parameters of the pure API. In the fitting approach, the temperature and pressure
in equation (3.35) were specified and the molar fraction at equilibrium was iterated.
Additionally, the fusion enthalpy and temperature were taken from the literature as
explained in detail in section 4.1.

The objective function, f�wj,exp,wj,calc�, to simultaneously fit the SL parameters along-
side the kij was built as follows
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f�wj,exp,wj,calc� � N

=
i

�1 �
wj,exp,i

wj,calc,i

2 , (3.40)

where N is the number of experimental points available for each binary mixture, wj is
the mass fraction of component j and subscripts exp and calc denote experimental and
calculated points, respectively.

The goal is to find the best SL parameter set (ρ
�

i , T
�

i and P
�

i ) and kij which minimizes
equation (3.40). First of all, the sensitivity of the SLE curve T �xi� to changes in all
three SL parameters was tested. The position of the solubility curve alongside the x-axis
is dominated by the value of T

�

i , whereas the curvature towards higher temperatures
is dominated by ρ

�

i and the curvature towards lower temperatures by P
�

i . It is also
known that the characteristic density ρ

�

i needs to be around the crystalline density
[23]. For these reasons, the following algorithm was implemented:

1. Initial values for all three SL parameters were defined. ρ
�

i was set to the crystalline
density, T

�

i was set to 400 K and P
�

i to 200 MPa. The last two initial values were
arbitrarily chosen to be physically feasible. The binary interaction parameter kij
contained in equation (3.12) was set to 1 for all mixtures.

2. T
�

i , P
�

i and ρ
�

i were successively iterated using the Newton-Raphson method
(NR) to find the minimum value of the target function holding the other two SL
parameters and the kij constant, until no variation in all parameters was achieved.
The NR method used was a self-written version of the original algorithm including
an attenuation factor.

3. The pre-iterated parameter set was then used to build the initial simplex required
to run a Nelder-Mead minimization method [189]. Since there are three variables,
i.e. T

�

i , P
�

i and ρ
�

i , an initial simplex with four parameter sets is required. It
was built varying the SL parameters successively by 5 % down and up. The best
four parameter sets from the six calculated were then selected as initial simplex.

4. A Nelder-Mead algorithm [189] was used to further optimize the parameter set.
Once a minimum was reached, steps 2 to 4 were repeated until no change in all
variables was achieved.

5. The kij was calculated as temperature-independent for each experimental point
available.

6. A linear regression among all calculated kijs for a single binary mixture was
performed and a temperature-dependent kij according to equation (3.12) was
calculated.

7. Steps 2 to 6 were repeated until no variation in all parameters was achieved.



4 Results and discussion

The results obtained in this work and the comparison to experimental data, where
possible, are presented in this chapter. The discussion regarding pure components is
presented in section 4.1. Firstly, the estimation of SL parameters is discussed in section
4.1.1, where binary SLE data was used to fit the parameters of GRI and NAP. Then,
the glass transition of pure components such as a brief discussion of their relaxation is
presented in section 4.1.2. Furthermore, the influence of pressure on the glass temper-
ature of pure components is briefly discussed in section 4.1.2.1. The phase diagrams
including the SLE and glass temperature of dry ASDs are discussed in section 4.2.
Three dry ASDs are discussed in detail, namely, IBU-PVP in section 4.2.1, IND-PVP
in section 4.2.2 and NAP-PVP in section 4.2.3. Additionally, the water sorption in
PVP and IND are presented in sections 4.3.1 and 4.3.2, respectively, whereas the water
sorption in IND-PVP such as the phase diagrams including the glass temperature of
the ternary system IND-PVP-water are presented and discussed in section 4.3.3. Fi-
nally, the SLE of NAP in water such as the water sorption of NAP are presented in
section 4.3.4, whereas the results concerning the ternary system NAP-PVP-water are
presented in section 4.3.5.

4.1 Pure components

4.1.1 Sanchez-Lacombe parameters

The SL parameters of PVP, IBU and IND were fitted to pure PVT experimental data
from Shin et al. [146], Adrjanowicz et al. [147] and Adrjanowicz et al. [190], respectively.
On the other hand and due to the lack of experimental data of pure components, the
SL parameters of GRI and NAP were fitted to binary SLE data from Zhao et al. [150]
and Mora and Mart́ınez [152], Yan et al. [191], respectively. The SL parameters are
listed in Table 4.1 and were fitted using the approach described in section 3.5.

Table 4.1: SL parameters of pure components fitted in this work.

Component
ρ
�

i T
�

i P
�

i M̄i Exp. data used

[kg m
�3

] [K] [MPa] [g mol
�1

] in fitting

PVP 1428.09 949.28 584.66 60 � 10
3

[146]

GRI 1573 664.46 596.68 352.77 [150]

IBU 1100.64 570.30 459 206.28 [147]

IND 1481.64 592.62 1198.19 357.79 [190]

NAP 1430 554.49 776.88 230.26 [116, 152, 191]

39
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The comparison between the experimental [146] and calculated specific density of PVP
is shown in Figure 4.1. The experimental data [146] was measured using the confining
fluid method described in section 2.3.1.1. The molecular weight of the PVP used was
55 kg mol

�1
and it was used as received without further purification [146]. Furthermore,

Shin et al. [146] did not make any comments or measurements on the glass transition
within the measured pressure from 10 MPa to 200 MPa and temperature from 445 K
to 485 K. The calculations shown in Figure 4.1 were carried out neglecting any glass
transition or presence of any other phase than a liquid. Equation (3.6) was solved
using a liquid-like starting value for the reduced density at given T and P [146] and no
equilibrium constraint was imposed to the system, whereas all isothermal experimental
points were equally weighted during fitting. An excellent agreement between calculated
and experimental data [146] was achieved and the SL parameters obtained are expected
to deliver good results even at lower pressures P $ 10 MPa. Since one of the goals of
this work is to describe the phase diagram of ASDs at atmospheric pressure, the SL
parameter set of PVP listed in Table 4.1 needs to be validated outside the pressure
range where it was fitted. The validation is carried out indirectly by calculating the
SLEs of PVP-API systems in section 4.2.
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Figure 4.1: Experimental ( 445K, 455K, 465K, 475K, 485K) [146] and calcu-
lated ( SL at 445K, SL at 455K, SL at 465K, SL at 475K, SL at 485K)
specific density of PVP. The calculations with SL were carried out using the parameters listed
in Table 4.1.

The characteristic temperature, T
�

, fixes the position of the isotherms shown in Figure
4.1 alongside the y-axis, without having great influence on the curvature. Lower values
of T

�

shift the isotherms towards lower densities and vice versa. The characteristic
pressure, P

�

, influences the curvature towards higher pressures. Higher values of P
�
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flatten the slope of the isotherms, whereas lower values of P
�

increase the slope. The
slope of the isotherms at pressures lower than 10 MPa hardly react to changes in the
characteristic pressure. Furthermore, the characteristic density, ρ

�

, has, as expected,
the greatest influence on and is directly proportional to the calculated specific density
alongside an isotherm. On the other hand, the influence of the molecular weight on
the calculated density of PVP is marginal, since it only fixes the value of the segment
number via r � M̄P

�©�RT
�

ρ
�� [23], which is already in the order of 1000. This is only

true, if the value is high enough M̄PVP % 1.5 kg mol
�1

. The choice of M̄PVP listed in
Table 4.1 is justified in section 4.1.2.

The comparison between the experimental [147] and calculated specific density of IBU
is shown in Figure 4.2.
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Figure 4.2: Experimental ( 10MPa, 20MPa, 40MPa, 60MPa, 80MPa,
100MPa, 120MPa, 140MPa, 160MPa) [147] and calculated ( SL at 10MPa,
SL at 20MPa, SL at 40MPa, SL at 60MPa, SL at 80MPa, SL at 100MPa,

SL at 120MPa, SL at 140MPa and SL at 160MPa) specific density of IBU.
The calculations with SL were carried out using the parameters listed in Table 4.1.

Since IBU exhibits enantiomeric behavior, it is worth mentioning that Adrjanowicz
et al. [147] used the racemic mixture between (S)-ibuprofen and (R)-ibuprofen for
measurements. The method used in PVT measurements was also the confining fluid
method using mercury as confining fluid [147]. Before each isobaric test run, the sample
was cooled down from 105

`

C to room temperature before being reheated up to the
melt where the sample was pressurized to the next value [147]. In the same study, the
glass temperature of IBU as a function of pressure was also derived from dielectric loss
experimental data up to almost 350 MPa [147]. Hence, the SL parameters fitted to
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PVT experimental data including pressures up to 160 MPa [147] should deliver good
results for the glass temperature at high pressures. These results are discussed in
section 4.1.2.

The agreement between experimental [147] and calculated data shown in Figure 4.2 is
satisfactory, even though the slopes of the isobars are slightly incorrect for all pressures.
For instance, the calculated density at 160 MPa is smaller than the experimental value
towards lower temperatures, whereas the agreement improves towards higher temper-
atures. On the other hand, the calculated density at 10 MPa is in good agreement
with the experiment at lower temperatures, whereas the discrepancy increases towards
higher temperatures. For all pressures in between, the discrepancy is always lower than
that at both the lowest and highest pressures being the lowest from 80 MPa to 100 MPa.
These results are to be expected, since all isobars were weighted equally during fitting,
which leads to a compromise in describing the middle pressures well at the expense
of a higher discrepancy towards the extremes in both directions. The starting value
of ρ

�

IBU used to fit the SL parameter set was equal to the crystalline specific density
1098.9 kg m

�3
at 25

`

C and atmospheric pressure reported by Adrjanowicz et al. [147].

An increase in the characteristic temperature of IBU shifts the isobars towards higher
specific densities and also flattens their slope towards higher temperatures. Further-
more, an increase in the characteristic pressure shifts the isobars towards lower specific
densities, however, the slope of the isobars is marginally affected. Finally, as was the
case for PVP, the characteristic density has the greatest influence on the isobars shown
in Figure 4.2 shifting their value by over 100 kg m

�3
by a change of 10 % in ρ

�

IBU. The
slopes are also not appreciably influenced by changes in ρ

�

.

The experimental [190] and calculated specific density of IND is shown in Figure 4.3.

Adrjanowicz et al. [190] performed dielectric measurements at high pressures combined
with PVT measurements of IND. The PVT measurements were performed isobarically
over a wide temperature (� 20� 185

`

C) and pressure (0.1� 200MPa) range, in which
IND exhibits both a glass transition and a solid-liquid phase transition [190]. The
experimental set up used in measuring the PVT data of IND shown in Figure 4.3 was
not described [190]. Both transitions divide the phase diagram (specific volume over
temperature) in three regions, namely the glassy state at temperatures T $ TG, a

supercooled liquid state at TG $ T $ T
SL
0,IND and a liquid region at T % T

SL
0,IND. The

parameter set needs to be fitted to experimental data corresponding to a stable phase,
as the plain SL EOS is not expected to deliver good results neither in the glassy nor
in the supercooled state, since no physical background regarding both phenomena was
included in its derivation. Therefore, only the data [190] above the fusion temperature
were used to fit the SL parameter set of IND, namely the specific volume at temper-
atures above 160

`

C at all studied pressures. Since the isobars were always measured
at the same temperature values, the specific density can be plotted isothermally as a
function of pressure as in Figure 4.3.

The experimental [190] and calculated specific density of IND shown in Figure 4.3 are
in excellent agreement. A change in each of the characteristic parameters leads to the
same behavior as previously discussed for PVP. The high value of the characteristic
pressure P

�

IND listed in Table 4.1 denotes the strength of the intermolecular interactions
of IND compared to PVP and the other studied APIs, as stated by Sanchez and
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Figure 4.3: Experimental ( 438.15K, 448.15K, 458.15K) [190] and calculated ( SL
at 438.15K, SL at 448.15K, SL at 458.15K) specific density of IND. The calculations
with SL were carried out using the parameters listed in Table 4.1.

Lacombe [24]. An initial value of ρ
�

IND equal to 1375 kg m
�3

was used to fit the SL
parameter set regarding the reported values of the IND crystalline density [4, 192].

The validation of the SL parameter set of IBU and IND and the calculation of the SL
parameter sets of GRI and NAP required SLE binary calculations, for which the fusion
properties of the pure APIs must be known. The fusion properties used in the SLE
calculations of APIs throughout this work are listed in Table 4.2.

Table 4.2: Experimental fusion enthalpy and temperature of GRI, IBU, IND and NAP.

Component ∆SLh0,i [kJ mol
�1

] T
SL
0,i [K] Reference

GRI 36.36 491.61 [150]

IBU 25.5 347.15 [149]

IND 38.1 433.35 [3]

NAP 30.3 428.7 [116]

The fusion properties of GRI were measured via DSC by the same authors [150] who
reported the SLE data used in fitting of the SL parameter set. These experimental
data [150] is in agreement with the data reported by Baird et al. [193].
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The fusion properties of IBU were also measured via DSC and reported by one of the
authors [149] who measured the SLE data. The reported data [149] is also in agreement
with the data reported by Baird et al. [193].

On the other hand, the fusion properties of IND were measured via DSC by Pobud-
kowska et al. [157] and Mart́ınez et al. [154], who also reported SLE data. Pobudkowska
et al. [157] reported the fusion enthalpy and temperature as 75.4 kJ mol

�1
and 433.6 K,

whereas Mart́ınez et al. [154] reported values of 55.10 kJ mol
�1

and 433 K, respectively.
Furthermore, Ruidiaz et al. [153] also reported SLE data of IND, however, they used the
fusion properties reported by Forster et al. [194], namely 39.46 kJ mol

�1
and 432.55 K,

which were also measured via DSC. As can be seen from the fusion properties of IND
reported [44, 154, 157, 193, 194], the fusion temperature appears to be clear, whereas
the value of the fusion enthalpy is still controversial. On the other hand, the fusion
properties reported by Mathers et al. [3] are in agreement with those of Forster et al.
[194], Baird et al. [193], Mart́ınez et al. [154] and Knopp et al. [44]. Furthermore,
Mathers et al. [3] reported experimental SLE data of IND-PVP. Therefore, to ensure
consistency and avoid confusion, all SLEs calculations including IND performed in this
work were carried out using the fusion properties of IND reported by Mathers et al. [3]
listed in Table 4.2.

Finally and since the fusion properties of NAP were not measured in the studies
[152, 191] reporting SLE data, the fusion properties from Maxwell and Chickos [116]
measured via DSC were used in the calculations of SLEs containing NAP. These fusion
properties [116] are in agreement with the data also measured via DSC reported by
Paus et al. [155], namely 31.5 kJ mol

�1
and 429.47 K.

The SL parameter set of IBU needs to be validated at atmospheric pressure and lower
temperatures, where the phase diagrams of ASDs are to be evaluated. Therefore, the
SLEs of IBU in selected organic solvents were calculated using the parameter set of IBU
listed in Table 4.1 and the SL parameters of organic solvents taken from the literature
listed in Table 4.3. The binary interaction parameters kij of each pair IBU-organic
solvent are listed in Table 4.4 alongside the experimental data to which they were
individually fitted.

The experimental [149, 195] and calculated SLEs of IBU in selected organic solvents
are shown in Figure 4.4. From the reported CAS number of IBU, it is apparent that
Gracin and Rasmuson [149] also used the racemic mixture of both enantiomers for
measurements. The equilibrium solubility of IBU in toluene, ethyl-acetate, chloroform,
2-propanol, acetone, ethanol and methanol was measured gravimetrically as described
in section 2.3.2.1.

The SL parameter set of methyl-iso-butyl-ketone listed in Table 4.3 was fitted to vapor
pressure [196] and saturated liquid density [197, 198] experimental data from 280 K
to 380 K. Both the vapor pressure and saturated liquid density were equally weighted
during fitting. The average relative deviations (ARDs) of both calculated properties
compared to the experimental data were under 1.7 %.

On the other hand, Wang et al. [195] purified the purchased IBU used in measurements
by recrystallization from an ethanol solution two times. It was not stated whether the
obtained crystals were the racemic mixture of both enantiomers. The solubilities of
IBU in 1-pentanol, ethyl-acetate, 1-butanol, 2-propanol, acetone and ethanol were
measured at atmospheric pressure using a somewhat different approach than Gracin
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and Rasmuson [149]. The equilibrium solubility was measured using a laser beam
directed towards the inner chamber of the vessel containing the solutions, when the
intensity of the laser beam reached a maximum [195]. Additional IBU was added
to the solution until the laser intensity did not return a maximum [195]. A detailed
explanation of the experimental method can be found elsewhere [199].

The SL parameter set of iso-butanol listed in Table 4.3 was fitted to vapor pressure
[200] and saturated liquid density [201] experimental data from 325 K to 395 K. Both
the vapor pressure and saturated liquid density were equally weighted during fitting.
The ARD of both calculated properties compared to the experimental data was under
2.4 %. The SLEs of IBU in 3-methyl-1-butanol [195] is not shown, since no experimental
data on the saturated liquid density was readily found in the literature to fit the SL
parameters of the solvent.

Table 4.3: SL parameters of organic solvents and water taken from the literature and fitted
in this work. The SL parameters of the components marked with an asterisk were fitted to
the experimental data listed under the references column.

Component
ρ
�

i T
�

i P
�

i
Reference

M̄i

[kg m
�3

] [K] [MPa] [g mol
�1

]

1, 4-dioxane 1163 519 536 [202] 88.11

1-butanol 863 494 320 [203] 74.12

1-octanol 872 552 301 [203] 130.23

1-pentanol 865 513 313 [203] 88.15

1-propanol 972 420 886.59 [23] 60.1

2-propanol 975 399 853.16 [23] 60.1

acetone 917 484 532.97 [23] 58.08

acetonitrile 842 565.28 734.38 [204] 41.05

chloroform 1688 511.77 456.07 [23] 119.38

cyclohexane 902 496.68 382.73 [23] 84.16

ethanol 963 413 1068.98 [23] 46.07

ethyl-acetate 1052 468 458 [23] 88.11

methanol 922 468 1201.72 [23] 32.04

methyl-acetate 1076 466 496.49 [23] 74.08

n-butyl-acetate 1003 498 394.15 [23] 116.16

toluene 966 543 402.26 [23] 92.14

water 1105 623 2687.14 [23] 18.02

iso-butanol
*

1039.34 418.04 815.76 [200, 201] 74.12

methyl-iso-butyl-ketone
*

986.65 420.02 577.92 [196–198] 100.16
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Table 4.4: Fitted binary interaction parameters of mixtures API + organic solvent according
to equation (3.12).

Mixture kij,0 kij,T � 10
4

[K
�1

] SLE exp. data

IND-1-octanol 1.0587 5.583 [157]

IND-ethanol 0.9962 0.058 [154, 157]

IND-ethyl-acetate 1.1722 �1.624 [154]

IND-1, 4-dioxane 1.1097 �0.733 [153]

IBU-toluene 0.9917 0 [149]

IBU-methyl-iso-butyl-ketone 1.01 0 [149]

IBU-ethyl-acetate 0.997 0 [149, 195]

IBU-iso-butanol 1.0355 0 [195]

IBU-1-pentanol 1.0133 0 [195]

IBU-1-butanol 1.1033 �3.245 [195]

IBU-chloroform 1.008 0 [149]

IBU-2-propanol 1.0454 0 [149, 195]

IBU-acetone 1.1221 �4.52 [149, 195]

IBU-ethanol 1.1813 �3.668 [149, 195]

IBU-methanol 1.2889 �7.391 [149]

GRI-iso-butanol 1.027 �1 [150]

GRI-1-butanol 1.0898 �2.25 [150]

GRI-1-propanol 1.0422 �1.275 [150]

GRI-ethanol 1.0677 �1.51 [150]

GRI-n-butyl-acetate 1.1222 �3.458 [150]

GRI-methanol 1.0911 �2.119 [150]

GRI-ethyl-acetate 1.0985 �2.906 [150]

GRI-methyl-acetate 1.0845 �2.525 [150]

GRI-acetonitrile 1.0732 �2.664 [150]

NAP-cyclohexane 0.9191 1.525 [152]

NAP-acetone 0.9915 �0.302 [191]

NAP-1-octanol 1.1251 �5.74 [152]

NAP-2-propanol 1.005 �0.38 [191]

NAP-chloroform 1.0715 �1.388 [152]

NAP-ethanol 1.0173 �0.558 [191]

NAP-ethyl-acetate 1.0873 �1.679 [191]

NAP-methanol 1.0604 �2.037 [191]
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Figure 4.4: Experimental ( toluene [149], methyl-iso-butyl-ketone [149], ethyl-acetate
[149], ethyl-acetate [195], iso-butanol [195], 1-pentanol [195], 1-butanol [195],
chloroform [149], 2-propanol [149], 2-propanol [195], acetone [149], acetone [195],

ethanol [149], ethanol [195], methanol [149]) and calculated ( SL toluene, SL
methyl-iso-butyl-ketone, SL ethyl-acetate, SL iso-butanol, SL 1-pentanol, SL
1-butanol, SL chloroform, SL 2-propanol, SL acetone, SL ethanol, SL
methanol) binary SLEs of IBU in organic solvents at 1 bar. The calculations with SL were
carried out using the pure-component parameters listed in Tables 4.1 and 4.3, the kijs listed
in Table 4.4 and the fusion properties listed in Table 4.2.

The experimental data [149, 195] are in good agreement with each other for ethyl-
acetate and 2-propanol, whereas the data for ethanol shows a discrepancy of about
5 K at a mass fraction of IBU of approximately 0.7. Nevertheless, the experimental
data of ethanol [149, 195] are in good agreement for lower mass fractions of IBU. The
calculated SLEs in toluene, ethyl-acetate, 1-pentanol, chloroform and 2-propanol could
accurately be described using a temperature-independent binary interaction parameter.
Furthermore, the temperature dependence of the other SLEs is rather weak showing
an always negative slope with a maximal absolute value lower than 7.5 � 10

�4
K
�1

for IBU-methanol. Two specific cases must be examined with more detail, namely
the systems containing ethanol and methanol. The experimental data from Wang
et al. [195] in ethanol is better described, due to the fact that all experimental points
were weighted equally to fit the kij and three points from Wang et al. [195] are in
the vicinity of the discrepancy, whereas only one point from Gracin and Rasmuson
[149] is present. Furthermore, the calculated SLE of the system containing methanol
exhibits a concave curvature from 285 K to 290 K and a convex curvature towards
higher temperatures. This behavior is not expected to be physically feasible and its
origin is purely mathematical. The experimental point between 285 � 290K [195] is
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an outlier which causes the objective function given to the minimization algorithm to
be rather large, thus, the binary interaction parameter is further varied until the odd
curvature is reached. For an accurate description of this SLE, which is outside the
scope of this work, further experimental data to confirm or deny the accuracy of the
outlier is required. Furthermore, both the SLEs of IBU in methyl-iso-butyl-ketone and
iso-butanol are in excellent agreement with the experimental data [149, 195] by using
a temperature independent kij under 4 % deviation from the geometric mixing rule.
Finally, it can be seen that the parameter set of IBU fitted to PVT data [147] at higher
pressures can be used to calculate SLEs at atmospheric pressure with high accuracy.

As for IBU and since the parameter set of IND was fitted to PVT data [190] at high
pressures, the parameter set was validated by calculating the SLEs of IND in organic
solvents at 1 bar. The SL parameters of the organic solvents involved are listed in
Table 4.3 and the binary interaction parameters are listed in Table 4.4 alongside the
SLE experimental data to which they were individually fitted.

The experimental [153, 154, 157] and calculated SLEs of IND in selected organic sol-
vents are shown in Figure 4.5.
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Figure 4.5: Experimental ( 1-octanol [157], ethanol [157], ethanol [154], ethyl-
acetate [154], 1, 4-dioxane [153]) and calculated ( SL 1-octanol, SL ethanol, SL
ethyl-acetate, SL 1, 4-dioxane) binary SLEs of IND in organic solvents at 1 bar. The
calculations with SL were carried out using the pure-component parameters listed in Tables
4.1 and 4.3, the kijs listed in Table 4.4 and the fusion properties listed in Table 4.2.

Pobudkowska et al. [157] performed the solubility measurements via using UV spec-
tophotometry by preparing mixtures of IND in water, 1-octanol and ethanol. Only the
experimental data of IND in 1-octanol and ethanol reported by Pobudkowska et al.
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[157] was used in the validation, since the SLE of IND-water is discussed in section
4.3.3.

Ruidiaz et al. [153] performed the solubility experiments of IND in 1, 4-dioxane-water
mixtures, whereas Mart́ınez et al. [154] used ethanol-water and ethanol-ethyl-acetate
mixtures as solvents. Both sources [153, 154] used the UV spectrophotometry method
described in section 2.3.2.2.

The experimental SLE data of IND in ethanol from Pobudkowska et al. [157] and
Mart́ınez et al. [154] have a discrepancy between 310 and � 315 K. Nevertheless, the
general trend towards lower T $ 310 K and higher T % 320 K temperatures could
be well described, even though the fusion properties of Mathers et al. [3] were used.
The binary interaction parameter of this mixture has a weak positive temperature
dependence exhibiting values under 1 % deviation from the geometric mean mixing
rule. Furthermore, the experimental SLE data of IND in 1-octanol [157] exhibits an
almost linear trend between 315 and 340 K, whereas the calculation with SL shows a
marked concave behavior. This leads to underestimating the equilibrium temperature
at lower and higher IND mass fractions and to slightly overestimating it at intermediate
IND mass fractions. The calculated SLEs of IND in ethyl-acetate and 1, 4-dioxane are
in excellent agreement with the experimental data [153, 154] showing kijs with weak
negative temperature dependence and deviations from the geometric mean mixing rule
of about 10 %.

The SL parameter set of GRI was fitted to experimental SLE data in pure organic
solvents [150], since no experimental data of the pure API was found in the literature.
The results are shown in Figure 4.6.

Zhao et al. [150] used the stable polymorph of GRI without further purification to
measure the SLEs in twelve organic solvents from which nine were used in this work,
namely 1-butanol, iso-butanol, 1-propanol, ethanol, n-butyl-acetate, methanol, ethyl-
acetate, methyl-acetate and acetonitrile using the gravimetric method described in
section 2.3.2.1. The SLEs of GRI in propyl-acetate, iso-propyl-acetate and iso-butyl-
acetate [150] are not shown, since no readily available experimental data on the satu-
rated liquid density was found in the literature to fit the SL parameters of the organic
solvents.

An excellent agreement could be achieved using temperature dependent binary inter-
action parameters with negative slopes in all cases. The highest absolute slope was
exhibited by the mixture containing n-butyl-acetate and the lowest by the mixture
containing ethanol. Only the SLE of GRI in 1-butanol shows a slight discrepancy
compared to the experimental data [150], possibly due to the low solubility and the
existence of two points outside the general trend. The parameter set of GRI is therefore
suitable to calculate phase equilibria at atmospheric pressure and is used to calculate
the glass temperature in section 4.1.2. Furthermore, the starting value of ρ

�

GRI used in
fitting the SL parameter set was 1450 kg m

�3
regarding the values of the GRI crystalline

density reported in the literature [192, 205].

The SL parameter set of NAP listed in Table 4.1 was fitted to experimental SLE data
in pure organic solvents [152, 191], since no data of the pure API was found in the
literature. The comparison between experimental [152, 191] and calculated SLEs is
shown in Figure 4.7.
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Figure 4.6: Experimental ( iso-butanol, 1-butanol, 1-propanol, ethanol, n-butyl-
acetate, methanol, ethyl-acetate, methyl-acetate, acetonitrile) [150] and calculated
( SL iso-butanol, SL 1-butanol, SL 1-propanol, SL ethanol, SL n-butyl-
acetate, SL methanol, SL ethyl-acetate, SL methyl-acetate, SL acetonitrile)
binary SLEs of GRI in organic solvents at 1 bar. The calculations with SL were carried out
using the pure-component parameters listed in Tables 4.1 and 4.3, the kijs listed in Table 4.4
and the fusion properties listed in Table 4.2.

Mora and Mart́ınez [152] performed the solubility measurements of NAP in several sol-
vents via UV spectophotometry as described in section 2.3.2.2, from which 1-octanol,
chloroform and cyclohexane were used in this work. The SLE of NAP in iso-propyl
myristate [152] is not shown, since no readily available experimental data on the satu-
rated liquid density was found in the literature to fit the SL parameters of the solvent.

On the other hand, Yan et al. [191] used a laser monitoring observation technique
similar to the previously described method used by Wang et al. [195]. The experimental
SLEs of NAP in acetone, methanol, ethanol, ethyl-acetate and 2-propanol [191] were
used in this work. All three SL parameters were successively fitted alongside the binary
interaction parameters to all the experimental data [152, 191] at once as described in
section 3.5.

The experimental [152, 191] and calculated SLEs shown in Figure 4.7 are in excellent
agreement with each other. The temperature dependence of the binary interaction
parameters of mixtures containing acetone, 2-propanol, and ethanol were the weakest
and always negative. Furthermore, the greatest temperature dependence of kij was
exhibited by mixtures containing ethyl-acetate followed by cyclohexane. Mixtures con-
taining cyclohexane and acetone have a negative deviation from the geometric mean
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rule, whereas all other mixtures containing NAP show a positive deviation. Moreover,
the initial value of ρ

�

NAP used to fit the SL parameter set was equal to the specific
crystalline density of NAP 1265 kg m

�3
reported by Löbmann et al. [4].
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Figure 4.7: Experimental ( cyclohexane [152], acetone [191], 1-octanol [152], 2-
propanol [191], chloroform [152], ethanol [191], ethyl-acetate [191], methanol [191])
and calculated ( SL cyclohexane, SL acetone, SL 1-octanol, SL 2-propanol,

SL chloroform, SL ethanol, SL ethyl-acetate, SL methanol) binary SLEs
of NAP in organic solvents at 1 bar. The calculations with SL were carried out using the
pure-component parameters listed in Tables 4.1 and 4.3, the kijs listed in Table 4.4 and the
fusion properties listed in Table 4.2.

4.1.2 Glass transition

The SL parameter sets listed in Table 4.1 were used to calculate the glass temperature
of pure components via the GET as described in section 3.2. The calculated values of
the characteristic temperatures such as the experimental data [3–5, 58, 106] to which
the glass temperature of all pure components was fitted are listed in Table 4.5.

Since the measurement of the glass temperature via DSC depends on the heating/cooling
rate used, the experimental glass temperatures reported in Table 4.5 were selected
among reported values satisfying following criteria to ensure consistency: The experi-
mental method used was mDSC or DSC and the heating rate, modulation amplitude
and period were explicitly stated. In the case of PVP, only references with explicitly
stated molecular weights were considered.
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Table 4.5: Characteristic temperatures calculated via GET and experimental glass temper-
atures of pure components.

Component
kp in T

calc
I T

calc
A T

calc
G T

exp
G

equation (2.11) [-] [K] [K] [K] [K]

GRI 15.65 473.24 681.27 363.01 363 [5]

IBU 6.68 404.32 573.65 228.04 228 [106]

IND 14.51 425.48 628.50 316.54 316.55 [3]

NAP 12.56 395.49 571.99 278.19 278.19 [4]

PVP 10.61 685.45 1031.04 451.84 451.84 [58]

The experimental glass temperature of GRI [5] reported in Table 4.5 was measured via
DSC using a heating rate of 10 K min

�1
and was determined as the onset temperature

of the glass transition event upon heating. This value is in excellent agreement and
within the experimental uncertainty of other measurements performed via DSC at the
same heating rate [170, 206–209]. A measurement performed via DSC at higher heating
rates was also reported by Tombari et al. [210], however, it was not considered for the
sake of consistency. Zhou et al. [206] also measured the glass temperature of GRI
via DSC at different heating rates and obtained a similar value as Huang et al. [5],
although the heating rate at which the reported TG was measured was not explicitly
stated. On the other hand, Willart et al. [211] measured the glass temperature of GRI
via DSC at a heating rate of 5 K min

�1
which led to a value of 358.15 K. Even though

a lower heating rate leads to a value nearer to the actual glass temperature, no other
experimental data measured at 5 K min

�1
were found in the literature for comparison.

Therefore, the value of TG reported by Huang et al. [5] listed in Table 4.5 was selected
to fit the kp of GRI.

The glass temperature of racemic IBU reported by Dudognon et al. [106] was measured
via DSC using a heating rate of 10 K min

�1
and estimated as the midpoint of the

glass transition event upon heating. This value is in agreement with the one reported
by Johari et al. [212] measured using the same heating rate and estimated as the
onset temperature of the glass transition event. The difference of 5 K between the
measurements of Dudognon et al. [106] and Johari et al. [212] can be attributed to the
different estimation of TG from the thermographs. Furthermore, Brás et al. [213] also
measured TG via DSC using a heating rate of 5 K min

�1
and calculated the same value

of 228 K. Luebbert et al. [15] also measured the glass temperature of IBU. However, no
details on the DSC measurement were given. Thus, the value reported by Dudognon
et al. [106] listed in Table 4.5 was selected to fit the kp of IBU.

Reported values regarding the TG of IND measured via DSC at 10 K min
�1

[3, 4, 115,
130, 137, 214–218] show a maximal difference of 6.6 K, an average of 316.98 K and
a standard deviation of 2.09 K. The nearest value to the average was reported by
Mathers et al. [3] and determined as the midpoint of the glass transition event upon
heating. The values reported by Prudic et al. [60] and Doreth et al. [131] at heating
rates of 2 K min

�1
and 3 K min

�1
, respectively, were not considered, as the measured

glass temperature is higher than the average value of the measurements performed
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at 10 K min
�1

[3, 4, 115, 130, 137, 214–218], even though the heating rate used for
measurement is lower. Thus, the value reported by Mathers et al. [3] listed in Table
4.5 was selected to fit the kp of IND.

The reported TG of NAP was measured via DSC at 10 K min
�1

[4] and at 2 K min
�1

[58, 60]. The values reported by Löbmann et al. [4] and Paudel et al. [58] are in
excellent agreement with and within experimental uncertainty from each other. The
TG reported by Löbmann et al. [4] listed in Table 4.5 was used to fit the kp of NAP to
ensure consistency among all the APIs regarding the heating rate.

The selection of a suitable glass temperature of PVP to fit the GET parameter kp
requires special attention, since the TG of polymers is a function of the molecular weight.
Therefore, a suitable molecular weight high enough to avoid the glass temperature to
still change upon further increment of M̄PVP also has to be considered. For this purpose,
the experimental [3, 43, 45, 57, 58, 60, 123–135] and calculated glass temperature of
PVP as a function of the molecular weight is presented in Figure 4.8.
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Figure 4.8: Experimental ( [58], [60], [134], [43], [131], [45], [132], [124], �
[135], [126], [127], [128], [57], [129], [133], [130], [3], � [125], [123]) and
calculated ( SL) glass temperature of PVP over the molecular weight at 1 bar. The colors
of the symbols represent the heating rates used in the DSC measurements, where 2Kmin

�1
,

3Kmin
�1
, 5Kmin

�1
, 10Kmin

�1
and 20Kmin

�1
. The SL parameters and kp in equation

(2.11) used in the calculations are listed in Table 4.1 and 4.5, respectively.

Figure 4.8 can be divided into four clusters, namely M̄PVP � 2.5, � 10, � 11� 100 and
% 100kg mol

�1
. The data reported by Bell [124] is in disagreement with the rest of the

experimental data at M̄PVP � 2.5 and M̄PVP � 10kg mol
�1

, however, the TG reported
at higher molecular weights is within reasonable deviation from the other reported
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values. Moreover, all clusters, excluding the data from Bell [124], show a maximal
deviation of around 20 K among them at comparable molecular weights. Since the
goal is to choose a suitable experimental value of TG,PVP, it is appropriate to focus on
the area where the molecular weight has a small influence on the glass temperature,
i.e. % 100 kg mol

�1
. Even though these data were measured at different heating rates,

the glass temperature obtained was very similar considering the arithmetical mean of
� 451.85 K and standard deviation of � 3.8 K among values above 100 kg mol

�1
shown

in Figure 4.8. The value reported by Paudel et al. [58] at 1100 kg mol
�1

listed in Table
4.5 is the nearest to the mean value and was therefore chosen to fit the kp of PVP.

The values of kp listed in Table 4.5 were used to calculate the reduced entropy density
of PVP and the APIs GRI, IBU, IND and NAP. The results are shown in Figure 4.9.

1 1 . 5 2 2 . 5

0 . 2 5

0 . 5

0 . 7 5

1

(sρ
)/(

sρ)
*

T / T G

Figure 4.9: Calculated ( GET GRI, GET IND, GET NAP, GET PVP,
GET IBU) reduced entropy density and characteristic temperatures (squares TG, circles

TI , triangles TA) at 1 bar. The y-axis was normalized by the respective highest value of the
reduced entropy density, �sρ�

�

, and the x-axis by the calculated TG of each pure component
listed in Table 4.5. The calculations with GET were performed using the SL parameters
listed in Table 4.1 and the kp listed in Table 4.5.

As shown in Figure 4.9, IBU exhibits the highest difference between TA and TG. The
calculated Arrhenius temperature was � 2.5T

calc
G,IBU and almost 230 K higher than the

fusion temperature [149]. On the other hand, GRI exhibits the lowest difference be-
tween TA and TG, as its calculated Arrhenius temperature is � 1.9 times higher than
its calculated glass temperature. Moreover, the TA of GRI is almost 190 K higher than
its fusion temperature [150]. Dudowicz et al. [9] have argued that TA should be close
to the fusion temperature provided that the fluid can crystallize. This is the case for
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GRI, IND and NAP, as the melting temperatures listed in Table 4.2 are between the
T

calc
I and T

calc
A listed in Table 4.5. The melting temperature of IBU [149] is almost

60 K lower than the calculated crossover temperature.

Dudowicz et al. [9] reported an almost linear increase in all characteristic temperatures
with increasing molecular weight and a “saturation” to constant values at M̄ � �.
This same trend was obtained for PVP in the calculations performed in this work.
Therefore, the calculated characteristic temperatures of PVP listed in Table 4.5 at the
molecular weight reported in Table 4.1 are the limiting values according to Figure 4.8.
An experimental confirmation of the Arrhenius temperature of polymers is also rather
problematic, since the polymer would decompose at high temperatures hindering any
experimental measurements [9].

The kinetics of the glass transition can be analyzed using the so-called Angell plot
[219] shown in Figure 4.10 for PVP and all APIs. The components were categorized
in strong and fragile glass formers, depending on the form of the function obtained in
the Angell plot [219]. An Arrhenius behavior of τα with temperature would yield a
straight line in Figure 4.10, whereas a non-Arrhenius behavior, often described by the
VFTH for non-polymeric (e.g. [167, 168, 170, 171, 212, 220]) and the WLF equations
for polymeric components (e.g. [132]), would result in an exponential behavior. The
VFTH calculations using the reported constants listed in Table 4.6 are also shown in
Figure 4.10 for comparison.

Table 4.6: VFTH equation (2.1) parameters of GRI, IBU, IND and NAP at 1 bar.

Component τ0 [s] BT [K] T0 [K] Reference

GRI 1 � 10
�14

1995.84 308 [170]

IBU 1.2 � 10
�14

1426.81 187 [167]

IND 4 � 10
�20

3978 234 [168]

NAP 1.1 � 10
�12

1190.68 231.2 [171]

The relaxation times predicted by the GET for on one hand, GRI and IND, and
on the other hand, NAP and PVP, are very similar. Furthermore, IBU exhibits the
highest deviation from Arrhenius behavior. The relaxation time calculated via GET
is not quite in agreement with the VFTH calculations using the parameters listed
in Table 4.6 as shown in Figure 4.10. For instance, the relaxation time of IND at
T

calc
I was overestimated in more than 5 orders of magnitude compared to the VFTH

equation. Since the VFTH parameters were fitted to experimental dielectric relaxation
data [168], the values calculated from the GET do not represent the experimental
dielectric relaxation very well. The smallest deviation from the VFTH equation was
shown by NAP, for which a deviation of less than 1 order of magnitude was achieved
at temperatures close to T

calc
A . It is important to point out that the VFTH equation

is suitable to describe the relaxation time at no more than 100 K below the glass
temperature, as explained in detail elsewhere, e.g. [9, 53, 221]. As for PVP, the

relaxation time calculated via GET is different by over 8 orders of magnitude at T
calc
I

compared to the WLF equation with parameters c1 � 2.91 and c2 � 208.2 K reported
by Liu et al. [132] for a molar mass of 360 kg mol

�1
.



56 4. Results and discussion

0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1
- 1 4

- 1 2

- 1 0

- 8

- 6

- 4

- 2

0

2

0 . 9 8 0 . 9 8 5 0 . 9 9 0 . 9 9 5 1
1

1 . 2

1 . 4

1 . 6

1 . 8

2

log
10(

τ α
 [s]

)

T G / T
Figure 4.10: Angell [219] plot of APIs and PVP at 1 bar. Solid lines are GET calculations
( GRI, IND, NAP, IBU, PVP) with SL parameters listed in Table 4.1
and kp listed in Table 4.5. Dashed lines were calculated using the VFTH equation (2.1)
( GRI, IND, NAP, IBU) with parameters listed in Table 4.6 and the WLF
equation (2.5) ( PVP) with the parameters c1 � 2.91 and c2 � 208.2K reported by Liu
et al. [132]. Squares denote the corresponding crossover temperature TI and triangles the
Arrhenius temperature TA.

An estimate of the crossover temperature, at which the α and β relaxations appear to
merge [73] as schematically shown in Figure 4.11, can be analytically computed for the
APIs by equating the VFTH equation (2.1) and the Arrhenius equation

τβ � τ0 exp � Ea

RT

, (4.1)

whereas the preexponential factor, τ0, and the molar activation energy, Ea, are specific
for the β relaxation and different from the values of the α relaxation. Equation (4.1)
is used to calculate the β relaxation time, τβ, described by the dashed line in Figure
4.11. The estimates obtained and reported here should be taken with care as a first
approximation, since the values were calculated from fits of empirical equations to
dielectric relaxation experimental data [167, 168, 170, 171] and may not be quite exact.
The parameters of the VFTH (2.1) and Arrhenius equations (4.1) were taken from the
same source, when possible, for consistency. A brief summary of the obtained TI for
IBU, IND, GRI and PVP is presented in the following paragraphs. Unfortunately, no
experimental data on the β dielectric relaxation of NAP was found in the literature.
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Figure 4.11: Qualitative representation of the estimation of the crossover temperature, TI ,
from the α and β relaxation times. TG is arbitrarily defined as the temperature at which the
relaxation time of the α process equals 100 s.

The dielectric relaxation processes of IBU comparing experimental data from different
sources [167, 169, 212] were reported by Bauer et al. [220]. Brás et al. [167] reported
Ea � 52 kJ mol

�1
and τ0 � 3 � 10

�16
s for the β relaxation of IBU. Together with the

VFTH parameters listed in Table 4.6, a value of TI,IBU � 255.63 K was calculated.
This leads to a difference of almost 150 K from the value calculated via GET listed
in Table 4.5. Furthermore, Johari et al. [212] reported VFTH parameters of the α
relaxation (BT � 1170 K, τ0 � 1 � 10

�13
s and T0 � 192 K) which in combination with

the parameters of the β relaxation [167] lead to a very similar crossover temperature
as the obtained using the VFTH parameters reported by Brás et al. [167].

Concerning IND, Carpentier et al. [222] reported VFTH parameters of the α relaxation
(BT � 4264.25 K, τ0 � 2.6� 10

�20
s and T0 � 230.5 K) and Arrhenius parameters of the

β relaxation (Ea � 56 kJ mol
�1

and τ0 � 9.5�10
�17

s) which lead to a TI,IND � 401.09 K,
only 24 K lower than the calculated via GET listed in Table 4.5. Following the same
procedure, the VFTH parameters reported by Wojnarowska et al. [168] listed in Table
4.6 were used together with the β relaxation parameters [222] to obtain a similar
value of TI,IND � 393.95 K, which indirectly indicates that the measurements of the
α relaxation [168, 222] are in agreement with each other, even though the reported
VFTH parameters differ.
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As for GRI, Kothari et al. [170] reported parameters for both the α (BT � 1996 K, τ0 �
1�10

�14
s and T0 � 308 K) and β relaxation (Ea � 58.2 kJ mol

�1
and τ0 � 1�10

�10
s
1
).

The obtained temperature is TI,GRI � 380.27 K, which is almost 93 K lower than the
calculated value with the GET listed in Table 4.5.

The procedure described above for the APIs was also applied for PVP. The α relaxation
was described using the WLF equation [132] and the β relaxation was reported by
Cerveny et al. [223] using the Arrhenius equation with Ea � 129.28 kJ mol

�1
and τ0 �

5.6�10
�17

s. The crossover temperature calculated by equating the WLF and Arrhenius
equation produced a value lower than the corresponding TG. The condition TI $ TG

implies that the β relaxation time shown in Figure 4.11 would intercept the α relaxation
time at a value higher than τα � 100 s, which is physically unfeasible. No other sources
investigating the molecular dynamics of pure PVP both above and below the glass
temperature were found in the literature for comparison. Cerveny et al. [223] argued
that a measurement of the α relaxation via dielectric spectroscopy was not possible, as
the high conductivity masked any process that was not very intense. On the other hand,
Liu et al. [132] did not make any comments regarding the β relaxation of PVP, although
their loss modulus was clearly measured at temperatures low enough to observe faster
relaxation processes as shown in Figure 4B in their publication [132]. At this point, it is
important to point out that both relaxation phenomena were measured using different
techniques. For instance, Cerveny et al. [223] measured the dielectric loss spectra using
BDS, whereas Liu et al. [132] measured the loss modulus using dynamic-mechanical
analysis (DMA). Since both techniques should deliver similar results as the shear and
dielectric relaxation times may be described by the WLF equation [30], it is not clear
as to why the calculated crossover temperature is physically unfeasible.

It is now clear that the GET overestimates the relaxation time of GRI, IBU, IND and
NAP. Furthermore, the crossover temperature is also always overestimated, given it
is defined as the intersection between the α and β relaxations. The possible reasons
behind this behavior may be analyzed departing from equation (3.20) and inserting the
definition of the activation energy at high temperatures proposed by Dudowicz et al.
[9]

τ � τ0 exp �kpTI s̃�TA�ρ̃�TA�
T s̃ρ̃

�. (4.2)

Following the procedure described in section 3.2, the first step to solve equation 4.2
consists on estimating the characteristic temperatures TA from equation (3.18) and TI

from equation (3.19). Then, kp is fitted to the experimental glass temperature meaning
that TI and �s̃ρ̃�� already have an effect on the fitted value of kp. Since the crossover
temperature mathematically describes an inflection point in the function T �s̃ρ̃� and
is always overestimated, the location of the inflection point must be offset towards
higher temperatures. Therefore, the fitted kp value corrects the activation energy
scaled by s̃�TA�ρ̃�TA�©�s̃ρ̃� which in turn is overestimated alongside TI by the SL
EOS. This behavior can be explained using Figure 4.9. There are only two possibilities
of reducing the estimated TI and the maximum in the entropy density, namely, either
shifting the whole profile towards lower temperatures sacrificing the predicted glass

1
This value was not explicitly reported and was calculated from Figure 2a) in the original publi-

cation [170].
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temperature, or increasing the slope of the curves between TG and TA making the glass
transition event narrower while predicting the correct glass temperature. As the SL
parameters of IBU and IND were fitted to PVT data, the liquid density should be
correctly described. Assuming this is the case, the reduced entropy, and therefore the
number of configurations available to the system, must be overestimated by SL and
thus, the glass transition event becomes broader than it actually is. Furthermore, a
decrease in the crossover temperature and the maximal entropy density would lead to
a lower value of kp. Consequently, the relaxation time in the Angell plot would show a
steeper slope according to equation (4.2) and come closer to the VFTH fits. The results
obtained for the reduced entropy using equation (3.13) are inherent to its derivation
and cannot be influenced without introducing further parameters into the model. The
description of the relaxation time could be improved by fitting the SL parameters
directly to the experimental relaxation time, however, the thermodynamic behavior is
not expected to be described very well thereafter. As the goal of the present work
consists on correctly describing the phase behavior including thermodynamic phase
equilibria, no further attempt at correcting the description of the relaxation time was
made.

The previous analysis triggers the question as to why the relaxation time of PVP
is not in agreement with the WLF fit using the parameters reported by Liu et al.
[132] as shown in Figure 4.10. For instance, the fragility index of PVP predicted
by the WLF equation is substantially lower than that of the APIs, whereas Mansuri
et al. [224, 225] reported values of 75.8 and 105.6 for PVP-K12 and K-17, respectively.
These values are near the ones calculated from the VFTH equation using equation (2.3)
and the parameters listed in Table 4.6, namely mGRI � 107, mIBU � 92, mIND � 83,
mNAP � 101. The GET predictions calculated via equation (3.22) are m

calc
GRI � 37,

m
calc
IBU � 46, m

calc
IND � 37, m

calc
NAP � 41 and m

calc
PVP � 41.3. Therefore, the relaxation time

of PVP described using the parameters of Liu et al. [132] has an even higher deviation
than the GET calculations compared to the values of Mansuri et al. [225]. Finally,

a graphical estimation of m
WLF
PVP from the inset in Figure 4.10 would yield a value

of approximately 5 which is lower than the minimal fragility index of an ideal glass
former, i.e. 16.5 [226]. Thus, further experimental data is required to draw conclusions
regarding the relaxation time of PVP over the temperature and the quality of the GET
predictions.

4.1.2.1 Influence of pressure

The calculated reduced entropy, density and entropy density of IBU as a function of
temperature was calculated at different pressures to investigate its influence on the
glass transition as shown in Figure 4.12. The calculated glass temperature of IBU
at all pressures investigated is located at an almost constant value of the entropy
density as shown in Figure 4.12, however, TG itself increases linearly with pressure.
Furthermore, the crossover temperature also linearly increases, whereas the value of
the entropy density at TI decreases by increasing the pressure. On the other hand, the
maximum of the entropy density flattens at higher pressures, however, the Arrhenius
temperature is located at the same value of the entropy density at all pressures which
agrees with LCT calculations performed by Dudowicz et al. [9]. TA itself shows the
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same behavior as TG and TI linearly increasing with pressure. The reduced entropy
and density exhibit an opposite pressure dependence as shown in Figure 4.12.
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Figure 4.12: Calculated reduced entropy ( , , , ), density ( , , ,
) and entropy density ( , , , ) of IBU over the temperature at 0.1, 50,

100 and 200MPa, respectively. Squares, circles and triangles denote the glass, crossover and
Arrhenius temperatures at the corresponding pressure, respectively. All calculations were
performed using the GET with the SL parameters listed in Table 4.1 and the kp in equation
(2.11) listed in Table 4.5.

For instance, the entropy decreases upon increasing the pressure at constant tempera-
ture, whereas the density increases with pressure at constant temperature. Both pre-
dicted effects can also be explained by drawing an isotherm somewhere between TG,B

and T
SL
0,i in Figure 2.1. The volume of the metastable liquid decreases by increasing the

pressure alongside an isotherm which explains the density increase, as the total mass
is constant. Furthermore, the system has lower available configurations at smaller vol-
umes which explains the entropy decrease. Finally, the entropy density obeys the same
behavior as the entropy suggesting that the depletion of available configurations to the
system has a greater effect on the entropy density than the compressibility. There-
fore, the entropy density must shift towards higher temperatures upon increasing the
pressure as the prediction shown in Figure 4.12 also suggests.

Moreover, the influence of pressure on the relaxation time of IBU was predicted using
the GET in combination with the SL EOS and compared to dielectric relaxation ex-
perimental data [147, 169] as shown in Figure 4.13. Adrjanowicz et al. [169] measured
the dielectric relaxation of racemic IBU at 293 K and 378 K over the pressure using
a self-made experimental set-up as described in detail by Roland et al. [227]. After
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identification of the α and β relaxation processes from the dielectric loss spectra, the
α relaxation time was plotted isothermally over the pressure [169].
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Figure 4.13: Isothermal experimental (( 260K, 263.15K, 273.15K, 280.15K,
293.15K) [147] ( 293K, 378K) [169]) and predicted ( GET at 260K, GET at
263.15K, GET at 273.15K, GET at 280.15K, GET at 293.15K, GET at
378K) segmental relaxation time of IBU over the pressure. The GET calculations were
performed using the SL parameters listed in Table 4.1 and the kp listed in Table 4.5.

Furthermore, the VFTH equation was fitted to the experimental relaxation time at
0.1 MPa, 412 MPa, 920 MPa and 1400 MPa and the glass temperature at the four dif-
ferent pressures was then calculated from the fitted parameters [169].

On the other hand, Adrjanowicz et al. [147] also used the experimental technique
described by Roland et al. [227] to measure the dielectric relaxation of IBU over the
pressure at constant temperature. The α relaxation time calculated from the dielectric
loss spectra was then plotted isothermally at 360.15 K, 263.15 K, 273.15 K, 280.15 K and
293.15 K over the pressure [147]. The experimental data reported in both publications
[147, 169] at 293 K is in excellent agreement with each other.

The predicted relaxation time shown in Figure 4.13 was calculated using equation (4.2)
with the kp fitted to the glass temperature of IBU at atmospheric pressure listed in Ta-
ble 4.5. Although the GET prediction correctly predicts the shift of the relaxation time
profile towards higher pressures upon increasing the temperature, it also overestimates
the experimental relaxation time [147, 169] by several orders of magnitude. Dudowicz
et al. [9] assumed a constant activation energy (equation (2.11)) based on the publi-
cation of Tabor [228], where the viscous flow of hydrocarbons was investigated. The
assumption of a constant activation energy is only applicable to long-chained polymers
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as pointed out by Tabor [228]. Thus, the relative high overestimation of the relaxation
time shown in Figure 4.13 is to be expected. However, not only the parameter kp plays
an important role in the prediction, but also the entropy density itself. The value of
the entropy density is directly associated to the fitted SL parameter set, as it cannot be
influenced without introducing additional variables into the model. By further examin-
ing Figure 4.2, it becomes clear that the fitted SL parameter set of IBU cannot describe
the specific density at high pressures and low temperatures very well. Furthermore,
the SL parameter set of IBU is expected to deliver results in reasonable agreement
with experiments at pressures up to 160 MPa, however, the reported experimental re-
laxation time [147, 169] was investigated at considerably higher pressures. Therefore,
the prediction falls outside the pressure range within which the SL parameters of IBU
listed in Table 4.1 were fitted.

For the sake of completeness, the predicted glass temperature as a function of the
pressure was calculated following the procedure described in section 3.2 and compared
to the glass temperature calculated from dielectric relaxation experiments [169] as
shown in Figure 4.14.
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Figure 4.14: Experimental ( [169]) and predicted ( GET) glass temperature of IBU
over the pressure. The GET calculations were performed using the SL parameters listed in
Table 4.1 and the kp listed in Table 4.5.

The calculation of the glass temperature shown in Figure 4.14 fails at pressures over
� 750 MPa, since the SL EOS (equation (3.6)) does not possess any density roots
above the pressure at which the close-packed density, ρ

�

, is reached. Furthermore, the
experimental glass temperature [169] is always overestimated and the overestimation
increases with pressure. Both the experimental [169] and the calculated glass temper-
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ature exhibit a linear dependence on pressure, however, the predicted TG as a function
of pressure has a much higher slope than the experimental data [169].

As previously discussed, the slope of TG over the pressure shown in Figure 4.14 may be
influenced only by varying the kp parameter, since the entropy density and crossover
temperature contained in equation 4.2 are inherent to the model after fixing the SL
parameter set. Of course, the low temperature relaxation time limit, τ0, may also
affect the glass temperature calculation. The answer to the question, whether τ0 may
be assumed pressure independent is outside the scope of this work. Nevertheless, it
must be pointed out that a variation of τ0 from 1� 10

�13
s to 1� 10

�11
s already causes

a difference of � 20 K in the predicted glass temperature using the GET.

The next goal consists in investigating whether a pressure independent kp may be
used when the SL parameter set was fitted to PVT data within the pressure range in
which the experimental data is available. Since the experimental [190] and calculated
PVT data of IND shown in Figure 4.3 are in excellent agreement with each other up
until 200 MPa, comparing the predicted values of the relaxation time of IND to the
experiment within this pressure range (0.1�200 MPa) [168] will elucidate the predicting
capabilities of the GET.

The predicted and experimental relaxation time of IND deduced from dielectric relax-
ation experiments [168] over the pressure at constant temperature is shown in Figure
4.15.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0
- 3

- 2

- 1

0

1

2

log
10(

τ α
 [s]

)

P r e s s u r e  [ M P a ]
Figure 4.15: Isothermal experimental ( 338.15K, 348.15K, 372.15K, 386.15K)
[168] and calculated ( GET at 338.15K, GET at 348.15K, GET at 372.15K,
GET at 386.15K) relaxation time of IND over the pressure. The GET calculations were
performed using the SL parameters listed in Table 4.1 and the kp listed in Table 4.5.
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The prediction of τα for IND is in much better agreement than for IBU. At this point
it must be pointed out that the x-axis of Figure 4.13 was plotted in logarithmic scale,
whereas it is linear in Figure 4.15. Even though the relaxation times are still overesti-
mated, the prediction using a pressure independent kp is very good. Furthermore, it is
also worth mentioning that the entropy, density and entropy density of IND exhibited
the same tendency as shown for IBU in Figure 4.12 and are therefore not shown. More-
over, the experimental [168] and predicted glass temperature of IND over the pressure
is shown in Figure 4.16.
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Figure 4.16: Experimental ( [168]) and predicted ( GET) glass temperature of IND
over the pressure. The GET calculations were performed using the SL parameters listed in
Table 4.1 and the kp listed in Table 4.5.

The predicted glass temperature is in surprisingly good agreement with the experi-
mental values [168] as presented in Figure 4.16. At this point it is worth stressing out
that the calculated TG shown in Figure 4.16 is a prediction using the kp fitted to the
glass temperature of IND at atmospheric pressure listed in Table 4.5 and no further
adjustable parameters were used. Thus, it can be concluded that the pressure range
in which the SL parameter set is fitted plays a more important role than the pressure
dependence of kp. Consequently, the GET may be used to quantitatively predict the
pressure dependence of TG,IND provided that the SL parameter set was fitted to PVT
data within the same pressure range at which the prediction is to be attempted. How-
ever, whether this last statement is also applicable to other APIs needs to be further
tested.
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4.2 Amorphous solid dispersions

The results concerning the ASDs composed of PVP and IBU, IND and NAP, respec-
tively, are presented in this section. Unfortunately, no binary experimental data of the
ASD GRI-PVP was found in the literature to fit the kij. Vasanthavada et al. [229]
found out that there is no appreciable solubility of crystalline GRI in PVP due to the
non-existence of hydrogen bonding in the ASD formed with PVP confirmed via Fourier
transform infrared spectroscopy (FTIR). Fitting the binary interaction parameter to
the experimental glass temperature of the ASD would overshadow the prediction ca-
pability of the model and was therefore not attempted.

Furthermore, the activation energy, ∆E, contained in equation (3.20) and required to
calculate the glass temperature of ASDs, was calculated using equations (3.23) and
(3.24). However, the results obtained were very similar. Therefore, only the results
regarding the TG of ASDs obtained by using equation (3.23) are presented in this and
following sections.

First, the binary interaction parameter of the binary mixtures PVP-API was fitted
to experimental SLE data at atmospheric pressure. In all cases, the binary mixtures
could be well described using a temperature-independent binary interaction parameter
(kij,T � 0 in equation (3.12)) as shown in Table 4.7. The kij of the ASD IND-PVP
was fitted twice to different experimental data [3, 44, 60, 136] denoted as set A and B,
since the SLE results obtained experimentally were different, even though no apparent
difference in the components or methods was present. Furthermore, the specific glassy
densities of PVP, IBU, IND and NAP used to calculate the glass temperature via
the GT equation (2.6) are also presented in Table 4.7. A detailed description of the
selection of experimental data, the calculations and the obtained results is presented
in the following paragraphs.

Table 4.7: Binary interaction parameters in equation (3.12) of ASDs fitted to experimental
SLE data and specific glassy densities used in the GT equation (2.6).

ASD kij,0
Exp. SLE

Component
ρ
gl.
0,i

data [kg m
�3

]

IBU-PVP 1.0955 [16] PVP 1180 [58]

IND-PVP (set A) 1.1518 [3, 60, 136] IBU 1050 [230, 231]

IND-PVP (set B) 1.2055 [44] IND 1333 [232]

NAP-PVP 1.0908 [60] NAP 1250 [58]

4.2.1 Ibuprofen + poly vinyl pyrrolidone

The experimental [16] and calculated SLE of IBU-PVP is shown in Figure 4.17. The
fusion temperature and enthalpy reported by Luebbert and Sadowski [16] were mea-
sured by Luebbert et al. [15] and Gracin and Rasmuson [149], respectively. However
and to ensure consistency, both the fusion temperature and enthalpy used in fitting
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the binary interaction parameter of IBU-PVP were taken from Gracin and Rasmuson
[149] and are listed in Table 4.2.
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Figure 4.17: Experimental ( [16], [149]) and calculated ( SL) SLE of IBU-PVP at
1 bar. The calculations were carried out using the SL parameters listed in Table 4.1, the kij
listed in Table 4.7 and the fusion properties listed in Table 4.2.

Luebbert and Sadowski [16] used racemic IBU and a PVP with molecular weight of
25.7 kg mol

�1
to obtain the SLE experimental data shown in Figures 4.17. The fusion

temperature was measured via mDSC by linearly extrapolating the measured onset
temperature of the fusion event at heating rates of 1 K min

�1
, 2 K min

�1
and 5 K min

�1

to a zero heating rate [16].

The calculated SLE shown in Figure 4.17 describes the experimental data [16] well,
even though only three data points were reported. The solubility of IBU is slightly
underestimated at mass fractions of IBU around 0.7, however, the slope towards higher
mass fractions is in very good agreement with the experiment [16]. The binary interac-
tion parameter obtained describes a rather small deviation from the geometric mean.
The fitted kij can now be used to predict the glass temperature of the dry ASD.

The phase diagram describing the glass temperature such as the SLE of IBU-PVP is
shown in Figure 4.18. The density of glassy PVP listed in Table 4.7 was measured
via He picnometry for a PVP with molecular weight of 1100 kDa by Paudel et al. [58].
The experimental glassy density of PVP [58] is within experimental uncertainty of the
values reported by Knopp et al. [44] and Zhang and Zografi [127], which were both also
measured using He picnometry for PVPs of similar molecular weight � 1100 kg mol

�1
.

On the other hand, the glassy density of IBU used in the GT calculations was assumed
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by Marsac et al. [231] (1050 kg m
�3

) as 5 % less than the crystalline density reported
by Sun [230].
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Figure 4.18: Experimental glass temperature ( [58], [16], [106], [15]), experimental
SLE ( [16], [149]), calculated glass temperature ( GET, GT) and calculated SLE
( SL) of IBU-PVP at 1 bar. The calculations with GET and SL were carried out using
the SL parameters listed in Table 4.1, the kij listed in Table 4.7, the kp listed in Table 4.5
and the fusion properties listed in Table 4.2. The GT calculations were performed using the
experimental glass temperatures of the pure components listed in Table 4.5 and the glassy
densities listed in Table 4.7.

The experimental glass temperature of the ASD [16] shown in Figure 4.18 was measured
via mDSC upon heating from the reversing heat flow, however, no further details on
the heating rate, period or amplitude were stated. Moreover, Luebbert and Sadowski
[16] stated that the measured glass temperature did not depend on the heating rate
used. No further experimental data on the glass temperature of the ASD were found
in the literature for comparison.

The GT calculation, which require much less computational effort, is better than the
GET prediction. However, it is worth mentioning that the calculation performed via
GET is a prediction without any additional fitted parameters to the experimental glass
temperature of the ASD [16]. Thus, a single EOS capable of correctly describing the
thermodynamics of the mixture, such as the SL EOS, may be used in combination with
the GET to predict the glass temperature of the ASD IBU-PVP in good agreement
with the experiment [16].

Following the theoretical description of the phase diagrams of ASDs presented in chap-
ter 1, the ASD IBU-PVP may contain up to � 40 % weight of IBU at room temperature
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to form a mixture located under the glass temperature line and metastable against re-
crystallization as shown in Figure 4.18. However, the ASD containing 40 % weight IBU
at 300 K has to relax to its equilibrium liquid state at some point in time. Whether this
relaxation time is higher than the shelf life (approximately 2 years) cannot be examined
with the theory developed here without incurring in further crude assumptions, there-
fore, the stability analysis of the ASDs was not theoretically investigated in this work.
Luebbert and Sadowski [16] investigated the stability of the ASD against recrystalliza-
tion. From their Figure 7(b) [16] can be concluded that the formulation containing
60 % weight of IBU is stable against recrystallization for up to approximately 2 years if
stored at dry conditions and room temperature, which is in agreement with the GET
prediction presented in Figure 4.18.

4.2.2 Indomethacin + poly vinyl pyrrolidone

The experimental [3, 44, 60, 136] and calculated SLE of IND-PVP is shown in Figure
4.19.
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Figure 4.19: Experimental ( M̄PVP � 25.7 kgmol

�1
[60], M̄PVP � 28 � 34 kgmol

�1

[136], M̄PVP � 2.5 kgmol
�1

[136], M̄PVP � 2.5 kgmol
�1

[3] ( M̄PVP � 23 kgmol
�1
,

M̄PVP � 7� 11 kgmol
�1
, M̄PVP � 44� 54 kgmol

�1
, � M̄PVP � 1000� 1500 kgmol

�1
) [44])

and calculated ( SL set A , SL set B) SLE of IND-PVP at 1 bar. The calculations
were carried out using the SL parameters listed in Table 4.1, the kij listed in Table 4.7 and
the fusion properties listed in Table 4.2.

The experimental SLE data [3, 44, 60, 136] shown in Figure 4.19 is partially contra-
dictory. On one hand there is the data from Sun et al. [136], Mathers et al. [3] and
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Prudic et al. [60] which are in excellent agreement with each other and were all mea-
sured via DSC. The data from Sun et al. [136] was measured for the γ-polymorph of

IND (T
SL
0,i � 160

`

C [136] and ∆SLh0,i � 39.7 kJ mol
�1

[231]
2
). The data from Mathers

et al. [3] and Prudic et al. [60] were also measured for the γ-polymorph of IND. Even
though the polymorph measured was not explicitly stated by Prudic et al. [60], the
fusion temperature 160.1

`

C and fusion enthalpy 39.3 kJ mol
�1

were both taken from
Paus et al. [155], who performed the measurements using the γ-polymorph. The slight
deviation among the data reported by Mathers et al. [3], Sun et al. [136] and Prudic
et al. [60] can be ascribed to an inaccurate digitalization of the data from Figure 8b in
Prudic et al. [60]. On the other hand, there is the data from Knopp et al. [44] mea-

sured for the γ-polymorph (confirmed via XRPD) of IND (T
SL
0,i � 161.0 � 0.1

`

C and

∆SLh0,i � 40.57 kJ mol
�1

) [44] also via DSC. Since there is a priori no obvious expla-
nation for the difference among the data [3, 44, 60, 136], the kij of the ASD IND-PVP
was fitted twice using different SLE experimental data according to Table 4.7.

Regardless of the differences in the SLE experimental data [3, 44, 60, 136], the influence
of the molar mass of PVP on the SLE is superfluous. For instance, Knopp et al.
[44] used PVPs with molar masses differing 3 orders of magnitude and obtained very
similar results for the SLE as shown in Figure 4.19. The same conclusion is obtained
by comparing the data of Sun et al. [136] and Mathers et al. [3] who used PVPs
with 1 order magnitude difference in the molar masses and both came to very similar
results for the SLE as well as shown in Figure 4.19. Furthermore, Sun et al. [136] also
measured the SLE IND-PVP using polymers with one order of magnitude difference in
the molecular weights and reported no appreciable differences in the results obtained
as shown in Figure 4.19.

Both binary interaction parameters of IND-PVP listed in Table 4.7 can now be used to
predict the glass temperature of the ASD via the GET. The phase diagram including
the prediction of the glass temperature as well as the SLE is shown in Figure 4.20.
The experimental glassy density of IND used in the GT calculations listed in Table 4.7
was reported by Tong and Zografi [232] and is in agreement with other reported values
[54, 234].

The experimental glass temperature reported by Sun et al. [136] shown in Figure 4.20
was measured via DSC as the onset temperature upon cooling at 10 K min

�1
. The

binary mixtures IND-PVP were prepared via cryomilling and were then annealed from
4 h to 10 h at a non-specified temperature prior to the DSC analysis [136]. Moreover,
Prudic et al. [60] prepared the ASDs IND-PVP via spray drying using ethanol as sol-
vent and nitrogen as drying agent. The glass temperature of the ASDs was measured
via mDSC after a quenching step at a heating rate of 2 K min

�1
with a modulation

period of 60 s and an amplitude of 0.318 K [60]. Furthermore, Gong et al. [57] pre-
pared the IND-PVP mixtures by coprecipitation using supercritical carbon dioxide.
The glass temperature of the ASDs was measured via DSC from the first heating run
at 10 K min

�1
[57]. Additionally, Lopez et al. [43] prepared fibers of IND-PVP using

the procedure described in their paper [43]. The glass temperature of the fibers con-
taining different weight percentage of IND was measured via mDSC at 3 K min

�1
and

a modulation period of 60 s [43].

2
In the original publication by Sun et al. [136] was stated that the fusion enthalpy was taken from

Marsac et al. [233]. However, the correct reference may be Marsac et al. [231].
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Figure 4.20: Experimental glass temperature (( M̄PVP � 2 � 3 kgmol

�1
, M̄PVP �

28�34 kgmol
�1
) [136], M̄PVP � 25.7 kgmol

�1
[60], M̄PVP � 44 kgmol

�1
[57], M̄PVP �

360 kgmol
�1

[43], M̄PVP � 2.5 kgmol
�1

[3], M̄PVP not stated [54], M̄PVP not stated
[64], � M̄PVP not stated [56], M̄PVP � 50 kgmol

�1
[137], [58]), experimental SLE (

[60], ( , ) [136], [3], ( , , , �) [44]), calculated glass temperature ( GET set A,
GET set B, GT) and calculated SLE ( SL set A, SL set B) of IND-PVP at

1 bar. The calculations with GET and SL were performed using the SL parameters listed in
Table 4.1, the kij listed in Table 4.7, the kp listed in Table 4.5 and the fusion properties listed
in Table 4.2. The GT calculations were carried out using the experimental glass temperatures
listed in Table 4.5 and the glassy densities listed in Table 4.7.

Mathers et al. [3] prepared the ASDs by weighing the desired amount of the pure
components and ball milling them together. The glass temperature of the resulting
ASD was measured via DSC as the midpoint of the glass transition event upon heating,
however, no further details such as the heating rate used were reported [3]. Moreover,
Chokshi et al. [137] measured the glass temperature IND-PVP shown in Figure 4.20
via DSC at a heating rate of 10 K min

�1
, whereas the ASDs were prepared via hot-melt

extrusion to be then cooled and milled prior to analysis. Finally, Lu and Zografi [64]
and Crowley and Zografi [56] prepared the ASD IND-PVP by rotaevaporation from
methanol as described in detail by Yoshioka et al. [54]. The glass temperature was
then measured via DSC on all three studies [54, 56, 64] as the onset temperature on
the second heating run using a heating rate of 20 K min

�1
[54, 56] and 10 K min

�1
[64].

The experimental glass temperature of IND-PVP at mass fractions of IND higher than
0.7 [3, 54, 56, 57, 60, 64, 136, 137] shown in Figure 4.20 are in excellent agreement with
each other, even though the molecular weight of the PVP used differ in at least one order
of magnitude [57, 136, 137]. The agreement worsens towards lower mass fractions of



4. Results and discussion 71

IND and reaches a maximum at around 0.19, where the difference in the reported glass
temperature [3, 43] amounts to over 100 K. Evidently, the PVP of low molar mass used
by Mathers et al. [3] leads to a lower glass temperature of the ASD. On the other hand,
the glass temperature of pure PVP reported by Sun et al. [136] and Mathers et al. [3] is
substantially lower than the other values [43, 54, 56–58, 60, 64, 137] following the trend
previously discussed and shown in Figure 4.8. Furthermore, the binary interaction
parameter of the ASD IND-PVP has a higher influence on the calculated SLE than
on the predicted glass temperature. For instance and according to Figure 4.20, the
difference in the predicted glass temperature between sets A and B at wIND � 0.6 is
lower than 10 K, whereas the difference in the calculated SLE temperature at the same
mass fraction is higher than 25 K. Moreover, the GT calculation is in good agreement
with the experimental glass temperature reported by Yoshioka et al. [54] and Lopez
et al. [43], whereas the predictions achieved via the GET using set A and B are in
better agreement with the other sources [56, 57, 60, 64, 136, 137].

According to the calculated phase diagram presented in Figure 4.20, the glass tempera-
ture of the ASD formed by IND and PVP is higher than the room temperature � 300 K
for all concentrations. According to the SLE calculations, the ASD should be stable
against recrystallization at room temperature for mass fractions of IND lower than 0.4
(set A) or lower than � 0.52 (set B). Chokshi et al. [137] performed a stability analysis
against relaxation and recrystallization of the ASD at 40

`

C and 75 % RH, however,
the time period studied was only 3 months. They found out that even though the
ASDs containing 70, 50 and 30 % weight of IND slightly relaxed, no recrystallization
took place as confirmed via XRPD [137]. The maximal TG depression of � 5 K was
evidenced by the ASD containing 30 % weight of IND [137]. These results [137] are in
agreement with the GET predictions presented in Figure 4.20, as the predicted glass
temperature of the ASD is higher than 40

`

C for mass fractions of IND lower than 0.7.
Furthermore, the maximal TG depression reported by Chokshi et al. [137] is mostly due
to the moisture absorbed by the ASD, as PVP is highly hygroscopic [93]. On the other
hand, Matsumoto and Zografi [126] found out that the molecular dispersion of IND and
PVP with 5 and 30 % weight PVP did not recrystallize whatsoever after dry storage
at 30

`

C over a period of 20 weeks. Finally, Yoshioka et al. [54] suggested that the
crystallization inhibition of PVP over IND is not only caused by the time scale of the
glass transition, but also by other factors regarding the chemical and steric interactions.
This means that the stability of ASDs depends on the difference between the storage
temperature and the glass transition of the formulation, and on the intermolecular
interactions between the API and the polymer.

4.2.3 Naproxen + poly vinyl pyrrolidone

The experimental [59, 60] and calculated SLE of NAP-PVP is shown in Figure 4.21.
Paudel et al. [59] measured the SLE experimental data of NAP-PVP shown in Figure
4.21 via mDSC at 2 K min

�1
and an amplitude of 1 K every 40 s. Furthermore, Prudic

et al. [60] also measured the SLE experimental data shown in Figure 4.21 via mDSC
at 2 K min

�1
, 5 K min

�1
and 10 K min

�1
with three different amplitudes and a constant

60 s period after applying a heating and successive quench cooling ramp to remove
excess water in the ASDs. The equilibrium temperatures were measured by Prudic
et al. [60] as the offset point of the dissolution peak on the thermographs, whereas
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the SLE points reported [60] and shown in Figure 4.21 are the extrapolation of the
measured offset temperatures to zero heating rate [60].
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Figure 4.21: Experimental ( [59], [60], [155], [116]) and calculated ( SL) SLE
of NAP-PVP at 1 bar. The calculations with SL were carried out using the SL parameters
listed in Table 4.1, the kij listed in Table 4.7 and the fusion properties listed in Table 4.2.
The experimental data from Paudel et al. [59] is shown only for comparison and was not used
to fit the kij .

The experimental fusion temperatures of NAP [59, 116, 155] are in excellent agree-
ment with each other and within experimental uncertainty. On the other hand, the
experimental SLE data from Paudel et al. [59] exhibits a relative flat slope at mass
fractions of NAP higher than 0.8. This behavior cannot be well described by the SL
EOS with physically feasible values of the binary interaction parameter. Therefore,
only the SLE data from Prudic et al. [60] was used to fit the kij of the ASD. At this
point it is important to point out that the scale in Figure 4.21 comprises only 20 K
and the measured SLE data [59, 60] are in excellent agreement with each other for the
whole composition range studied.

The fitted binary interaction parameter was used to calculate the phase diagram of
NAP-PVP shown in Figure 4.22. The glassy density of NAP used in the GT calcula-
tions is listed in Table 4.7.

The experimental glass temperatures of the ASD reported by Nair et al. [55] were
measured via DSC at a heating rate of 10 K min

�1
. The ASDs were prepared using the

solvent casting method [55] with methanol and amorphous NAP was obtained after
quenching the molten drug using dry ice [55]. Similarly, Paudel et al. [59] prepared
the ASDs also using the solvent casting method with methanol as described in detail
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in their publication. The glass temperature of the films was measured via mDSC at a
heating rate of 2 K min

�1
with an amplitude of 1 K and a period of 40 s [59]. Finally,

Prudic et al. [60] obtained the ASDs by spray drying from ethanol using nitrogen
as drying agent. The glass temperatures of the ASD were measured via mDSC at a
heating rate of 2 K min

�1
, a period of 60 s and an amplitude of 0.318 K [60].
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Figure 4.22: Experimental glass temperature ( M̄PVP � 1300 kgmol

�1
[55], M̄PVP �

25 kgmol
�1

[59], M̄PVP � 25.7 kgmol
�1

[60], [4], [58]), experimental SLE ( [59],
[60], [155], [116]), calculated glass temperature ( GET, GT) and calculated SLE
( SL) of NAP-PVP at 1 bar. The calculations with GET and SL were performed using
the SL parameters listed in Table 4.1, the kij listed in Table 4.7, the kp listed in Table 4.5
and the fusion properties listed in Table 4.2. The GT calculations were carried out using the
experimental glass temperatures listed in Table 4.5 and the glassy densities listed in Table
4.7.

The experimental glass temperatures of NAP-PVP [55, 59, 60] shown in Figure 4.22 are
in very good agreement with each other. There is only a slight deviation towards mass
fractions on NAP lower than 0.1, however, the deviation can be ascribed to the different
molecular weights of the PVPs used to prepare the ASDs. The glass temperature of
pure PVP reported by Nair et al. [55] and digitalized from their Figure 2(d) is in
excellent agreement with the value reported by Paudel et al. [58] and therefore with
the trend previously discussed regarding Figure 4.8.

The predicted glass temperature via GET presented in Figure 4.22 is in good agree-
ment with the experimental values [55, 59, 60]. The TG prediction worsens towards
higher mass fractions of NAP, however, the difference between the GET prediction and
the experiment [55, 58, 60] does not exceed 15 K. Furthermore, the GET prediction is
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slightly better than the GT calculation at mass fractions of NAP lower than 0.6, addi-
tionally, both the GT calculation and the GET prediction are almost equal at higher
mass fractions of NAP. Regarding the whole phase diagram shown in Figure 4.22, the
glass temperature of the ASD does not reach the room temperature up until mass
fractions of NAP higher than 0.7. However, the ASD is stable against recrystallization
only up to mass fractions of NAP lower than � 0.3, if the trend of the calculated SLE
line should hold.

Consequently, an ASD of NAP-PVP with a mass fraction of 0.3 NAP should be stable
against recrystallization and relaxation over the shelf life, if stored at dry conditions.
Of course, a stability test over time is required before definitely assuring that the
ASD will not relax to its equilibrium liquid state in a given period of time, since a
thermodynamic analysis alone is not sufficient to resolve this inquiry unambiguously.
Lehmkemper et al. [63] performed a stability analysis of the dry ASD at 25

`

C and
found out that NAP remained completely amorphous for at least 18 months in the for-
mulation containing 40 % weight of NAP. For comparison, the formulation containing
50 % weight of NAP partially recrystallized after 12 months storage [63]. Furthermore,
the SLE extrapolation at 300 K shown in Figure 4.22 is in agreement with the SLE
extrapolation using the PC-SAFT EOS reported by Lehmkemper et al. [63]. In a sim-
ilar study performed by the same group [62] was concluded that the ASD containing
less than 60 % weight of NAP remained stable against recrystallization after storage
at 25

`

C for up to six months. On the other hand, ASDs containing 40 % weight NAP
remained stable after storage at the same conditions for up to 18 months [62].

4.3 Influence of moisture

In order to test the influence of moisture on the glass temperature of ASDs, the binary
interaction parameter of water-polymer and water-API mixtures needs to be fitted to
experimental data. First, the selection of relevant experimental data on the water
sorption in PVP [174] to fit the kij as well as the experimental [92, 93, 158, 160–162]
and predicted glass temperature of PVP as a function of the absorbed moisture are
discussed in section 4.3.1. Then, the experimental [140, 159, 179, 180] and calculated
water sorption in IND such as its experimental [159] and predicted glass temperature
as a function of the absorbed moisture are discussed in section 4.3.2. Finally, the
experimental [56] and predicted water sorption in the IND-PVP such as the experi-
mental [56] and predicted glass temperature of IND-PVP over the absorbed water are
discussed in section 4.3.3. Furthermore, the prediction of the glass temperature of the
ASD as a function of the relative humidity, storage temperature and ASD composition
is also discussed in section 4.3.3. No further adjustable parameters were included in the
model to improve the calculation of ternary systems, thus, all calculations presented in
section 4.3.3 are also predictions. The binary interaction parameters of water mixtures
containing PVP, IND and NAP, respectively, such as the specific glassy density and
glass temperature of water are listed in Table 4.8. The selection of the experimental
data used to fit the kij is described in detail in the following sections.
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Table 4.8: Binary interaction parameters in equation (3.12) of water mixtures containing
poly vinyl pyrrolidone, indomethacin and naproxen, respectively, and specific glassy density
and glass temperature of water used in the GT equation (2.6).

Mixture
kij,0 kij,T � 10

3
Exp.

[-] [K
�1

] data

PVP-water 1.3825 �0.352 [174]

IND-water 0.5818 1.24 [140, 159, 179, 180]

NAP-water 1.2398 �0.4275 [151]

Component
ρ
gl.
0,i TG kp in

[kg m
�3

] [K] equation (2.11)

water 997.05 [235] 136 [236] 0.66

4.3.1 Poly vinyl pyrrolidone + water

The binary interaction parameter of the mixture PVP-water was fitted to vapor sorp-
tion experimental data at 298.15, 308.15, 315.15 and 328.15 K reported by Sadeghi
and Taghi Zafarani-Moattar [174]. A temperature-independent kij was fitted to each
isotherm [174] and then a linear regression of the fitted values was performed which
led to the kij in equation (3.12) listed in Table 4.8. The comparison between the ex-
perimental [97, 160, 161, 174, 237, 238] and calculated water sorption of PVP is shown
in Figure 4.23. The water sorption experimental data reported by Sadeghi and Taghi
Zafarani-Moattar [174] was selected to fit the kij, as it was measured at mass fractions
of absorbed water above the TG of PVP-water mixtures as can be deduced from Figure
4.24.

Sadeghi and Taghi Zafarani-Moattar [174] measured the water sorption in PVP of
10 kg mol

�1
average molar mass isothermally at 298.15, 308.15, 318.15 and 328.15 K

using the isopiestic method described in section 2.3.4.1. Furthermore, the experimental
water sorption in glassy PVP [97, 160, 161, 237, 238] depicted in Figure 4.23 is shown
only for comparison and was not used in fitting the binary interaction parameter, as
it cannot be described by the SL EOS alone as discussed in section 2.2. On the other
hand, the temperature dependence of the experimental water sorption isotherms above
TG [174] can be very well described by the SL EOS, even though the temperature-
dependence is relatively low as seen in Figure 4.23. It must be pointed out that
Sadeghi and Taghi Zafarani-Moattar [174] did not measure themselves the TG of the
pure PVP and its solutions with water. Nevertheless, the glass temperature of a PVP
with molar mass equal to 10 kg mol

�1
, as used by Sadeghi and Taghi Zafarani-Moattar

[174], is lower than 420 K according to Figure 4.8. Therefore, the absorbed humidity
required to depress the TG of PVP to values under the room temperature are even
inferior than shown in Figure 4.24. One can thus assume with some degree of certainty
that the PVP used in their experiments [174] was always above its TG.

The experimental [92, 93, 158, 160–162] and predicted TG of PVP as a function of the
absorbed water is shown in Figure 4.24. The kp (equation (2.11)) of water was fitted
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to the experimental TG, both listed in Table 4.8. The GT calculations were performed
using the TG and the specific density of water listed in Table 4.8.
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Figure 4.23: Experimental (( , , , ) [174], [160], [161], [237], [238],
[97]) and calculated (solid lines: SL) water absorption of PVP over the relative humidity at
1 bar. The colors represent data and calculations obtained isothermally at 298.15K, 308.15K,
318.15K and 328.15K, respectively. The inset shows only the experimental data [174] to
which the temperature-dependent kij was fitted. All calculations were performed using the
SL parameters of PVP and water listed in Tables 4.1 and 4.3, respectively, and the binary
interaction parameter listed in Table 4.8.

The experimental water sorption reported by Oksanen and Zografi [93] shown in Figure
4.23 was measured using a PVP with a viscosity average molecular weight of 40 kg mol

�1

using the desiccator method as described in section 2.3.4.2. The glass temperature of
the equilibrated samples shown in Figure 4.24 were then measured in duplicate from
the second heating run obtained via DSC using a heating rate of 20 K min

�1
[93].

Buera et al. [158] investigated the influence of the PVP molecular weight on the water
sorption isotherms. For consistency, only the results regarding the PVP with molar
mass equal to 40 kg mol

�1
[158] were considered. The water sorption was measured

using the desiccator method as described in section 2.3.4.2. Then, the TG of the
equilibrated PVP samples shown in Figure 4.24 was measured as the onset temperature
of the glass transition event from the second heating run obtained at 5 K min

�1
[158].

Hancock and Zografi [92] also used the desiccator method described in section 2.3.4.2 to
evaluate the vapor sorption of PVP and then measured the TG of the equilibrated sam-
ples shown in Figure 4.24 via DSC at a heating rate of 20-40 K min

�1
. The molecular

weight of the PVP used was not explicitly stated by Hancock and Zografi [92], how-
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ever, the glass temperature of dry PVP equal to 450 K [92] indicates that the molecular
weight is higher than 100 kg mol

�1
according to Figure 4.8.
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Figure 4.24: Experimental ( [93], [158], [92], [160], [162], [161], [58]) and
predicted ( GET, GT) glass temperature of water-PVP at 1 bar. The calculations
were performed using the SL parameters of PVP and water listed in Tables 4.1 and 4.3,
respectively, and the kp listed in Table 4.5. The kp, specific density and glass temperature of
water used in the GET and GT calculations are listed in Table 4.8.

The moisture content of equilibrated PVP-water samples at different relative humidi-
ties was obtained by Fitzpatrick et al. [160] by thermogravimetric analysis by heating
from 5

`

C to 200
`

C at 5
`

C min
�1

under a nitrogen purge. The experimental glass tem-
perature of the equilibrated PVP-water samples shown in Figure 4.24 was measured via
mDSC using a heating rate of 2 K min

�1
, a modulation amplitude of 2

`

C and a period
of 1 min [160]. Neither the molecular weight nor the TG of dry PVP were explicitly
stated [160]. Saklatvala et al. [162] used a similar method as Fitzpatrick et al. [160] to
measure the glass temperature shown in Figure 4.24.

Hasegawa et al. [161] measured the water content of equilibrated PVPs previously
exposed to different relative humidities at constant temperature via Karl-Fischer titra-
tion. The TG of the equilibrated PVP samples shown in Figure 4.24 was then measured
as the midpoint of the glass transition event from the second heating runs obtained via
DSC using an unspecified heating rate [161]. The molecular weight of the PVP used
was also not explicitly stated [161].

The experimental [92, 93, 158, 160–162] and via GET predicted TG of PVP shown in
Figure 4.24 are in excellent agreement with each other. For instance, the GET calcu-
lation correctly predicts a steeper slope of TG over the absorbed water, and therefore
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a higher plasticization, at mass fractions of water lower than 0.1 as also evidenced
by the experimental data [92, 93, 158, 160–162]. Furthermore, the GET prediction
correctly correlates the experimental data [92, 93, 158, 161] showing a flattening slope
towards mass fractions of water higher than 0.2, which the GT prediction does not
correlate well. Even though the GET prediction slightly overestimates the plasticiza-
tion at lower mass fractions of water compared to the GT prediction, the agreement
with the experimental TG [92, 93, 158, 161] is better than the GT prediction at higher
water mass fractions. It must be reiterated that the GET calculation was not fitted to
the experimental data [92, 93, 158, 160–162]. Therefore, it can be concluded that the
model presented in this work is suitable for predicting the plasticization of PVP over
the whole relative humidity range without incurring in a greater error than the GT
equation. On the other hand, the vapor uptake of glassy PVP requires an expansion of
the SL EOS as briefly explained in section 2.2, however, the moisture sorption in the
rubbery state above TG can be also calculated with the present model without major
deviation from the experimental data [174].

4.3.2 Indomethacin + water

The binary interaction parameter according to equation (3.12) of IND-water was fitted
to experimental vapor sorption data [140, 159, 179, 180] as shown in Figure 4.25 and
is listed in Table 4.8. The experimental water sorption in amorphous IND reported
by Andronis et al. [159] shown Figure 4.25 was measured using a dynamic gravimetric
method as described in section 2.3.4.3. Furthermore, the glass temperature of the
equilibrated samples shown in Figure 4.26 was measured by Andronis et al. [159] via
DSC at a heating rate of 1 K min

�1
.

Dawson et al. [179] measured the water uptake of amorphous IND disks using an
automated moisture sorption apparatus as described in section 2.3.4.3. The conditions
at which equilibrium was assumed were different depending on the relative humidity
range as explained in detail by Dawson et al. [179]. The experimental vapor sorption
of IND reported by Dawson et al. [179] and shown in Figure 4.26 corresponds to the
first cycle of the ordinary glass as shown in their Figure 2.

Rumondor et al. [140] measured the vapor sorption of IND shown in Figure 4.25 also
using a dynamic gravimetric method as briefly explained in section 2.3.4.3. The amor-
phous IND was left to equilibrate at each relative humidity for about 600 min [140].

Borrmann et al. [180] measured the moisture sorption of IND shown in Figure 4.25
using a dynamic vapor sorption method as described in section 2.3.4.3. Equilibrium
was assumed to be achieved after 180 min for RH lower than 0.6 and after 120 min for
higher values [180].

As for PVP-water, the binary interaction parameter of IND-water should be fitted to
experimental vapor sorption data above the glass temperature of IND. However, as
the vapor sorption of IND is substantially lower than in PVP according to Figures
4.23 and 4.25, the effect of fitting to all experimental data [140, 159, 179, 180] or only
to the points above the TG should be negligible. This hypothesis was actually tested
and the kij was fitted to only the points above the dashed lines in Figure 4.25 at the
corresponding temperatures.
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Figure 4.25: Experimental ( [159] at 303.15K, ( [179], [140], [180]) at 298.15K) and
calculated ( SL at 303K, SL at 298.15K) water absorption of IND over the relative
humidity at 1 bar. The lines ( , ) approximately denote the required absorbed water
mass fraction to depress the TG of IND to 303.15K and 298.15K, respectively, according to
Figure 4.26. All calculations were performed using the SL parameters of IND and water listed
in Tables 4.1 and 4.3, respectively, and the binary interaction parameter listed in Table 4.8.

The predicted glass temperature almost did not change compared to the prediction
calculated using the kij fitted to all reported points shown in Figure 4.25. Therefore, the
temperature-dependent kij initially fitted to all experimental data [140, 159, 179, 180]
was further used to not arbitrarily exclude points from the measured data sets. The
ordinate values of the dashed lines shown in Figure 4.25 were read from the next higher
point in the x-axis relative to the isotherms shown in Figure 4.26.

The calculated water sorption in IND shown in Figure 4.25 correlates well the experi-
mental data [140, 159, 179, 180], even though the isotherms do not possess the proper
curvature towards high relative humidities. Furthermore, the calculated isotherms ex-
hibit a boundary value of the absorbed water mass fraction different than unity at
100 % RH. This implies that there is a vapor-liquid-liquid equilibrium at higher mass
fraction of absorbed water. This behavior was also obtained in calculations of the vapor
sorption in IND using the PC-SAFT EOS as reported by Borrmann et al. [180]. Of
course, water and IND cannot coexist as liquids at 1 bar and room temperature, given
that the fusion temperature of IND is higher than the boiling temperature of water at
atmospheric pressure. Moreover, the crystalline solubility (SLE) of IND in water is in
the order of 9 � 10

�7
weight fraction at room temperature [153, 157, 239] and cannot

be well described using the binary interaction parameter of IND-water previously men-
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tioned. However, the water sorption in IND should be substantially more important
than the location of the SLE curve. Therefore, the fitted temperature-dependent kij
was further used to predict the glass temperature of IND as a function of the absorbed
moisture as shown in Figure 4.26.
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Figure 4.26: Experimental ( [159], [3]) and predicted ( GET, GT) glass tempera-
ture of IND-water at 1 bar. The lines ( , ) denote isotherms at 303.15K and 298.15K,
respectively. The calculations were performed using the SL parameters of IND and water
listed in Tables 4.1 and 4.3, respectively, and the kp listed in Table 4.5. The kp, specific
density and glass temperature of water used in the GET and GT calculations such as the kij
are listed in Table 4.8.

The predicted glass temperature of IND-water shown in Figure 4.26 underestimates the
plasticization of IND compared to the experimental TG [159]. Both the GET prediction
and the experimental glass temperature [159] exhibit an almost linear decrease with the
absorbed water mass fraction. The GT calculation has a similar slope at lower mass
fractions and is in agreement with the GET prediction, however, the GT calculation
is closer to the experimental TG [159] at higher mass fractions. Nonetheless, both the
GET prediction and the GT calculation overestimate the experimentally measured TG

[159] in over 10 K at water mass fractions near 0.3. The reason behind the deviation
is still unclear, however, association may play a key role regarding the temperature-
independent kij obtained for instance by Borrmann et al. [180] using the PC-SAFT
EOS. As the SL EOS used in this work does not account for association between the
components, the fitted binary interaction parameter may account both for the deviation
from the geometric mean included in the mixing rule and association leading to a poor
description of TG, whereas the PC-SAFT EOS can account separately for both effects
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and may achieve a better prediction. Of course, this is only an initial hypothesis whose
validation needs to be further considered as it is outside the scope of this work.

4.3.3 Indomethacin + poly vinyl pyrrolidone + water

All binary interaction parameters were estimated and the ternary system consisting of
IND-PVP-water can now be investigated. For this purpose, the experimental [56, 98,
140, 142] and predicted isothermal water sorption in the ASD IND-PVP at atmospheric
pressure is shown in Figure 4.27.
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Figure 4.27: Experimental (squares: 10% IND, circles: 20% IND, triangles: 30% IND,
diamonds: 50% IND, hexagons: 80% IND, filled symbols were measured at 303K [56] and
open symbols at 298.15K by black [140], blue [142] and red [98]) and predicted ( 10%
IND, 20% IND, 30% IND, 50% IND, 80% IND, whereas black lines
denote SL calculations at 303K and blue lines at 298.15K) water absorption in IND-PVP
over the relative humidity at 1 bar. The percentages denote mass fractions of dry ASDs. All
calculations were performed using the SL parameters of IND and PVP listed in Table 4.1,
the SL parameters of water listed in Table 4.3 and the binary interaction parameters listed
in Tables 4.7 and 4.8.
All experimental data shown in this figure was digitalized from the respective publications
due to lack of written values, thus, any conclusions drawn from their comparison should be
critically challenged.

Crowley and Zografi [56] measured the vapor uptake of IND-PVP shown in Figure
4.27 gravimetrically using an automated system as described in section 2.3.4.3. The
IND-PVP dispersions were prepared by rotaevaporation from methanol with a further
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vacuum drying step up to 48 h for samples containing high concentrations of PVP [56].
The molecular weight of the PVP used was not explicitly stated [56]. The absence of
crystals was confirmed via XRPD in all dispersions prepared [56]. All samples were
stored in desiccators containing P2O5 at 277 K for the whole duration of the study and
no crystallization was evidenced in any prepared dispersion stored at these conditions
over a period of six months [56]. Moreover, the glass temperature of the equilibrated
samples was measured via DSC at a heating rate of 20 K min

�1
using nitrogen as purge

gas after performing a first run to remove the thermal history of the samples [56]. The
experimental data concerning the TG of the ASD as a function of the absorbed water
are shown in Figure 4.28.
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Figure 4.28: Experimental ( 10% IND, 30% IND, 50% IND, 70% IND, 90%
IND) [56] and predicted ( GET 10% IND, GET 30% IND, GET 50% IND,

GET 70% IND, GET 90% IND) glass temperature of humid IND-PVP stored at
303K and 1 bar. The percentages denote mass fractions of dry ASDs. All calculations were
performed using the SL parameters of IND and PVP listed in Table 4.1, the SL parameters
of water listed in Table 4.3, the kp of IND and PVP listed in Table 4.5, the kp of water listed
in Table 4.8 and the binary interaction parameters listed in Tables 4.7 and 4.8.

Rumondor et al. [140] prepared the IND-PVP dispersions used to measure the vapor
sorption data shown in Figure 4.27 by rotaevaporation from ethanol after drying the
polymer for at least one week over P2O5, whereas the molecular weight of the PVP
used was not explicitly stated. The resulting dispersions were placed under vacuum
for at least 12 h and were then heated above the melting temperature of IND to ensure
that no crystals remained in the samples [140]. Thereafter, the samples were cooled
to room temperature and ground in a mortar [140]. The vapor uptake of the prepared
dispersions was measured using a symmetrical gravimetric analyzer as described in
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section 2.3.4.3 at 298.15 K [140]. The samples were exposed to RH values from 5 % to
95 % in steps of 10 %, whereas equilibrium was assumed to be reached after 1000 min
[140].

Prudic et al. [142] prepared the ASDs of IND-PVP used to measure the vapor uptake
shown in Figure 4.27 via spray drying using ethanol as solvent, whereas the PVP used
had a molecular weight of 25.7 kg mol

�1
. After the preparation step, the samples were

stored in a vacuum oven at 25
`

C for at least one day to remove any remaining solvent
and moisture [142]. The moisture sorption of the prepared ASDs was measured at 25

`

C
by a dynamic gravimetric method as described in section 2.3.4.3 [142]. Equilibrium
was assumed to be reached after one to two days after exposing the samples to RH
values of 25 %, 50 % and 75 % [142].

Borrmann et al. [98] prepared IND-PVP films used to measure the vapor uptake data
shown in Figure 4.27 using a spin-coating technique described in detail elsewhere [97],
whereas the molecular weight of the PVP used was 25.7 kg mol

�1
. Prior to water

sorption measurements, the films were dried in the measuring cell at a RH of 1� 10
�5

for at least 12 h [98]. Then, the vapor sorption was measured at 298.15 K and RH
values between 0 and 0.9 using a dynamic vapor sorption device as described in section
2.3.4.3, whereas the crystallinity degree of the equilibrated films was tested via XRPD
and no presence of crystals within the detection limits of the device were found [98].

The experimental vapor sorption data in the ASD containing 50 % IND [56, 98, 140, 142]
shown in Figure 4.27 are in excellent agreement with each other bearing in mind that
all points were digitalized from their respective sources. Furthermore, the temperature
dependence of the experimental water sorption [56, 98, 140, 142] becomes almost negli-
gible at mass fractions of IND in the dry ASD higher than 0.5, although the error made
in the digitalization of the experimental data may have played a role on the observed
trend. Regardless, the predicted temperature dependence is relatively low for all dry
ASD compositions as can be deduced from Figure 4.27 by comparing the same type of
lines with different colors. On the other hand, the experimental water sorption data
at mass fractions of IND in the dry ASD lower than 50 % [56, 98, 140, 142] exhibit a
weak temperature-dependence, whereas the higher the temperature the higher the ab-
sorbed vapor at constant RH. Overall, the predicted water sorption in the ASD shown
in Figure 4.27 is underestimated for all IND mass fractions, even though the general
qualitative trend is correctly predicted. As was the case for the predicted water sorp-
tion of pure IND shown in Figure 4.25, the predicted mass fraction of absorbed water in
the ASD at 100 % RH shown in Figure 4.27 is different than unity, which indicates that
a vapor-liquid-liquid equilibrium will form at higher mass fractions of absorbed water
as also predicted using the PC-SAFT EOS [98]. Furthermore, the agreement between
the experimental [56, 98, 140, 142] and the predicted water sorption in the ASD shown
in Figure 4.27 becomes better with higher mass fractions of IND in the dry ASD. This
last described behavior can be explained baring in mind that PVP absorbs almost ten
times more water than IND at the same RH as can be seen by comparing Figures 4.23
and 4.25. Therefore, the poor description of the experimental water sorption in glassy
PVP [97, 160, 161, 237, 238] achieved with the SL EOS as shown in Figure 4.23 is trans-
ferred onto the ternary system. Nevertheless, the water sorption in ASDs containing
high concentration of IND can be still be well described as shown by the ( )-lines
in Figure 4.27. At this point it is important to stress out that both PVP and IND
may have been plasticized below their respective glass temperatures alongside one or
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several isotherms as can be deduced from the trend of the experimental TG of the ASD
over the absorbed vapor as shown in Figure 4.28. Unfortunately, the experimental TG

of the ASD shown in Figure 4.28 is higher than both isotherms presented in Figure
4.27 which makes an estimation of the glass transition at a fixed value of the water
sorption unfeasible without incurring in extrapolations of the experimental TG of the
ASD [56].

The agreement between the experimental [56] and predicted TG of the ASD shown in
Figure 4.28 is remarkably good bearing in mind that no further adjustable parameter
was fitted to ternary data. This result implies that the correct description of the
water sorption in the glassy state is not imperatively required to correctly predict the
glass temperature of the ASD over the absorbed water vapor. Of course, the correct
description of the water sorption in the glassy state is necessary to perform calculations
on the stability of the ASD and should be corrected by implementing modifications as
carried out by for instance Borrmann et al. [97] and Borrmann et al. [98]. Nonetheless,
the model presented in this work has proved to be a powerful tool in predicting the
phase behavior of the humid ASD IND-PVP.

Additionally, the phase diagram of the humid ASD IND-PVP as a function of the
relative humidity is presented in Figure 4.29.

The experimental TG shown in Figure 4.29 reported by Crowley and Zografi [56] is
the same as in Figure 4.28. However, the glass temperature plotted over the dry ASD
composition delivers new insights regarding the phase behavior of the ternary system.
For instance, the experimental TG [56] exhibits a maximum over the IND mass fraction
in the dry ASD at constant RH. Thus, there must be an optimal drug load to achieve
the maximal possible stability (lowest plasticization), given that the storage conditions
(RH and temperature) are known. Close examination of the experimental TG [56] at
φ � 0.1 shown in Figure 4.29 indicates that the ASD with 30 % weight IND has a
higher glass temperature than the ASD with 10 % weight drug load. This behavior
means that there is a dry ASD composition for which the plasticization at constant
RH is lower than in both the pure API and PVP. Such behavior was already reported
for instance by Prudic et al. [142] for the ASDs composed of IND and NAP in PVP and
poly vinyl pyrrolidone vinyl acetate (PVP-VA) as predicted using the GT equation.
Although the predicted TG via GET underestimates the plasticization of the ASD at
RH values higher than 20 %, it is in better agreement with the experimental data [56]
than the GT prediction.

An explanation of the maximum in the TG as a function of the ASD composition at
constant RH was given for instance by Prudic et al. [142]. According to Figure 4.27,
the water sorption and therefore the plasticization of the ASD decreases by increasing
the IND mass fraction in the dry ASD. Thus, the strong plasticized TG of pure PVP
on the left side of the phase diagram shown in Figure 4.29 must increase with the IND
composition to then decrease and reach the value of the plasticized pure drug at the
right hand side of the phase diagram [142].

Prudic et al. [142] also investigated the stability of humid IND-PVP ASDs via XRPD
after four weeks storage at 25

`

C. It was found that the humid ASD containing 30 %
weight IND on a water-free basis did not recrystallize, however, the ASDs containing
50 % and 80 % weight IND on a water-free basis did so [142] which is in agreement with
the predicted SLVE shown in Figure 4.29.
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Figure 4.29: Experimental (open squares [56] measured at 303K, [58], ( , ) [3]) and
calculated (solid lines: TG via GET, dotted lines: TG via GT, dashed lines: SLVE via SL)
phase diagram of humid IND-PVP at 1 bar. The colors represent 0% RH, 10% RH, 20%
RH, 30% RH, 40% RH and 50% RH. The GET and SL calculations were performed using
the SL parameters of IND and PVP listed in Table 4.1, the SL parameters of water listed
in Table 4.3, the kp of IND and PVP listed in Table 4.5, the kp of water listed in Table 4.8
and the binary interaction parameters listed in Tables 4.7 and 4.8. The GT calculations were
carried out using the properties of IND and PVP listed in Table 4.7, the properties of water
listed in Table 4.8 and the TG of IND and PVP listed in Table 4.5.

On the other hand, the influence of the absorbed moisture on the SLE predicted via SL
is considerable and stronger towards higher IND mass fractions than predicted by for
instance the PC-SAFT EOS [142]. Unfortunately and to the best of my knowledge, no
experimental data on the ternary SLVE of IND-PVP-water is available in the literature
for comparison. At this point it must be pointed out that the glass temperature
of the humid ASD shown in Figure 4.29 was calculated regardless of the position
of the SLVE curve. In other words, the TG lines encapsulated by the SLVE curves
at the corresponding RH were calculated using the predicted absorbed water in the
ASD without considering the SLVE. The justification relies on the fact that Crowley
and Zografi [56] reported no presence of crystals at any RH and ASD composition as
measured via XRPD after four weeks storage at 303 K. Thus, even though the IND in
the humid ASD must eventually recrystallize, it does so at a very slow rate as the ASD
is still kinetically hindered. However, Prudic et al. [142] did measure recrystallization
of IND as previously mentioned. Furthermore, the strong plasticization effect of small
amounts of absorbed water predicted by the model was already reported for instance
by Crowley and Zografi [56] and Prudic et al. [142]. This last behavior is at best seen



86 4. Results and discussion

by comparing the solid lines at RH values of 0 % and 10 % in Figure 4.29 at the left
side of the phase diagram. The difference in the predicted TG of pure PVP is clearly
higher than the difference at RH values of 40 % and 50 %, even though the step is 10 %
RH in both cases.

The phase diagram and glass temperature can be also depicted using a ternary diagram
whose height denotes the temperature, as shown in Figure 4.30.
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Figure 4.30: Predicted ( TG prediction of corresponding binary subsystem via GET,
SL calculation of corresponding binary SLEs, SLVE prediction of ternary system via SL,
colored surface: TG prediction of ternary system, whereas gray surfaces denote the projection
of the ternary SLVE lines on the composition plane at 50% and 100% RH) phase diagram
and glass temperature of IND-PVP-water at 1 bar. All calculations were performed using
the SL parameters of IND and PVP listed in Table 4.1, the SL parameters of water listed in
Table 4.3, the fusion properties of IND listed in Table 4.2, the kp of IND and PVP listed in
Table 4.5, the kp of water listed in Table 4.8 and the binary interaction parameters listed in
Tables 4.7 and 4.8.

Given that the formulation is stored at room temperature, the further analysis is lim-
ited to the horizontal plane at 300 K in Figure 4.30. The predicted ternary TG is
above the storage temperature for water mass fractions lower than � 0.2, whereas the
formulation is stable against recrystallization at both 50 % and 100 % RH for mass
fractions of IND lower than 30 %. Following the prediction shown in Figure 4.30, any
formulation stored at room temperature containing 40 % weight of IND will eventu-
ally recrystallize, even if stored at dry conditions. Increasing the RH leads to an even
larger recrystallization region, as is expected. On the other hand, decreasing the stor-
age temperature to approximately 10

`

C leads to a formulation stable against relaxation
into the metastable liquid, however, the recrystallization region becomes also larger.
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Consequently, choosing the most suitable drug load in the formulation is to be taken
with care, as the stability of the humid ASD strongly depends on the RH and storage
temperature which can have opposite effects on the recrystallization and relaxation
processes. Moreover, the predicted SLVE also shows that the absorbed water mass
fraction is always lower than 20 %, no matter the RH and storage temperature. At
maximal RH, the glass temperature of the formulation is lower than 270 K only at
drug loads higher than 80 %. However, regarding the results shown in Figure 4.26, the
TG line of IND-water should have a higher slope than shown in Figure 4.30. Nonethe-
less, the model presented in this work proofed to be a powerful tool in the prediction
of the phase behavior of humid IND-PVP in the presence of moisture.

4.3.4 Naproxen + water

The binary interaction parameter of the mixture NAP-water could not be fitted to
water sorption data due to lack of experimental data. Thus, the kij was fitted to SLE
experimental data [151] as shown in Figure 4.31.
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Figure 4.31: Experimental ( [151], [155]) and calculated ( SL) SLE of NAP-water
at 1 bar. The calculations with SL were carried out using the SL parameters of NAP and
water listed in Tables 4.1 and 4.3, respectively, the fusion properties listed in Table 4.2 and
the binary interaction parameter listed in Table 4.8. The experimental data from Paus et al.
[155] is shown only for comparison and was not used to fit the kij .

Pacheco and Mart́ınez [151] measured the solubility of crystalline NAP in ethanol-
water solutions via UV spectrophotometry as described in section 2.3.2.2. The density
of the saturated solutions used to convert molarity into the mole fraction was mea-
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sured using a digital densimeter, whereas each reported value was the average of three
measurements [151].

Paus et al. [155] measured the SLE of NAP in water shown in Figure 4.31 also by
using UV spectrophotometry as described in section 2.3.2.2. The densities of the
saturated solutions were assumed to be equal to the density of pure water due to the
low solubility, whereas a temperature-dependent correlation was used for calculations
and the reported values were the average of three measurements [155].

Since the density of the saturated solutions was actually measured and written values
of the NAP solubility in water were reported by Pacheco and Mart́ınez [151], the data
reported by Paus et al. [155] was not used to fit the binary interaction parameter of
NAP-water. Nevertheless, both data sets [151, 155] are in good agreement with each
other, given the low solubility of NAP in water as shown in Figure 4.31. The fitted
binary interaction parameter according to equation (3.12) of NAP-water is listed in
Table 4.8 resulting in excellent agreement with the experimental data [151] as shown
in Figure 4.31.

4.3.5 Naproxen + poly vinyl pyrrolidone + water

The experimental [142] and predicted water sorption in the ASD NAP-PVP is shown
in Figure 4.32.

Prudic et al. [142] prepared the ASD NAP-PVP using the same procedure as for IND-
PVP, whereas the vapor uptake in the ASD shown in Figure 4.32 was measured using
the gravimetric method as previously described in section 4.3.3.

The predicted water sorption in NAP-PVP shown in Figure 4.32 is in excellent agree-
ment with the experimental data [142] for the ASD containing 30 % NAP. On the
other hand, the predicted water sorption in the ASDs containing 50 % and 80 % NAP
at constant RH are higher than the experimental data [142]. The disagreement be-
tween prediction and experiment [142] grows with the NAP content in the dry ASD.
This behavior indicates that the predicted water sorption in amorphous NAP is overes-
timated by the SL EOS. The blue line shown in Figure 4.32 denotes the water sorption
in amorphous NAP, however, no experimental data was found in the literature for
comparison. Nevertheless, the SL calculation correctly predicts the order of magnitude
of water sorption in NAP, even after fitting the binary interaction parameter to SLE
data.

Moreover, the predicted glass temperature of NAP-PVP over the absorbed moisture is
shown in Figure 4.33. Unfortunately, no experimental data was found in the literature
for comparison.

The predicted TG of humid NAP-PVP shown in Figure 4.33 exhibits a similar behavior
as the ASD composed of IND-PVP shown in Figure 4.28. However, the formulation
containing NAP can absorb almost three times more water than the one containing
IND according to the prediction.

Furthermore, formulations containing 70 % or more NAP will relax to the corresponding
metastable liquid if stored at room temperature due to the lower TG of NAP compared
to IND. However, additional experimental data is still required to validate the predicted
behavior.
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Figure 4.32: Experimental ( 30% NAP, 50% NAP, 80% NAP) [142] and predicted
( SL 30% NAP, SL 50% NAP, SL 80% NAP, 100% NAP) water absorption
in NAP-PVP over the relative humidity at 298.15K and 1 bar. The percentages denote mass
fractions of dry ASDs. All calculations were performed using the SL parameters of NAP
and PVP listed in Table 4.1, the SL parameters of water listed in Table 4.3 and the binary
interaction parameters listed in Tables 4.7 and 4.8.

Finally, the experimental TG of the humid ASD NAP-PVP [58] such as the predicted
ternary phase diagram and glass temperature at atmospheric pressure are depicted in
Figure 4.34.

Paudel et al. [58] measured the TG of the humid ASD NAP-PVP shown in Figure 4.34
via mDSC. The ASDs were prepared by spray drying using dicloromethane as solvent,
whereas the exact parameters of the apparatus are given in the original publication
[58]. Prior to the TG measurement, a heating cycle was applied on the samples to
remove their thermal history [58]. Thereafter, the samples were cooled to �20

`

C and
held isothermally for 2 min upon applying another heating cycle at 2 K min

�1
using a

modulation of 0.0212
`

C every 40 s, whereas the TG was measured in duplicate for all
samples [58]. The reported values shown in Figure 4.34 were measured on the second
heating run and the water content of the ASDs was estimated using a thermogravi-
metric analysis by drying the samples from 30

`

C to 160
`

C using dry nitrogen [58].

The predicted TG of the ternary system NAP-PVP-water shown in Figure 4.34 is in
very good agreement with the experimental glass temperature [58], even though the
plasticization effect of water on the ASD is always slightly overestimated. Furthermore
and according to the prediction, the region where the formulation containing NAP
is stable against recrystallization is narrower than in formulations containing IND, if
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Figure 4.33: Predicted ( GET 10% NAP, GET 30% NAP, GET 50% NAP,

GET 70% NAP, GET 90% NAP) glass temperature of humid NAP-PVP stored at
300K and 1 bar. The percentages denote mass fractions of dry ASDs. All calculations were
performed using the SL parameters of NAP and PVP listed in Table 4.1, the SL parameters
of water listed in Table 4.3, the kp of NAP and PVP listed in Table 4.5, the kp of water listed
in Table 4.8 and the binary interaction parameters listed in Tables 4.7 and 4.8.

stored at room temperature. For instance, a dry ASD of NAP-PVP stored at 300 K
will eventually recrystallize for NAP loads higher than � 25 % weight according to
Figure 4.34. Besides, the absorbed water at maximal RH exceeds 20 %, whereas the
corresponding equilibrium temperature is in the vicinity of 330 K. Consequently, a
formulation containing NAP-PVP stored at 100 % RH and room temperature will
recrystallize much faster, as the corresponding predicted TG is below 270 K.
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Figure 4.34: Experimental [58] and predicted ( TG prediction of corresponding binary
subsystem via GET, SL calculation of corresponding binary SLEs, SLVE prediction of
ternary system via SL, colored surface: TG prediction of ternary system, whereas gray surfaces
denote the projection of the ternary SLVE lines on the composition plane at 50% and 100%
RH) phase diagram and glass temperature of NAP-PVP-water at 1 bar. All calculations were
performed using the SL parameters of NAP and PVP listed in Table 4.1, the SL parameters
of water listed in Table 4.3, the fusion properties of NAP listed in Table 4.2, the kp of NAP
and PVP listed in Table 4.5, the kp of water listed in Table 4.8 and the binary interaction
parameters listed in Table 4.7 and 4.8.
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5 Conclusions and outlook

In the present work, a model to predict the glass temperature and phase behavior of
dry and humid ASDs was developed by combining the GET [9, 22] with the SL EOS
[23, 24].

First of all, the SL parameters of the polymer PVP and the APIs IBU and IND
were fitted to pure PVT experimental data available in the literature. The density
of all three components over the pressure and temperature could be described with
an unambiguous SL parameter set in very good agreement with experimental data.
On the other hand, the SL parameters of NAP and GRI were fitted to experimental
binary SLE data in pure organic solvents, since no PVT data of the pure components
was found in the literature. Fitting the SL parameters to SLE data in several solvents
is far from trivial and needs to be systematically performed as described in detail in
section 3.5. The SLEs of NAP and GRI in organic solvents could be described in very
good agreement with the experimental data using, at most, a linearly temperature-
dependent binary interaction parameter.

Furthermore, the relaxation time and the TG of IBU and IND as a function of pressure
were predicted using the previously adjusted SL parameters after fitting the adjustable
parameter, kp in equation (2.11), to the experimentally measured glass temperature
of the pure components at atmospheric pressure. In the case of IBU, the relaxation
time was overestimated in several orders of magnitude between 10 MPa and 1000 MPa.
Consequently, the TG of IBU as a function of pressure was also overestimated, although
the linear trend was correctly predicted. On the other hand, the relaxation time of
IND as a function of pressure was overestimated in only a few orders of magnitude,
whereas the TG was predicted in excellent agreement with the experimental data from
atmospheric pressure up to 250 MPa. Therefore, it can be concluded that the pressure
range in which the SL parameters of the API are fitted is decisive for the correct
prediction of the glass temperature as a function of pressure. Although the PVT
behavior of IBU could be predicted in good agreement with the experimental data,
there is a small discrepancy at elevated pressures. Furthermore, the SL parameters of
IBU were fitted using data from 10 MPa up to 160 MPa. Thus, predicting the TG at
higher pressures includes a rough extrapolation. In the case of IND, the SL parameters
were adjusted between 1 MPa and 200 MPa, which is a very similar pressure range
within which TG was correctly predicted.

Moreover, the binary interaction parameter included in the SL EOS of the dry ASDs
composed of PVP and IBU, IND and NAP, respectively, was fitted to experimental
SLE data obtaining a temperature-independent value in all cases. The TG of the
dry ASDs was predicted using the adjusted kijs yielding a very good agreement with
the experimentally measured TG. Besides, the TG predictions of ASDs containing
IND and NAP were better than the corresponding calculation using the GT equation
(2.6). In the case of the ASD PVP-IBU, the prediction was close to the GT equation
(2.6), however, the empirical correlation still delivered better results compared to the
experimental value of TG.

93
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Additionally, the binary interaction parameters of the mixtures containing water were
fitted to isothermal experimental water sorption data above the glass temperature, in
the case of PVP and IND. The water sorption of PVP above TG could be well de-
scribed in agreement with experimental data using a linearly temperature-dependent
kij, however, the water sorption in the glassy state was overestimated at all investigated
temperatures. The glass temperature of PVP-water was predicted using the fitted kij
yielding a better description of the experimentally measured TG than the GT equation
(2.6). In the case of IND-water, the water sorption at 298.15 K and 303.15 K could
be well described in agreement with experimental data using a linearly temperature-
dependent kij. Since the water sorption in IND is greatly lower than in PVP, both
regions below and above the TG could be well described with the adjusted binary in-
teraction parameter. However, the GET prediction and GT calculation using equation
(2.6) of TG overestimate the experimental data for still unknown reasons. Conversely,
the binary interaction parameter of the mixture NAP-water was fitted to experimental
SLE data also yielding a temperature-dependent kij. The water sorption of pure NAP
could not be validated due to lack of experimental values, however, the water sorp-
tion in the ASD PVP-NAP was predicted yielding a slight overestimation compared to
the experimentally measured water sorption for ASDs with 50 % and 80 % drug load.
Moreover, the predicted water sorption in the ASD containing 30 % NAP was in very
good agreement with the experimental data.

Finally, the phase equilibria of the ternary systems IND-PVP-water and NAP-PVP-
water was calculated after expanding the SL EOS to ternary mixture without using
any further adjustable parameters. In the case of the humid ASD containing IND,
the water sorption was predicted in very good agreement with the experimental data
for drug loads of 80 %, however, the water sorption in ASDs containing lower drug
loads was slightly underestimated. On the other hand, the TG of the humid ASD
IND-PVP containing drug loads varying from 10 % to 90 % was predicted in very
good agreement with the experimentally measured values with a maximal deviation of
approximately 12 K at a water mass fraction of 0.16. Furthermore, the TG of the humid
formulation IND-PVP as a function of the drug load at different relative humidities
was also predicted and always in better agreement with the experimental data than the
GT calculation using equation (2.8). The predicted ternary SLVE of the system IND-
PVP-water was also presented, however, the prediction needs to be validated against
experimental data still missing from the literature. Conversely, the glass temperature
of the humid ASD NAP-PVP was predicted in very good agreement with experimental
data without using any further adjustable parameters to describe the ternary mixture
or to adjust the glass temperature of the humid ASD.

In summary, it could be shown that the TG and the phase behavior of ASDs containing
PVP and IBU, IND and NAP, respectively, can be described in agreement with exper-
imental data disregarding association between the components. Furthermore, it could
be shown that the AG relation [26] can still be used to this day to accurately predict
the glass transition of mixtures containing polymers and pharmaceutical components
by using the entropy density as considered in the GET [9, 22] and fitting the parameter
kp included in the activation energy via equation (2.11) to the experimentally measured
TG of the pure component. Even though the relaxation time cannot be quantitatively
described with the presented model, the influence of pressure on the glass tempera-
ture may be well described, given that the SL parameters are fitted within the same
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pressure range in which the TG is to be investigated. Insofar, the model presented
here may be used to analyze the influence of processing and storage parameters on the
phase behavior and the glass temperature of ASDs. However, its suitability for other
formulations containing different polymers and APIs needs to be further investigated.
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